
 

JOURNAL OF THE HUNGARIAN HYDROLOGICAL SOCIETY • VOL. 106, ISSUE 1EN • 2026 
A MAGYAR HIDROLÓGIAI TÁRSASÁG LAPJA • 106. ÉVF. 1EN. SZÁM • 2026 

https://doi.org/10.59258/HK 

HIDROLÓGIAI KÖZLÖNY 

HUNGARIAN JOURNAL 
OF HYDROLOGY 

https://doi.org/10.59258/HK


1 

Hungarian Journal of Hydrology 

Journal of the Hungarian Hydrological Society 

Published quarterly 

Editor-in-Chief 

Veronika MAJOR 

Deputy Editor-in-Chief and Copy Editor 

Károly KONECSNY 

Assistant Editor 

Éva ÁCS 

Linguistic lector 

 Magdolna TAMÁS 

Editorial Board Chairman 

András SZÖLLŐSI-NAGY 

Editorial Board Members 

Éva ÁCS, Péter BAKONYI, Sándor 

BARANYA. Gábor BARANYAI, Károly 

BAROSS, Tibor BÍRÓ, Gábor BÓDIS, 

Csaba BOZÁN, Géza CSÖRNYEI, Zsu-

zsanna ENGI, János FEHÉR, László 

FEJÉR, József GAYER, Géza HAJNAL, 

Márk HONTI, István IJJAS, János JÓZSA, 

Zsuzsanna KEREKESNÉ STEINDL, 

Gábor KEVE, Zoltán KLING, Károly 

KONECSNY, Kálmán KORIS, Sándor 

KOVÁCS, István LICSKÓ, Zoltán 

MELICZ, László NAGY, Tamás 

PÁLVÖLGYI, Judit RÁKOSI, István 

RÁTKY, Pál ROMÁN, Ferenc SZILÁGYI, 

Lajos SZLÁVIK, Péter SZŰCS, János 

TAMÁS, Gábor UNGVÁRI  

Publisher 

Hungarian Hydrological Society   

H-1091 Budapest, Üllői út 25., Hungary 

Phone: +36-(1)-201-7655,  

Fax: +36-(1)-202-7244 

Email: titkarsag@hidrologia.hu  

Web: www.hidrologia.hu  

Represented by: József VÁRADI, Co-Presi-

dent of the Hungarian Hydrological Society 

Indexed in 

OJS, REAL, ROAD, COMPASS, 

MATARKA 

HU ISSN 0018-1323 

ISSN 2939-8495 (Online) 

Contents 

Veronika MAJOR: Foreword  .................................................................  3 

SCIENTIFIC PAPERS 

Pegah JAHANPEYMA, Sándor BARANYA: Riverine Microplastics  

in the Hungarian Danube: Distribution, Sources, and  

Characterisation  .................................................................................. 4 

Gadadhara de Figueiredo FERRAZ, Tamás KRÁMER: On the role 

of bank storage in attenuating lowland river floods  ........................  17 

Dorottya SZÁM, Kíra Erika KÁVÁSSY, Ádám BERGER,  

Zsolt HETESI: Extreme Precipitation Amounts and Dry Periods  

in the Hungarian Great Plain (1980–2020): Four Urban Stations  ..  30 

Dongze JIANG, Yi YANG, Mátyás CSERHÁTI, Balázs KRISZT,  

Edit KASZAB: OxiTop Microcosm Model as a Possible Tool 

to Study the Effects of Antibiotic Exposure on the Microbial  

Community .......................................................................................  39 

Ferenc Miklós SULLIVAN: Peacebuilding Through Water  

Cooperation? Institutional Design and Peace-Relevant Functions  

in the Indus and Nile Basins  ............................................................  50 

Rovatiana Salema ANDRIANASOLOMAHEFA: The Water-Energy-

Food Nexus in Madagascar: Interdependencies, Cascading 

Failures, and an Integrated Governance Framework  ......................  67 

YOUTH CORNER 

Hanna HÁDA, Gábor KONCZ, Katalin JÁMBRIK, Csaba BERTA:  

Water chestnut (Trapa natans): a food of ancient times or a 

bioindicator of the modern world  .......................................................  76 

Cover image: Locations of scientific papers of the Hungarian Journal of Hydrology 

mailto:titkarsag@hidrologia.hu
http://www.hidrologia.hu/


2 JOURNAL OF THE HUNGARIAN HYDROLOGICAL SOCIETY • VOL. 106, ISSUE 1EN • 2026 

Hidrológiai Közlöny
A Magyar Hidrológiai Társaság lapja

Megjelenik háromhavonként 

Főszerkesztő 

Major Veronika 

Főszerkesztő-helyettes és olvasószerkesztő 

Konecsny Károly 

Szakszerkesztő 

Ács Éva 

Nyelvi lektor 

Tamás Magdolna 

Szerkesztőbizottság elnöke 

Szöllősi-Nagy András 

Szerkesztőbizottság tagjai 

Ács Éva, Bakonyi Péter, Baranya Sándor, 

Baranyai Gábor, Baross Károly, Bíró Ti-

bor, Bódis Gábor, Bozán Csaba, Csörnyei 

Géza, Engi Zsuzsanna, Fehér János, Fejér 

László, Gayer József, Hajnal Géza, Honti 

Márk, Ijjas István, Józsa János, Kerekesné 

Steindl Zsuzsanna, Keve Gábor, Kling 

Zoltán, Konecsny Károly, Koris Kálmán, 

Kovács Sándor, Licskó István, Melicz Zol-

tán, Nagy László, Pálvölgyi Tamás, Ráko-

si Judit, Rátky István, Román Pál, Szilágyi 

Ferenc, Szlávik Lajos, Szűcs Péter, Tamás 

János, Ungvári Gábor

Kiadó 

Magyar Hidrológiai Társaság  

1091 Budapest, Üllői út 25. IV. em.  

Tel: +36-(1)-201-7655  

Fax: +36-(1)-202-7244  

E-mail: titkarsag@hidrologia.hu  

Honlap: www.hidrologia.hu 

A Kiadó képviselője: Váradi József, a  

Magyar Hidrológiai Társaság társelnöke 

Indexelik  

OJS, REAL, ROAD, COMPASS, 

MATARKA 

HU ISSN 0018-1323,  

ISSN 2939-8495 (Online) 

Tartalomjegyzék 

Major Veronika: Előszó  .........................................................................  3 

TUDOMÁNYOS KÖZLEMÉNYEK 

Pegah Jahanpeyma, Baranya Sándor: Mikroműanyag-szennyezés  

vizsgálata magyarországi folyószakaszokon …... ............................  4 

Gadadhara De Figueiredo Ferraz, Krámer Tamás: A felszín alatti  

tározódás szerepe a síkvidéki folyók árhullámainak  

csillapításában …... .............................................................................  17 

Szám Dorottya, Kávássy Kíra Erika, Berger Ádám, Hetesi Zsolt:  

Csapadékszélsőségek vizsgálata 1980–2019. között négy  

alföldi városban Magyarországon ....................................................  30 

Dongze Jiang, Yi Yang, Cserháti Mátyás, Kriszt Balázs, Kaszab Edit: 

OxiTop mikrokozmosz modell, mint lehetséges eszköz az  

antibiotikumok mikrobiális közösségre gyakorolt hatásainak  

vizsgálatára …... .................................................................................  39 

Sullivan Ferenc Miklós: Békeépítés vízügyi együttműködésen  

keresztül? Intézményi tervezés és békével kapcsolatos funkciók  

az Indus és a Nílus vízgyűjtőjén  .................................................... 50 

Rovatiana Salema Andrianasolomahefa: A víz-energia-élelmiszer  

összefüggés Madagaszkáron: Kölcsönös függőségek,  

kaszkádszerű kudarcok és egy integrált irányítási keretrendszer  . 67 

IFJÚSÁGI SAROK 

Háda Hanna, Koncz Gábor, Jámbrik Katalin, Berta Csaba: 

Az ókor tápláléka vagy a modern világ bioindikátora  ...................  76 

Címlapkép: A Hidrológiai Közlöny tudományos közleményeinek helyszínei 

mailto:titkarsag@hidrologia.hu
http://www.hidrologia.hu/


3 

We are pleased to present the 

2026 English-language edition 

of the Hungarian Journal of Hy-

drology (HK), the official scien-

tific journal of the Hungarian 

Hydrological Society (MHT). 

This is the third annual English-

language edition of the journal, 

reflecting our commitment to sharing Hungarian and inter-

national water-related research. The papers published in 

this volume explore a wide range of water management is-

sues, from the Danube Basin to the Indus River. We are 

confident that both our international and Hungarian read-

ers will find these contributions informative and inspiring. 

This issue presents six research articles covering di-

verse aspects of water science and management. 

Microplastics, defined as plastic particles smaller than 
5 mm, have become a major global environmental con-
cern. In "Riverine Microplastics in the Hungarian Dan-
ube: Distribution, Sources, and Characterisation," Pegah 
JAHANPEYMA and Sándor BARANYA investigate micro-
plastic pollution in the Hungarian section of the Danube 
River. Their results reveal an average microplastic concen-
tration of 0.311 mg/m³, corresponding to 142 particles/m³. 
The most frequently identified polymers were polystyrene, 
polyethylene, and polypropylene, occurring mainly as 
fragments, foam, and flakes. The study also identifies the 
dominant colours of the particles and provides valuable in-
formation for understanding, monitoring, and mitigating 
microplastic pollution in freshwater ecosystems. 

In "On the Role of Bank Storage in Attenuating Low-

land River Floods," Gadadhara de Figueiredo FERRAZ 

and Tamás KRÁMER quantify river-aquifer exchange and 

evaluate the contribution of bank storage to flood attenua-

tion in the Danube and Tisza Rivers in Hungary using a 

mechanistic model. Their findings highlight the im-

portance of incorporating groundwater–surface water in-

teractions into flood models to improve flood forecasting 

and flood risk assessment. 

In "Extreme Precipitation Amounts and Dry Periods in 

the Hungarian Great Plain (1980–2020): Four Urban Sta-

tions," Dorottya SZÁM, Kíra Erika KÁVÁSSY, Ádám BER-

GER, and Zsolt HETESI examine long-term changes in 

precipitation-free periods across the Hungarian Great 

Plain, with particular attention to the implications of cli-

mate change for agriculture. Although the frequency of dry 

periods increased slightly at some locations, the statistical 

significance of these trends remained inconclusive. The 

study also highlights the importance of improving soil wa-

ter retention, particularly in sandy and saline soils, where 

reduced moisture availability poses increasing challenges 

for agricultural productivity. 

According to the World Health Organization (WHO), 

antibiotic resistance is among the most serious global 

threats to public health. In "OxiTop Microcosm Model as 

a Possible Tool to Study the Effects of Antibiotic Exposure 

on the Microbial Community," Dongze JIANG, Yi YANG, 

Mátyás CSERHÁTI, Balázs KRISZT, and Edit KASZAB in-

vestigate the relationship between wastewater load and the 

biological activity of microbial communities under antibi-

otic pressure. Their work demonstrates the potential of the 

OxiTop microcosm model as a valuable tool for studying 

the environmental impacts of antibiotic contamination. 

Transboundary water cooperation has long been recog-

nised as an important contributor to regional stability and 

peace, particularly for countries such as Hungary. In 

"Peacebuilding Through Water Cooperation? Institu-

tional Design and Peace-Relevant Functions in the Indus 

and Nile Basins," Ferenc Miklós SULLIVAN develops a 

mechanism-oriented framework linking institutional de-

sign with peacebuilding functions. The study applies this 

approach to two internationally significant river basins: the 

Indus Basin, through the Permanent Indus Commission es-

tablished under the 1960 Indus Waters Treaty, and the Nile 

Basin Initiative, established in 1999. 

Madagascar's concurrent crises of energy poverty, acute 

food insecurity, and watershed degradation are structurally 

interdependent, “The Water-Energy-Food Nexus in Mada-

gascar: Interdependencies, Cascading Failures, and an In-

tegrated Governance Framework”, Rovatiana Salema AN-

DRIANASOLOMAHEFA maps the Water-Energy-Food 

(WEF) nexus dynamics of Madagascar. 

The Hungarian Journal of Hydrology is also committed 

to supporting the next generation of water professionals. In 

line with this mission, the YOUTH CORNER section pro-

vides talented secondary school students with an oppor-

tunity to publish outstanding research. We warmly invite 

our readers to encourage and support these young re-

searchers. This year's featured paper, prepared for the Hun-

garian competition of the 2026 Stockholm Junior Water 

Prize, is "Water Chestnut (Trapa natans): A Food of An-

cient Times or a Bioindicator of the Modern World?" by 

Hanna HÁDA, Gábor KONCZ, Katalin JÁMBRIK, and 

Csaba BERTA. The study investigates the accumulation of 

metals in water chestnut seeds collected from different lo-

cations in Lake Tisza, Hungary. Since aquatic macro-

phytes can absorb and accumulate pollutants from both 

water and sediments, they serve as valuable indicators of 

environmental contamination.  

We extend our sincere thanks to the authors, reviewers, 

and members of the Editorial Board for their dedication 

and invaluable contributions to this English-language edi-

tion. We hope this volume will strengthen international 

scientific cooperation and promote the exchange of 

knowledge in the field of water science and management. 

Welcome to the 2026 English edition of the Hungarian 

Journal of Hydrology. 

Veronika MAJOR 

Editor-in-Chief 

Foreword 
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Riverine microplastics in the Hungarian Danube: distribution, sources, and characterisation 
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3 Corresponding author: baranya.sandor@emk.bme.hu 

Abstract 

Microplastics, defined as plastic particles smaller than 5 mm, have become a pressing global environmental issue. Ineffective recy-

cling practices allow plastics to enter and persist in the environment, breaking down into smaller particles that travel through path-

ways like rivers. These microplastics can accumulate in ecosystems, where they pose significant risks to flora, fauna, and potentially 

human health. This study focuses on riverine microplastic pollution in the Hungarian section of the Danube River, Europe’s second-

largest river, as well as in its tributary system. The Danube is a vital water source for Budapest and plays a crucial role in the re-

gion’s economy and ecological balance. Water samples were collected at varying river depths using a Multilevel Manta Net. Ad-

vanced laboratory techniques, including Fourier-transform infrared spectroscopy and digital microscopy, were used to identify and 

characterise microplastics collected. Additionally, flow measurements were conducted to estimate mass-flux rates. These findings 

contribute to developing practical measures for understanding, managing, and reducing microplastic pollution in freshwater systems. 

The findings revealed an average microplastic concentration of 0.311 mg/m³, corresponding to 142 particles/m³. The most frequently 

identified polymers were polystyrene, polyethylene, and polypropylene, which appeared predominantly as fragments, foam, and 

flakes. The microplastics exhibited a range of colours, including yellow, black, grey, and green. 

Keywords 
Microplastics, FTIR spectroscopy, microplastic characterisation, riverine microplastics, plastic pollution. 

Mikroműanyag-szennyezés vizsgálata magyarországi folyószakaszokon 

Kivonat 
A mikroműanyagok, azaz az 5 mm-nél kisebb műanyag részecskék napjaink egyik legsürgetőbb globális környezeti problémájává 

váltak. A nem megfelelő újrahasznosítási gyakorlatok következtében a műanyagok bejutnak és hosszú ideig megmaradnak a környe-

zetben, miközben kisebb részecskékre bomlanak. Ezek a részecskék folyók által terjedhetnek, felhalmozódhatnak az ökoszisztémák-

ban, ahol jelentős kockázatot jelentenek a növény- és állatvilágra, valamint potenciálisan az emberi egészségre is. Ez a tanulmány a 

folyami mikroműanyag-szennyezést vizsgálja Európa második legnagyobb folyója, a Duna magyar szakaszán és annak mellékfolyó-

iban. A Duna létfontosságú vízforrást jelent Budapest számára, és kulcsfontosságú szerepet játszik a régió gazdaságában és ökológiai 

egyensúlyában. A vízmintákat a folyó különböző mélységeiből gyűjtöttük egy többszintes planktonháló segítségével. Korszerű 

laboratóriumi technikákat, köztük Fourier-transzformációs infravörös spektroszkópiát és digitális mikroszkópiát alkalmaztunk a 

gyűjtött mikroműanyagok azonosítására és jellemzésére. Emellett áramlásméréseket végeztünk a tömegáramok becsléséhez. Ezek az 

eredmények hozzájárulnak a mikroműanyag-szennyezés megértéséhez, kezeléséhez és csökkentéséhez szükséges hatékony intézke-

dések kidolgozásához. Az eredmények alapján az átlagos mikroműanyag-koncentráció 0,311 mg/m³ volt, ami 142 részecske/m³-nek 

felel meg. A leggyakrabban azonosított polimerek a polisztirol, a polietilén és a polipropilén voltak, amelyek főként törmelék, hab és 

pelyhek formájában fordultak elő. A mikroműanyagok színe változatos volt, többek között sárga, fekete, szürke és zöld árnyalatokat 

mutattak. 

Kulcsszavak 
Mikroműanyagok, FTIR spektroszkópia, mikroműanyag-jellemzés, folyami mikroműanyagok, műanyagszennyezés. 

INTRODUCTION 

Plastic pollution is a primary global concern, intensified 

by the steady rise in plastic production. In 2020, global 

output reached about 380 million tonnes and is expected 

to exceed 460 million tonnes by 2025 (Plastics Europe 

2024). Yet nearly one-third of this plastic is mismanaged 

and ultimately released into natural environments such as 

rivers, oceans, and soil (Houssini et al. 2025, URL2, 

Shahira 2025, URL3). Owing to their durability, low 

recycling rates, and inadequate waste treatment, plastics 

persist for decades, fragmenting into smaller pieces 

through UV radiation, abrasion, temperature changes, and 

microbial activity (Andrady 2011, Barnes et al. 2009, 

Cole et al. 2011, Crawford and Quinn 2017, Derraik 

2002, Hopewell et al. 2009, Moore 2008, Rios et al. 2010, 

Roy et al. 2011). 

DOI:10.59258/hk.24053
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Plastic debris is generally classified by size into 

mega- (>1 m), macro- (1 m to 2.5 cm), meso- (2.5 mm to 

5 mm), micro- (between 1µm to 5 mm, and nanoplastics 
(<1 µm). Microplastics (MPs, <5 mm) are of particular 

concern because of their ubiquity and persistence (An-
drady 2011, Cole et al. 2011, Crawford and Quinn 2017, 

Hartmann et al. 2019, Jahanpeyma and Baranya 2024, 

Kutz 2002, Moore 2008). They are categorized as primary 
MPs, produced intentionally for use in products such as 

cosmetics and plastic pellets, and secondary MPs, which 
arise from the breakdown of larger items (Browne et al. 

2011, Cole et al. 2011, NOAA-Marine Debris Program 

2009). MPs enter aquatic and terrestrial environments via 
wastewater, runoff, and atmospheric deposition, and 

rivers are the main transport route, carrying an estimated 
1.15-2.41 million tonnes of plastic debris annually into 

marine ecosystems (Adomat and Grischek 2021, Campa-
nale et al. 2020, Lebreton et al. 2017, Waldschläger et al. 

2020). Key sources of MP pollution include wastewater 

from laundry (35%), tire wear (28%), construction activi-
ties (24%), road markings (7%), shipping and vessel 

coatings (3.7%), cosmetics (2%), and plastic manufactur-
ing pellets (0.3%) (Fadare and Okoffo 2020, Jahanpeyma 

and Baranya 2024). 

The ecological and health risks of MPs are increasingly 
evident. They have been detected in seafood, bottled water, 

salt, and honey, while inhalation and dermal exposure are 
also possible pathways for human intake (Cook and Hal-

den 2020). MPs and their additives may cause toxic ef-
fects, ranging from gastrointestinal problems to DNA dam-

age, and they act as carriers for other pollutants and patho-

gens (Cook and Halden 2020, Crawford and Quinn 2017, 
Geyer et al. 2017, Gouin et al. 2011, Hahladakis et al. 

2018, House of Commons Environmental Audit Committee 
2016, Laist 1997, Marturano et al. 2019, Mato et al. 2001, 

Ogata et al. 2009, Rios et al. 2007, Teuten et al. 2009, 

Waldschläger et al. 2020). In aquatic systems, MPs are 
ingested by a wide range of species, leading to digestive 

blockages, reproductive impacts, and behavioral changes 
(Cook and Halden 2020, Crawford and Quinn 2017, Geyer 

et al. 2017, Gouin et al. 2011, Hahladakis et al. 2018, 
House of Commons Environmental Audit Committee 2016, 

Laist 1997, Marturano et al. 2019, Mato et al. 2001, Ogata 

et al. 2009, Rios et al. 2007, Teuten et al. 2009, Waldschlä-
ger et al. 2020). MPs also alter soil structure and microbial 

communities, reducing seed germination and plant growth 
(Boots et al. 2019, Windsor et al. 2019). Furthermore, 

plastics exhibit a complex relationship with global warm-

ing and are increasingly recognised as potential drivers of 
global environmental change (Nel et al. 2018, Revell et al. 

2021, Windsor et al. 2019). 

The behavior of MPs in aquatic environments is gov-

erned by their size, density, polymer type, and interac-
tions with environmental factors such as flow velocity, 

salinity, and biofilm development (Alfonso et al. 2021, 

Kaiser et al. 2017, Petersen and Hubbart 2021). Polyeth-
ylene and polypropylene often remain buoyant and travel 

long distances, while denser polymers like PET and PA 
tend to settle near their sources (Alfonso et al. 2021, Kai-

ser et al. 2017, Petersen and Hubbart 2021). Hydrody-

namics, turbulence, and sediment interactions further 

influence their transport and deposition (Ballent et al. 

2016, He et al. 2021, Nel et al. 2018, Porter et al. 2018, 

Waldschläger et al. 2020, Hahladakis et al. 2018, Mar-

turano et al. 2019). 

Various sampling strategies have been developed to in-
vestigate MPs in aquatic environments, including selective, 

bulk, and volume-reduced sampling (Eerkes-Medrano et 

al. 2015, Frias et al. 2010, Yang et al. 2021). Net-based 
methods such as manta or neuston nets (60–300 µm mesh) 

are widely used in river and marine studies, although 
methodological differences often complicate cross-study 

comparisons (Obbard 2018, Liu et al. 2020, Yang et al. 

2021). Standardization is therefore critical for reliable 
monitoring and assessment (Hidalgo-Ruz et al. 2012, Roc-

chia et al. 2017, Petersen and Hubbart 2021). The summa-
rized workflow for sampling, preparation, and analysis of 

microplastic samples, as outlined in Figure 1, is constructed 

based on different methodologies reported in prior studies. 

Several European studies highlight the scale of MP 

contamination in rivers. For instance, research in Portugal 

and Spain has reported concentrations ranging from a few 

to over 1,000 particles per cubic meter, with polyethylene 

and polypropylene as the dominant polymers (Rodrigues 

et al. 2018, Díez-Minguito et al. 2020, Bermúdez et al. 

2021). In the Danube, surveys in Austria, Romania, and 

Hungary found a variety of polymers, with PE, PP, and 

PS the most common (Liedermann et al. 2018, Pojar et 

al. 2021a, Bordos 2021, Braun et al. 2022). These find-

ings confirm that the Danube is one of the significant 

pathways for MPs in Europe. 

As the continent’s second-largest river and an im-

portant international waterway, the Danube plays a cen-
tral role in regional ecosystems and economies. However, 

limited research has focused specifically on the Hungari-
an stretch, where urban wastewater, tributary inputs, and 

industrial activities are likely to intensify MP contamina-

tion. This study addresses that gap by conducting detailed 
sampling along the Hungarian Danube using a Manta Net 

device combined with Fourier-transform infrared (FTIR) 
spectroscopy. The aim is to provide quantitative and qual-

itative insights into MP distribution and composition, to 
advance understanding of their behavior and to support 

effective management strategies.  

Moreover, the distribution of MPs in river systems is 
strongly influenced by inputs from tributaries, wastewater 

treatment plants (WWTPs), and urban proximity. Tribu-
taries contribute MPs based on land use, connectivity, and 

local activities, particularly those draining urban, indus-

trial, or agricultural regions. WWTPs, as significant point 
sources, release MPs through effluents and sludge, with 

smaller particles like fibres and microbeads often bypass-
ing filtration. Urban areas exacerbate MP pollution 

through stormwater runoff, industrial discharges, and 
waste mismanagement, creating pollution hotspots near 

WWTP discharge points or where tributaries join main 

rivers. In May 2024, a longitudinal sampling campaign 
was conducted along the Danube River and its tributaries, 

including the Rába, Marcal, and Mosoni-Duna Rivers, to 
understand these dynamics better, offering detailed in-

sights into MP sources and distributions. 
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Figure 1. Microplastic sampling and analysis processes 

1. ábra. Mikroműanyag mérési és elemzési eljárások

MATERIALS AND METHODS 

Field sampling was conducted at two distinct river cross-

sections located at 1640+000 rkm and 1642+000 rkm to 

study microplastic pollution in the Hungarian section of the 

Danube River in August 2022 and 2023, as shown in Figure 

2. Water samples were collected from three vertical columns

at each cross-section (two sampling points were positioned 

near the riverbanks, while the third was in the thalweg), with 

samples taken at three different depths within each column 

(one from the surface, one near the riverbed, and one at a 

mid-depth level). This approach ensured a comprehensive 

representation of the river's vertical profile. Proximity to 

urban areas, factories, industries, and sewage treatment 

systems can affect microplastic investigations. The selected 

cross-sections were chosen for their proximity to the Buda-

pest Central Wastewater Treatment Plant (WWTP), which 

treats 80% of the city's sewage and discharges effluent into 

the Danube River (in the thalweg). 
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Figure 2. Sampling locations in the Danube River 

2. ábra. Mintavételi helyszínek a Dunán

To collect water samples from specific depths within 

the water column, the Budapest University of Technology 

and Economics research team developed a specialised 

device called the Multilevel Manta Net (MLM Net), 

inspired by previous work conducted by Liedermann et 

al. (2018) on the Austrian stretch of the Danube River 

(Liedermann et al. 2018). The device features three nets 

positioned at different depths within the water column, 

suspended vertically using a crane mounted on a boat or a 

pontoon (Figure 3). 

Each manta net was built with sturdy metal frames 

measuring 0.6×0.6 m2 and featured conical polyamide 

(PA) nets with a mesh size of 500 µm and a length of 

1.5 m. This mesh size captured MP particles ranging from 

500 µm to 5 mm. Based on preliminary tests, a 500 µm 

mesh size was selected as the best compromise between 

minimizing net clogging and capturing smaller particles. 

At the end of each conical net, a polyvinyl chloride 

(PVC) container with a 0.25 m diameter was attached, 

fitted with a matching net to collect suspended particles 

from the water. The openings of the manta nets were 

oriented to align with and face the direction of the river's 

flow. The nets were fixed at the specified depth by stop-

pers beneath the net frames. The horizontal position of 

the nets was provided by blades attached to the ends of 

the rods attached to the frames. The nets were submerged 

in the water for 30 minutes. Afterwards, the nets were 

lifted and rinsed thoroughly using high-pressure clear 

water. The material and sediments gathered in the bottom 

container were transferred to a container, taken to the 

laboratory for analysis, and refrigerated until further 

steps. 

In addition to gaining a deeper understanding of the 

dynamics of MPs in river systems influenced by tributar-

ies, urban proximity, and other factors, a longitudinal 

sampling campaign was conducted along the Danube 

River and its tributaries in 2024. The study included the 

Rába River (7 samples collected), the Marcal River (8 

samples collected), the Mosoni-Duna River (7 samples 

collected), and the Danube River itself (20 samples col-

lected), providing detailed insights into MP sources and 

distribution patterns. 

For the Rába, Marcal, and Mosoni-Duna Rivers, 

sampling was performed on the water surface using a 

portable Manta Net with a frame measuring 0.12 m × 

0.35 m and a 0.70 m long conical net equipped with a 

1 000 µm mesh to capture suspended particles. In con-

trast, the Danube samples were collected using MLM 

nets, as previously described. Sampling was conducted 

over 20 minutes, with the collected samples stored in 

containers and transported to the laboratory for further 

analysis. 

A high-frequency, 1200-kHz Acoustic Doppler Cur-

rent Profiler (ADCP) device from Teledyne was used to 

measure the water flow discharge and velocity. However, 

since the ADCP measurements were less accurate within 

0.5 m of the riverbed, an Acoustic Doppler Velocimeter 

(ADV) device was attached to a net positioned close to 

the bed for more precise data collection. 
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Figure 3. a) Multilevel Manta Net device. b,c) Manta nets are placed in the water column 

3. ábra. a) Többszintű hálós mintavételi eszköz. b,c) Planktonhálók beeresztése a függélyben

In the laboratory, preliminary steps were taken to sepa-

rate and analyse microplastic particles (Figure 4). The col-

lected samples were placed in beakers containing a saturated 

sodium chloride (NaCl) solution and left to settle for 24 

hours to separate denser materials from the samples, which 

were less likely to be plastics. The floating particles and 

possible plastic particles were carefully collected, and the 

samples were immersed in a 35% hydrogen peroxide (H₂O₂) 

solution for at least 24 hours to clean the plastic particles and 

remove organic materials and microorganisms. The floating 

particles were carefully collected and dried in an oven at 

40°C for 24 hours to remove moisture. The dried samples 

were then sieved, isolating particles smaller than 5 mm for 

further analysis. Visible plastic particles were carefully re-

moved from the samples using tweezers and transferred to 

Petri dishes for further study. To ensure accuracy, only visible 

particles were included, while fibres or particles too small to 

be identified by the naked eye were excluded at this stage. 

Figure 4. a) Sample purification process. The collected samples were subjected to a 24-hour immersion in a 35% H2O2 solution. b) 

Sample after laying in NaCl and H2O2 and drying in the oven. c) MPs extracted from one sample 

4. ábra. a) Minta tisztítási folyamata. A begyűjtött mintákat 24 órán át 35%-os H2O2-oldatba merítették. b) A minta NaCl- és H2O2-

kezelés, majd kemencében történő szárítás után. c) Egy mintából kivont mikroműanyagok (MP-k) 

The MP polymer types were identified using a Bruker 

Tensor 37 FTIR spectrometer (with an attenuated total 

reflection attachment, 400–4000 cm⁻¹ wavenumber range, 

2 cm⁻¹resolution, and 16 scans per sample (Figure 5a). 

The FTIR technique works by analysing the light absorp-

tion spectrum emitted by the sample, which reveals the 

energy characteristics of chemical bonds within the mate-

rial. Each polymer has a unique energy absorption pat-

tern, enabling the differentiation and identification of 

polymer types through comparison with a spectral library 

stored in the instrument.  

A digital microscope (Keyence VH-Z20UR, 20x-
200x) was employed to measure the MPs’ size, shape, 
and colour (Figure 5b). The total mass of the collected 
MPs was weighed and recorded by using an exact digital 
balance (Shimadzu AUW120D semi-micro analytical 
balance, with accuracy levels of ±0.01 mg for weights up 
to 42 g and ±0.1 mg for weights up to 120 g).  

Figure 5. a) FTIR spectroscopy device. b) Digital microscope. c) MP particle under the digital microscope for shape, size, and 

colour analysis 

5. ábra a) FTIR-spektroszkópiai eszköz. b) Digitális mikroszkóp. c) MP-részecske a digitális mikroszkóp alatt az alak, méret és szín

elemzéséhez 
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RESULTS 

The MP concentration (CMP) and transport rate (qMP) 

were determined at specific points within the study area. 

The CMP was calculated by dividing the MP sample mass 

(m) in kg (or number of MP particles) by the volume of 

water passing through the designated sections (i.e., the 

volume of the filtered water, V) in m3. V was estimated 

by multiplying the net entrance area (A) in m2, flow ve-

locity (v) in m/s, and sampling time (t) in s. 

Mass-based unit methods offer a more reliable ap-

proach to quantifying CMP (g/m3) in environmental sam-

ples than particle counting alone (particles/m3). By ac-

counting for particle size, composition, and density varia-

tions, this method provides a more comprehensive and 

accurate assessment of the total plastic load within a 

sample. For instance, in two samples with an identical 

number of microplastics, variations in the density and 

size of the particles can lead to significant differences in 

the actual estimation of plastic pollution amounts. 

The qMP was calculated by multiplying the con-

centration of plastic material by the water flow rate, 

which was measured with the ADCP device during 

the sampling. The flow discharge was 1 500 m3/s in 

2022, and 2,126 m3/s in 2023. The results from the 

experimental trials and subsequent calculations are 

presented in Table 1. 

Table 1. The MP delivery rate (qMP) and concentration (CMP) at each sampling point (#) in two cross-sections in 2022 and 2023, (s: 

surface of water, m: middle level of water column, b: near bed) 

1. táblázat. Az MP-szállítási sebesség (qMP) és koncentráció (CMP) az egyes mintavételi pontokon (#) két keresztmetszetben, 2022-

ben és 2023-ban (s: a vízfelszín, m: a vízoszlop középső szintje, b: a mederhez közeli szint) 
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2022 

I 

1-s 1.18 765.38 0.14897 24 195 828 31.36 37.04 

1-m 1.10 710.69 0.00204 11 3 11 15.478 16.98 

1-b 0.45 291.60 0.01366 18 27 76 61.73 27.78 

2-s 1.25 821.15 0.16471 147 201 900 179.02 223.13 

2-m 1.12 738.47 - - - - - - 

2-b 1.06 698.33 0.02906 31 42 159 44.39 47.06 

3-s 1.23 795.75 0.08484 40 107 471 50.27 61.73 

3-m 1.11 717.34 0.03913 21 55 217 29.27 32.41 

3-b 0.70 451.35 0.05913 32 131 329 70.90 49.38 

II 

1-s 1.13 743.71 0.05032 64 68 276 86.05 97.66 

1-m 1.05 688.40 0.13952 25 203 767 36.32 38.15 

1-b 0.91 596.36 0.02298 41 39 126 68.75 62.56 

2-s 1.48 980.37 0.01741 21 18 95 21.42 31.70 

2-m 1.31 865.25 0.03458 24 40 188 27.74 36.23 

2-b 1.07 708.85 0.02268 54 32 123 76.18 81.51 

3-s 1.31 846.43 0.25643 41 303 1 425 48.44 63.27 

3-m 1.20 779.17 0.09083 63 117 505 80.86 97.22 

3-b 0.75 486.00 0.22761 113 468 1 264 232.51 174.38 

2023 II 

1-s 1.13 735 1.03 319 1,398 1,975.1 433.79 492.28 

1-m 1.05 681 0.41 190 598 723.8 279.13 293.21 

1-b 0.79 513 0.37 193 719.9 495 376.21 297.84 

2-s 1.82 1,176 0.33 114 277.1 1,001.9 96.91 175.93 

2-m 1.69 1,097 0.26 114 234.9 738.9 103.89 175.93 

2-b 1.27 820 0.34 115 417.1 733.7 140.16 177.47 

3-s 1.56 1,009 0.12 123 114.8 305.6 121.86 189.81 

3-m 1.40 910 0.27 104 296.8 641.7 114.32 160.49 

3-b 0.87 566 0.24 167 425.1 355.4 295.23 257.72 

The average CMP and qMP in each cross-sectional area 

of a specific vertical and the total cross-section QMP were 

calculated in 2022 and 2023 using sedimentation engi- 

 

neering methods. QMP was calculated by integrating the 

particular qMP along the total cross-sectional area and 

summing up for a given period (e.g., g/s, t/year). The 

results are presented in Table 2. 
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Table 2. The average MP concentration and transport rate in two cross-sections and the overall area in 2022 and 2023 under the 

specified flow rate and condition 

2. táblázat. Az átlagos MP-koncentráció és szállítási sebesség két keresztmetszetben és a teljes vizsgált területen 2022-ben és 2023-

ban, a meghatározott vízhozam és feltételek mellett. 

Year of 

sampling 

Cross-

section 

Flow 

rate 

The average MP concentration 

(CMP,avg) 

The average 

MP transport 

rate (qMP,avg) 

The total MP transport rate 

(QMP) 

m3/s µg/ m3 Particle/m3 mg/s g/s kg/day t/year 

2022 
I 1,500 104 54 156 

0.2 16.2 6 
II 1,500 143 75 215 

2023 II 2,126 498 218 1,059 1.06 91.5 33.39 

FTIR analysis identified the polymer types in the col-

lected samples, providing insights into their potential 

sources. The findings suggest that inadequate recycling 

and storage practices may play a significant role in re-

leasing these materials into surface water bodies. Those 

listed in Table 3 were found in the highest concentrations 

among the identified polymers. Their potential sources 

are also outlined in the table. Among the various poly-

mers identified, PS, PE, and PP were found to be the most 

abundant. 

Table 3. The types of MP polymers identified in the collected samples through FTIR analysis and their potential sources 

3. táblázat. Az FTIR-elemzéssel a begyűjtött mintákban azonosított MP-polimertípusok és azok lehetséges forrásai

Polymer Type 
Polymer Type 

abbreviation 
Amount (%) Possible Source 

Polystyrene PS 37.97 In packaging and construction insulation 

Polyethylene PE 18.15 In the plastic bag and shampoo bottle production 

Polypropylene PP 10.96 
Commonly used in packaging and food storage 

containers 

other polymers 24.66 

Thermoplastic Vulcanizates TPV 4.20 

Used in automotive components, building and 

construction products, household appliance parts, 

and electrical components 

Polyamide (commonly known as 

nylon) 
PA 2.03 

Used in textiles, the automotive industry, carpets, 

kitchen utensils, and sportswear 

Styrene-Ethylene-Butylene-

Styrene 
SEBS 1.03 

Used in items such as grips, handles, bumpers, and 

other requiring soft-touch and medical devices 

High-Density Polyethylene HDPE 0.85 

Used in the production of plastic bottles, corro-

sion-resistant piping, geomembranes, and plastic 

lumber 

Polyethylene terephthalate PET 0.04 Used in bottle manufacturing 

Thermoplastic Elasto-

mer/Thermal Plastic Styrene 
TPE/TPS 0.07 

Used in toothbrushes, dashboards, and cable 

covers 

Polyvinyl chloride PVC 0.04 
Used in pipe and floor covering production, and 

cable insulation 

A detailed microscopic analysis was performed on the 

collected samples to assess MP particle size distribution. 

Figure 6 illustrate the observed particle size, shape, and 

colour diversity. The study revealed that the predominant 

MP particle shapes were fragments, fibres, foams, and 

flakes. The most frequently identified colours among the 

particles were yellow, black, semi-yellow, grey, and 

green. 

Figure 6. MP particles with different sizes, colours, and polymer types under a digital microscope 

6. ábra. Különböző méretű, színű és polimer típusú MP-részecskék digitális mikroszkóp alatt
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Based on the results of the longitudinal sampling 

campaign conducted in May 2024 along the Danube 

River and its tributaries, the spatial distribution of micro-

plastic (MP) concentrations reflects distinct patterns 

shaped by anthropogenic pressures and hydrological 

features. As shown in Figure 7, the Danube exhibits sig-

nificantly higher MP concentrations compared to its 

tributaries, with the most pronounced pollution hotspots 

located downstream of wastewater treatment plants 

(WWTPs) and urban areas. These regions are critical 

sources of MPs, mainly due to stormwater runoff, indus-

trial discharges, and WWTP effluent, which contribute 

substantial MP loads to the river system. Tributaries such 

as the Rába and Marcal Rivers present varying MP levels, 

which are influenced by their land use, including agricul-

tural activities and smaller-scale urbanisation in their 

catchments. The Mosoni-Duna tributary, in particular, 

plays a notable role, with the floodgate influencing MP 

transport and deposition patterns, as indicated by local-

ised shifts in concentration levels. These findings high-

light the complex interplay between tributary inflows, 

urban pressures, and point-source discharges in shaping 

MP distribution within the Danube River system. Under-

standing the relative contributions of these factors is 

crucial for developing targeted strategies to mitigate MP 

pollution, particularly at critical junctions where tributar-

ies merge with the main river. This study underscores the 

importance of continued monitoring and tailored inter-

ventions to address the challenges posed by MP pollution 

in large riverine networks. 

Figure 7. Spatial distribution of microplastic (MP) concentrations (mg/m³) along the Danube River and its tributaries, including the 

Mosoni-Duna, Rába, and Marcal rivers, based on the 2024 longitudinal sampling campaign 

7. ábra: A mikroműanyag (MP) koncentrációk térbeli eloszlása (mg/m³) a Duna és mellékfolyói, köztük a Mosoni-Duna, a Rába és a

Marcal folyók mentén, a 2024-es longitudinális mintavételi kampány alapján 

DISCUSSION 

To capture and analyse smaller MP particles, including 

microfibers, effectively, our findings align with prior 

research indicating that rivers serve as key pathways for 

transporting plastic pollutants to seas and oceans, con-

tributing significantly to global plastic pollution. Studies 

estimate that rivers deliver between 1.15 and 4 million 

metric tons of plastic to the ocean annually, underscoring 

their critical role in this environmental issue (Pojar et al. 

2021a). The Danube River is a major contributor to plas-

tic pollution in the Black Sea, transporting significant 

amounts of MPs and other plastic debris (Pojar et al. 

2021a, Pojar et al. 2021b). The Danube River begins in 

Germany and flows through Austria, Hungary, and Ro-

mania before discharging into the Black Sea. Estimates 

suggest that the Danube carries approximately 4.2 tons of 

plastic daily, amounting to an annual load of 1,533 tons 

delivered to the Black Sea (Lechner et al. 2014). Given 

the Danube River's critical role in Budapest as a vital 

waterway, a key water source, and a cornerstone of the 

region's tourism, economy, and ecological balance, study-

ing plastic pollution in this river is essential. 

Between 2010 and 2012, researchers from the Univer-

sity of Vienna and the University of Natural Resources 

and Life Sciences Vienna (BOKU) studied the Austrian 

section of the Danube River, downstream of Vienna, 

using the MLM Net device (Liedermann et al. 2018). 

Their analysis reported an average plastic concentration 

exceeding 17 particles/m³ (Liedermann et al. 2018). A 

follow-up survey in 2014 at two Austrian sampling sites 

estimated an annual QMP of up to 17 tonnes at Hainburg, 

with a total plastic load reaching 41 tonnes per year at the 

same location (URL1 2019, Liedermann et al. 2018). 

Within the framework of the Tiny Plastic Puzzle pro-

ject by Wessling Hungary Ltd., CMP was assessed in Bu-

dapest. Measurements revealed a concentration of 45 

particles/m³ at the Megyeri Bridge in the northern section 

of the city, which was lower than the 55 particles/m³ 

recorded at the Csepel Freeport in the southern part of 
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Budapest (URL1 2019, Kiss et al. 2021). These results 

align closely with our findings for the region. Data col-

lected as part of our study confirm the presence of MPs in 

the Danube River, with notable variability in concentra-

tions depending on sampling locations and conditions. 

For instance, upstream and downstream measurements 

near the Budapest Central WWTP in the Csepel area 

highlighted the influence of urban runoff and untreated 

effluents on MP pollution. In 2022, CMP upstream of the 

WWTP in Budapest was recorded at approximately 54 

particles/m³, increasing to 75 particles/m³ downstream. 

By 2023, these levels had risen substantially, reaching 

218 particles/m³ downstream, likely due to increasing 

anthropogenic activity, changes in sampling conditions, 

or changes in hydrological and hydraulic factors. Our 

results highlight the pronounced heterogeneity of MP 

occurrence within the Danube. Concentrations varied 

strongly across cross-sections, depths, and sampling peri-

ods (Table 1), with surface values occasionally an order 

of magnitude higher or lower than mid- or bottom sam-

ples. Such variability reflects the dynamic interplay of 

hydrodynamic conditions, particle properties, and point-

source inputs. Similar findings have been reported in other 

large rivers, where near-bed samples often contain more 

MPs due to resuspension processes (Liedermann et al. 

2018; Mani et al. 2015). Seasonal factors such as rainfall 

and discharge fluctuations also contribute to irregular dis-

tribution patterns (Moses et al. 2023, Nguyen et al. 2024). 

This heterogeneity complicates both sampling and upscal-

ing, underscoring the importance of multi-depth and multi-

point approaches in future monitoring strategies. 

The distribution of MPs within the water column was 

assessed using specialised sampling techniques. Howev-

er, several factors suggest that our findings may underes-

timate actual CMP. Limitations in sampling, such as using 

nets with a 500 µm mesh size, restrict the detection of 

smaller particles, including microfibers and transparent 

MPs, which are difficult to identify visually. Furthermore, 

purification processes and laboratory methods can inad-

vertently degrade or fragment MPs, affecting the accura-

cy of results. Regarding the laboratory procedures, the 

margin of error was found to be negligible. Bulk sam-

pling methods, such as pump sampling, are highly rec-

ommended to capture and analyse smaller MP particles, 

including microfibers effectively. These approaches im-

prove sensitivity and accuracy in detecting and character-

ising these minute particles. It is worth noting that pump 

sampling involves distinct methodologies, which fall 

beyond the scope of this article for detailed discussion. 

Research in this area has been conducted by our team 

using both the net sampling and pump sampling methods, 

with the results to be presented in future publications. 

The composition of MPs observed in this study pri-

marily consisted of fragmented particles, which is con-

sistent with other studies that report fragments as the 

dominant form of MPs in river systems. However, fibres, 

which are frequently associated with textile and 

wastewater sources, were underrepresented, likely due to 

methodological constraints. Future investigations should 

employ alternative techniques, such as pump sampling, to 

better capture smaller particles and fibres. Various fac-

tors, including urban runoff, WWTPs, and geomorpho-

logical features, influence microplastic pollution in the 

Danube River system. The most frequently identified 

polymers in our study were PS (37.97%), PE (18.15%), 

and PP (10.96%), consistent with findings from other 

studies in the region. These polymers, often associated 

with packaging and household waste, highlight the signif-

icant role of urban centres as sources of MP pollution. 

Although our study focused exclusively on MPs in the 

water column, sediment sampling is essential for a com-

prehensive understanding of MP dynamics in the Danube 

River system. Sediments act as sinks where MPs accumu-

late and are resuspended under certain conditions, influ-

encing their transport and deposition downstream. Exist-

ing studies highlight significant MP accumulation in 

upstream impoundments, floodplains, and coastal sedi-

ments, particularly in areas with reduced sediment flux 

caused by river regulation and hydropower activities. The 

inclusion of sediment analysis in future studies will pro-

vide valuable insights into the interplay between MP 

deposition and resuspension processes. 

In conclusion, our study underscores the complexity 

of MP pollution in riverine systems, influenced by di-

verse sources and environmental processes. Addressing 

these challenges requires methodological advancements 

to capture a broader spectrum of MP types and sizes. 

Future research should prioritise integrating water and 

sediment sampling to provide a more holistic view of MP 

transport and accumulation within the Danube River and 

its contribution to marine pollution in the Black Sea. 

CONCLUSION 

This research evaluated MP pollution in the Hungarian 

section of the Danube River, addressing rising concerns 

about MPs' environmental and health impacts. A struc-

tured sampling and analysis methodology was developed, 

inspired by established approaches, to obtain robust data 

on MP prevalence. Water samples were collected using an 

MLM net with a 500 µm mesh, allowing for systematic 

assessment of MP concentrations across varying depths. 

This study collected and identified microplastic particles 

ranging from 5 mm to 500 µm through visual inspection. 

Laboratory protocols facilitated the isolation and identifi-

cation of MPs, followed by FTIR spectroscopy to charac-

terise polymer types and potential sources. 

Results from 2022 revealed an average MP concentra-

tion of 124 µg/m³ (65 particles/m³), equalling approxi-

mately 0.2 g/s, or 16.2 kg/day, and around 6 tons/year of 

MPs passing through the investigated area. In 2023, these 

values increased significantly, with a mean concentration 

of 498 µg/m³ (218 particles/m³), corresponding to 

1.06 g/s, 91.5 kg/day, and approximately 33.39 tons/year. 

MPs detected near the riverbed might point to a potential 

tendency for accumulation through deposition, a hypoth-

esis that requires confirmation in future studies. The most 

prevalent polymers identified were PS (37.97%), PE 

(18.15%), and PP (10.96%), appearing in various forms 

such as fragments, foam, and flakes, and in colours like 

yellow, black, grey, and green. 
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It is important to note that these estimates are con-

servative. Factors such as flow rate variability, sampling 

methods, mesh size limitations, and the inability to visu-

ally identify certain particles influence the results. For 

instance, smaller particles like microfibers and mi-

crobeads may not be captured. For smaller microplastic 

particles (<500 µm), future studies are encouraged to 

employ methods such as pump-based sampling to im-

prove capture efficiency. 

This study underscores the urgent need for effective 

mitigation strategies and policy interventions to address 

MP pollution. Raising awareness about MPs' pervasive 

nature and potential risks remains a critical step towards 

safeguarding aquatic ecosystems and human health. 
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Abstract 
Overbank river floods generate a positive hydraulic gradient toward adjacent aquifers, while floodplain soils become saturated through 

vertical infiltration during the overbank phase of the flood. These processes contribute to temporary water storage and attenuate flood 

waves, yet their role in flood dynamics remains unrepresented or only partially represented in many models of river hydraulics. Here, 

we quantify river-aquifer exchange and evaluate the contribution of bank storage to flood attenuation at the scale of the Danube and 

Tisza Rivers in Hungary using a mechanistic model. We developed a coupled 1D surface water–2D groundwater model to simulate 

100-year flood events in an idealised, prismatic geometry. Results, integrated over a 50 km reach, indicate that bank storage can 

account for 26–37% of the total (surface+bank) storage and can reduce peak flow by 0.7–0.8 percentage points in addition to the 

attenuation by surface storage. This translates to an average peak water level reduction of about 4 cm. The attenuation effect was most 

pronounced in systems with high soil hydraulic conductivity. Despite its role in mitigating flood risk, bank storage is frequently 

simplified to a conceptual level or omitted altogether in hydraulic river models. Since surface flow roughness parameters are routinely 

calibrated primarily against peak water levels, this omission is partially offset – even without identifying the source of error. However, 

compensating for the lack of groundwater storage within the timescale of surface storage is not only imperfect but also leads to 

inaccuracies when extrapolated to floods significantly larger than previously observed ones. Our findings underscore the benefits of 

integrating groundwater-surface water interactions into flood modelling to improve flood forecasts and risk assessments. 

Keywords 
Flood attenuation, bank storage, groundwater-surface water interaction, infiltration. 

A felszín alatti tározódás szerepe a síkvidéki folyók árhullámainak csillapításában 

Kivonat 

Egy áradó folyó a nyomásgradiens révén szivárgást kelt a talajvíztartó irányába, és ezzel egy időben a partok szintjét 

meghaladó vízállások idején a hullámtér talaja a beszivárgás révén felülről is telítődik. A felszín alatti tározódás az árvi-

zeknek a nagyvízi mederben való tározódásán felül érvényesül és ezáltal fokozza az árhullámok csillapítását, ennek 

ellenére leírása sok felszíni áramlástani modellből mégis hiányzik, vagy csak részleges. Jelen tanulmányban egy mecha-

nisztikus modellel számszerűsítjük a folyó és a talajvíztartó közötti vízcserét a Duna és a Tisza hazai léptékében, valamint 

értékeljük a felszín alatti tározódás hozzájárulását az árvízcsillapításhoz. A szimulációkhoz egy egymással összekapcsolt 

1D felszíni és 2D felszín alatti hidraulikai modellt fejlesztettünk ki, és 100 éves árvizek levonulását vizsgáltuk idealizált, 

prizmatikus geometriában. Egy 50 km hosszú folyószakaszra integrált eredményeink azt mutatják, hogy a felszín alatti 

tározódás a teljes (felszíni és felszín alatti) tározódásnak 26–37%-át teheti ki, és a felszíni tározódás által biztosított 

csillapításon felül további 0,7–0,8 százalékponttal csökkentheti a csúcsvízhozamot. Ez átlagosan körülbelül 4 cm-es 

csökkenést jelent a tetőző vízszintekben. A csillapító hatás a jó vízvezetőképességű talajok feltételezésével a legjelentő-

sebb. Annak ellenére, hogy a felszín alatti tározódás számottevő szerepet játszik az árvízi kockázat mérséklésében, a 

felszíni áramlástani modellekben gyakran konceptuális szintre leegyszerűsítik vagy teljesen figyelmen kívül hagyják. 

Mivel a felszíni lefolyás simasági együtthatóit rutinszerűen elsősorban a folyó tetőző vízszintjein keresztül kalibrálják, 

ezért az elhanyagolás – a hibaforrás ismerete nélkül is – részben kompenzálódik. A talajvíz-tározódás hiányának a fel-

színi tározódás időskáláján való kompenzálása azonban nemcsak tökéletlen, de a múltbeli árvizeknél jóval nagyobbakra 

kiterjesztve pontatlan is. Eredményeink rávilágítanak arra, hogy az árvízi előrejelzések és kockázatértékelések javításá-

hoz a modellezésbe érdemes bevonni a felszín alatti vizekkel való kölcsönhatást. 

Kulcsszavak 

Árhullám-csillapítás, parti tározás, felszín alatti és felszíni vizek kölcsönhatása, beszivárgás. 
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INTRODUCTION 

River floodplains are essential for some hydrological and 

ecological processes, particularly during extreme flood 

events. They act as natural buffers, regulating runoff, stor-

ing excess water, and supporting essential biogeochemical 

cycles that mitigate nutrient and pollutant concentrations 

(Krause et al. 2007). Effective floodplain management re-

quires understanding surface water–groundwater interac-

tions and the connectivity between riverine and aquatic 

habitats, extending beyond in-channel processes to the ac-

tive floodplain (Sophocleous 2002).  

Direct field observations provide important insights 

into river–aquifer exchange processes during flood events. 

Observational studies have shown that groundwater levels 

in floodplain aquifers respond rapidly to changes in river 

stage, indicating strong hydraulic connectivity between 

rivers and adjacent aquifers. For example, Li et al. (2017) 

investigated groundwater dynamics in the floodplain wet-

lands of Poyang Lake, China, and found that floodplain 

groundwater is strongly influenced by lake water levels. 

Their results indicate that lake water recharges the flood-

plain aquifer during periods of high lake levels in spring 

and summer, whereas groundwater stored within the flood-

plain may discharge back to the lake during periods of low 

water levels, highlighting the bidirectional nature of lake–

groundwater interactions. Similarly, Ubell (1964) ana-

lysed groundwater level profiles along a 30 km reach of 

the Danube in Hungary and estimated a mean infiltration 

of approximately 0.3 m³ s⁻¹ km⁻¹ during a flood event with 

a peak discharge of 5500 m³ s⁻¹. However, direct measure-

ments of river–aquifer interaction during extreme floods 

remain limited, and modelling approaches are therefore es-

sential to quantify the magnitude and impacts of such ex-

changes (Liang et al. 2018).  

Numerical modelling studies have therefore become an 

important tool to quantify river–aquifer interactions and 

their impact on flood dynamics. Early work by Pinder and 

Sauer (1971) and Zitta and Wiggert (1971) pioneered the 

coupling of one-dimensional (1D) unsteady open-channel 

flow with two-dimensional horizontal (2DH) groundwater 

flow to assess bank storage effects on the flood hydro-

graph. Subsequent modelling studies have further explored 

the dynamics of river–aquifer exchange and groundwater 

response to flood waves (Weng et al. 2003, Vivoni et al. 

2006, Derx et al. 2010, Liang et al. 2018). More recently, 

integrated surface water–groundwater models have ena-

bled the coupling of river hydraulics with variably satu-

rated groundwater flow, allowing detailed simulation of 

infiltration processes and subsurface flow dynamics (Shuai 

et al. 2017, Hong et al. 2020, Nguyen et al. 2025). Inte-

grating surface water–groundwater interactions into flood 

inundation models enhances river flow predictions and 

flood response assessments, leading to more reliable fore-

casts (Szilagyi 2004, Saksena et al. 2019). Process-based 

river models primarily rely on calibrated roughness coef-

ficients to route flood waves. Operational flood forecasting 

systems and most 1D/2D hydraulic models omit explicit 

river–aquifer bank-storage exchange; although coupling to 

variably saturated groundwater models is technically fea-

sible and has been demonstrated in several research studies 

(Shuai et al. 2017, Hong et al. 2020, Nguyen et al. 2025), 

it is still rarely implemented in operational forecasting 

models. The absence of a bank storage mechanism may be 

partly compensated for by modifying the roughness coef-

ficients, but this often leads to significant inaccuracies in 

flood estimates, overpredicting river discharge during 

flood events (Saksena et al. 2019).  

Several studies have combined field observations with 
numerical modelling to better constrain river–aquifer in-
teractions during flood events. These studies typically use 
groundwater monitoring data to calibrate or validate nu-
merical models of bank storage and groundwater response 
(Vivoni et al. 2006, Liang et al. 2018). Such combined ap-
proaches have demonstrated that rapid river stage fluctua-
tions during large flood events can induce substantial wa-
ter, sediment, and nutrient exchanges across the river–aq-
uifer interface (Bernard-Jannin et al. 2016). Bernard-Jan-
nin et al. (2016) combined field observations with numer-
ical modelling to quantify both lateral riverbank infiltra-
tion and vertical infiltration across inundated floodplains 
during flood events. Their results indicate that overbank 
flow across the floodplain surface can dominate river–aq-
uifer exchanges during long-duration floods, contributing 
up to 88% of total infiltration. However, many studies still 
focus primarily on lateral infiltration through riverbanks 
under in-bank flow conditions, while the contribution of 
vertical infiltration across inundated floodplains remains 
less explored.  

These limitations highlight important knowledge gaps 

regarding the relative importance of horizontal riverbank 

infiltration and vertical infiltration across inundated flood-

plains, particularly for large lowland rivers during extreme 

floods. Addressing these gaps requires modelling ap-

proaches capable of isolating the influence of flood dura-

tion, river geometry, and soil hydraulic properties on 

river–aquifer exchange processes. 

This study aims to investigate the relationships be-

tween key parameters – flood duration, channel geometry, 

and soil properties – and their influence on infiltration 

flows, bank storage, and flood attenuation. River–aquifer 

water exchange can be divided into (predominantly) hori-

zontal and vertical infiltration, driven by variations in river 

stage. Horizontal infiltration across the riverbed induces 

the lateral propagation of a groundwater wave as surface 

water levels rise, while vertical infiltration penetrates into 

the unsaturated floodplain soil when floodwaters exceed 

bank elevations. To explore these mechanisms, we employ 

a coupled 1D surface water–2DH groundwater model for 

a fully penetrating river within an aquifer, using Darcy’s 

law for exchange flow calculations (similar to the MOD-

FLOW RIV package). Since the parameters determining 

the impact of infiltration vary from river to river, or from 

reach to reach, we focus here on the two largest rivers in 

Hungary, which have large, leveed floodplains of high ag-

gregate flood risk. We apply this model to two idealised 

reaches: the lower reach of the Danube River and the mid-

dle reach of the Tisza River, the Danube’s tributary, using 

a hypothetical 100-year return period flood hydrograph.  
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MATERIALS AND METHODS 

A process-based model combining the 1D Saint-Venant 

equations with the 2DH groundwater flow equations de-

rived from Darcy’s law and mass conservation was used to 

simulate river flood propagation and its interaction with 

groundwater. Exchange fluxes from the river to the 

groundwater, driven by changes in river levels, are divided 

into horizontal and vertical components. In this study, we 

define vertical fluxes (𝑓𝑉) as those occurring across the

floodplain, while horizontal fluxes (𝑓𝐻) are those that oc-

cur across the riverbed. Bank storage is also split according 

to the origin of the influx: 𝐵𝑆𝑉 represents the infiltrated

volume from vertical fluxes, while 𝐵𝑆𝐻 represents the in-

filtrated volume from horizontal fluxes. When river water 

levels (ℎ_𝑅) rise above the riverbanks (𝐻), water simulta-

neously flows into the aquifer vertically (𝑓𝑉) through the

floodplain and horizontally (𝑓𝐻) through the riverbed.

Consequently, the groundwater head (ℎ𝐴) rises.

The geometry of the modelled reach is assumed to be 
prismatic, meaning that the cross-sectional shape and di-
mensions remain constant along the longitudinal direction, 
and the channel is characterized by a uniform bed slope. 
Under this assumption, no longitudinal variations in chan-
nel width, depth, or floodplain extent are considered within 
the modelled reach. The cross-section of the river is ap-
proximated as a combination of two rectangular sections: 
a main channel with width 𝑏 and depth 𝑧, and an active 
floodplain of width 𝑏𝑓𝐿

 and 𝑏𝑓𝑅
 on the left and right banks,

respectively, between the banks of the main channel and 
levees or higher terrain. Figure 1 illustrates the generalised 
model configuration on which the physical processes are 
formulated. 

Figure 1. Model configuration in a cartesian coordinate system: 1D channel flow in the x direction, 2DH groundwater flow in 

the x–y direction, and 1D vertical infiltration 

1. ábra. Modellfelépítés Descartes-i koordinátarendszerben: 1D felszíni lefolyás az x irányban, 2DH talajvízmozgás az x–y sík-

ban és 1D függőleges beszivárgás 

The groundwater module accounts for both confined 

and unconfined conditions depending on the position of 

the simulated groundwater head relative to the aquifer top. 

When the groundwater head is below the top of the aquifer, 

flow is treated as unconfined and storage is represented by 

the specific yield. When the groundwater head exceeds the 

aquifer top, the aquifer behaves as confined and storage is 

governed by the specific storage coefficient. 

The model assumes a homogeneous and isotropic aq-

uifer, hydraulically connected to the river, and an imper-

meable, horizontal base. The water level in the river and 

the piezometric head in the aquifer are measured from this 

base. The hydraulic connection between the river and the 

aquifer is represented through a riverbed and floodplain 

clogging layer with hydraulic properties distinct from 

those of the underlying aquifer, which controls the ex-

change flow between surface water and groundwater 

(Brunner et al. 2009).  

The surface water domain boundaries were defined with 

sufficient extent to minimise any potential influence of 

downstream and lateral boundary conditions on flood at-

tenuation or exchange flows within the analysed reach. 

The groundwater domain is bounded by no-flow condi-

tions, except at the river-aquifer interface, where 𝑓𝐻 (di-

mension: L/T) is imposed, governed by Darcy's law in pro-

portion to the head difference between the river and the 

groundwater adjacent to the river. Similarly, 𝑓𝑉 is imposed

as a source term across the inundated floodplain and an 

equal-magnitude (but opposite) sink term in the ground-

water domain. More specifically,  

𝑓𝐻 =
𝐾𝑟𝑏

𝑚𝑟𝑏

(ℎ𝐴 − ℎ𝑅),        and  𝑓𝑉 = {  

𝐾𝑧

𝑚
[max(ℎ𝐴, 𝐻𝑏) − ℎ𝑅] if ℎ𝑅 > 𝐻𝑏

0 otherwise,

(1) 
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where 𝐾𝑟𝑏 and 𝐾𝑧 are the hydraulic conductivities of the

riverbed sediments and of the floodplain surface layer, re-

spectively (dimension: L/T); ℎ𝑅 is the height of the river

water surface above the aquifer bottom, calculated by the 

surface water model and uniform across the river section; 

ℎ𝐴 is the hydraulic head of the aquifer, calculated by the

groundwater model and variable across the aquifer; 𝑚𝑟𝑏

and 𝑚 are the thicknesses of the clogged interface layer in 

the riverbed and the floodplain, respectively (dimension: 

L); and 𝐻𝑏  is the aquifer thickness (dimension: L).

Although natural aquifers may exhibit longitudinal 

hydraulic gradients parallel to the river, preliminary 

simulations were conducted using both a 1D and a fully 

2D groundwater flow formulation to evaluate the influ-

ence of longitudinal groundwater flow. The results 

showed negligible differences between the two config-

urations, indicating that during flood events the domi-

nant exchange processes are controlled by river–aquifer 

head gradients rather than regional longitudinal ground-

water flow. Therefore, no-flow lateral boundaries were 

considered an appropriate simplification for the pur-

poses of this study. 

The methodology used here to calculate exchange 

flows is analogous to that used in the MODFLOW-2005 

River Package (Harbaugh 2005). However, we developed 

our own finite-difference solver rather than using MOD-

FLOW so that river flood propagation could be simulated 

more accurately with the full Saint-Venant equations, dis-

tinguishing between the Manning coefficient of the 

channel and that of the floodplain. The river domain is dis-

cretised into a sequence of equidistant cross-sections and 

the groundwater domain into a regular rectangular grid. 

The transverse gridlines of the groundwater domain over-

lap with the river cross-sections, but extend well beyond 

the levees. For each grid cell covering the active flood-

plain, a vertical flux is calculated. 

Study area 

We integrate bank storage and evaluate flood attenua-

tion for two 50-km-long reaches, each approximating the 

mean geometry of the Lower Danube and the middle reach 

of the Tisza River in Hungary. At the inflow, a 100-year 

flood hydrograph was imposed, approximated separately 

for the two rivers. Soil hydraulic properties were kept con-

stant over time.  

The Lower Danube River in Hungary has a total flood-

plain width of approximately 1800 m, whereas the middle 

reach of the Tisza River features a slightly wider flood-

plain of about 2000 m. Both rivers have similar channel 

depths under banks (9.0 m for the Danube and 7.0 m for 

the Tisza), but the Danube’s main channel is significantly 

wider (475 m compared to 180 m for the Tisza). Besides 

the geometry, the two rivers analysed also exhibit distinct 

flood hydrograph characteristics (Figure 2). The Danube 

has an overbank flood duration (𝑇𝑜𝑣𝑒𝑟𝑏𝑎𝑛𝑘) of 15 days,

reaching a peak discharge of 9850 m³/s on the 6th day after 

the start of overbank flood. The Tisza's flood extends for 

80 days, with a peak flow of 2800 m³/s on day 40 after the 

beginning of the overbank flood.  

Figure 2. 100-year (HQ1%) flow hydrograph of the Lower Danube (dotted line) and the Tisza River (dashed line). Bankfull dis-

charges are represented by solid lines for the Lower Danube and the Tisza. The vertical axis represents river flow Q (m³/s), while 

the horizontal axis shows time in days 

2. ábra. A hazai Alsó-Duna (pontozott vonal) és a Közép-Tisza (szaggatott vonal) 100 éves visszatérési idejű (HQ1%) árhullám-

képe. A mederkitöltő vízhozamokat folytonos vonal jelöli az Alsó-Duna és a Tisza esetén. Függőleges tengely: Q vízhozam (m³/s), 

vízszintes tengely: idő (nap) 

The hydraulic conductivity of the soil was varied by 

discretising the order of magnitude with three scenarios, 

SCN25 to SCN27 for the Danube River and SCN28 to 

SCN30 for the Tisza River, to address the spatial variabil-

ity and uncertainty of soil hydraulic conductivity. The 

adopted conductivity values were not derived from direct 

field measurements within this study but were inferred 

from reported ranges in previous hydrogeological 

investigations of the region (Ubell 1963, Kolencsik-Tóth 

and Kovács 2015, Murinkó and Bene 2017, Trásy et al. 

2020, Wagner and Csoma 2022). These studies describe 

the alluvial deposits surrounding the investigated rivers as 

predominantly sandy and gravelly aquifers. Based on these 

reported ranges, representative hydraulic conductivity val-

ues were selected and further adjusted during model cali-

bration together with the Manning roughness coefficient.  
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Rather than representing a specific statistical distribution 

of measured values, the three scenarios were designed to 

capture plausible low-, medium-, and high-conductivity 

conditions within the range reported for similar alluvial en-

vironments. The upper conductivity scenario (𝐾𝑥 = 500
m/d; SCN27/30) represents a high-permeability gravel aq-

uifer condition, characteristic of coarse alluvial deposits 

with strong river–aquifer connectivity, and was included 

to investigate the upper sensitivity range of infiltration and 

bank storage processes. 

Table 1 summarises the data utilised in the model. For 

the Danube River, two reaches have been distinguished. The 

Lower Reach served for calibration and the analysis of the 

100-year flood wave, whereas the Upper Reach was evalu-

ated to validate the transferability of model parameters. 

Table 1. Hydraulic parameters and their values used in the model for the analysed rivers. 

1. táblázat. A vizsgált folyók modelljében használt hidraulikai paraméterek és értékeik

Parameter 
Danube River 
(Lower Reach) 

Danube River 
(Upper Reach) 

Tisza River Unit Description 

𝒃 475 574 180 m Bottom width of the main channel 

𝒛 9 7.5 7.0 m Depth of the main channel 

𝑺𝟎 7 7 2.5 cm/km River slope 

𝒏𝒎 0.033 0.033 0.03 s m-1/3 Manning roughness of the main channel 

𝒏𝒇 0.1 0.1 0.082 s m-1/3 Manning roughness of the active floodplain 

𝒃𝒇 1,800 240 2,000 m Total width of the active floodplain 

𝑲𝒓𝒃/𝒎𝒓𝒃 0.15 0.15 0.15 d-1

Riverbed leakance factor = ratio of riverbed 

hydraulic conductivity per thickness of the 

riverbed layer 

𝑺𝒚 0.21 0.21 0.21 - Specific yield for unconfined aquifer 

𝑺𝒔 1 × 10−5 1 × 10−5 1 × 10−5 m-1 Specific storage when aquifer is fully satu-

rated 

𝑲𝒙 = 𝑲𝒚

SCN25: 5 

SCN26: 50 

SCN27: 500 

SCN25: 5 

SCN26: 50 

SCN27: 500 

SCN28: 5 

SCN29: 50 

SCN30: 500 

m d-1 Horizontal hydraulic conductivity of the 

aquifer 

𝑲𝒛/𝑚
SCN25: 0.15 

SCN26: 1.5 

SCN27: 15 

SCN25: 0.15 

SCN26: 1.5 

SCN27: 15 

SCN28: 0.15 

SCN29: 1.5 

SCN30: 15 

d-1 

Vertical leakance factor = ratio of flood-

plain vertical hydraulic conductivity per 

thickness of the floodplain surface layer 

𝑄𝑝𝑒𝑎𝑘

(100-yr) 
9,850 - 2,800 m3 s-1 

Peak discharge during the 100-year flood 

hydrograph (𝐻𝑄1%)

𝑇𝑜𝑣𝑒𝑟𝑏𝑎𝑛𝑘

(100-yr) 
16.75 - 60.25 d 

Duration of overbank flooding during the 

100-year event 

𝑄𝑝𝑒𝑎𝑘

(2013) 
9,080 9,346 - m3 s-1 

Peak discharge during the 2013 flood hy-

drograph 

𝑇𝑜𝑣𝑒𝑟𝑏𝑎𝑛𝑘

(2013) 
16.0 15.5 - d 

Duration of overbank flooding during the 

2013 event 

𝑄𝑏𝑎𝑛𝑘𝑓𝑢𝑙𝑙 4,575 4,522 731 m3 s-1 Bankfull discharge 

The longitudinal slope was set to the mean slope of the 

actual river reaches.  

Model calibration targeted three key variables: (1) the 

mean overbank depth (𝑑), (2) the relative attenuation of 

peak discharge, expressed as Δ𝑄/𝑄𝑝𝑒𝑎𝑘 = [𝑄𝑝𝑒𝑎𝑘(0) −

𝑄𝑝𝑒𝑎𝑘(𝐿𝑥)]/𝑄𝑝𝑒𝑎𝑘(0), where 𝑄𝑝𝑒𝑎𝑘(0) is the river peak

discharge at the inflow, and 𝑄𝑝𝑒𝑎𝑘(𝐿𝑥) is the river peak

discharge at the longitudinal length from which attenua-

tion is analysed, 𝐿𝑥, and (3) the average bank storage

within the dry floodplain, defined as the area beyond the 

levees extending approximately 3 km inland. No ground-

water data were available on the active floodplain (which 

is a routine limitation); therefore, calibration primarily fo-

cused on estimating bank storage within the dry floodplain 

(𝐵𝑆𝑑𝑟𝑦).

The variables adjusted during calibration were the 

Manning roughness coefficient (n) of the river model and 

the vertical leakance factor, that is, the ratio of the flood-

plain vertical hydraulic conductivity of the soil to the 

thickness of the floodplain surface layer (𝐾𝑧/𝑚). The

leakance factor of the riverbed was kept constant between 

scenarios because the observed variables were barely sen-

sitive to it. 

Uniform and river‐specific Manning’s 𝑛 values were 

calibrated for the channel and floodplain using the 2013 

flood of the Danube River over the 135 km Lower Danube 

reach between the river gauges of Dunaújváros and 

Mohács (rkm 1580-1446). The calibration targets were the 

mean overbank depth (𝑑) and the relative attenuation of 

the peak discharge (Δ𝑄/𝑄𝑝𝑒𝑎𝑘). This approach was used

to evaluate whether a simplified symmetric cross-section 

could represent the overall hydraulic behaviour of the ac-

tual irregular river sections, rather than to reproduce obser-

vations at individual gauge stations.  

The floodplain geometry of this reach is highly varia-

ble, being relatively narrow along the upstream two-thirds 

and wider along the downstream third. Due to the nonlin-

ear nature of the Saint–Venant equations, the prismatic 

model could not simultaneously reproduce both calibration 

indicators with exact agreement. 

We validated the transferability of the model parame-

ters to a distinct 47 km reach between the left-bank 
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tributaries, the Váh (Vág) River and Hron (Garam) River, 

delimited by river gauges Iža and Esztergom (rkm 1764-

1718.5), to which we refer here as the Upper Danube 

Reach. The reach was not extended beyond the tributaries 

to simplify the evaluation of flood peak attenuation. Ex-

cept for the floodplain width, the character of the river and 

aquifer are similar to those of the Lower Danube Reach, so 

we transferred the Manning 𝑛 values and the aquifer pa-

rameters unchanged and only updated the (still simplified) 

geometry of the river.  

The floodplain in this reach is considerably narrower, 

which alters the relative contribution of vertical floodplain 

infiltration and horizontal riverbank infiltration processes. 

As a result, the simulated 𝑑 and Δ𝑄/𝑄𝑝𝑒𝑎𝑘 show larger de-

viations from the reference values compared to the 

calibration reach. For the Lower Danube reach, simulated 

𝑑 ranges from 2.57 to 2.67 m compared to the target value 

of 3.0 m, while Δ𝑄/𝑄𝑝𝑒𝑎𝑘 ranges from 10.2% to 11.5%

compared to the target value of 8.2%. For the Upper Dan-

ube reach, simulated Δ𝑄/𝑄𝑝𝑒𝑎𝑘  ranges from 0.9% to

1.1% compared to the reference value of 2.0% (Table 2). 

These differences indicate that the calibration compen-

sates for the geometric variability of the Lower Danube 

floodplain and therefore performs less effectively when 

transferred to the more regular Upper Danube reach. 

However, because the objective of the model is to repro-

duce the order of magnitude of flood attenuation for ide-

alised lowland river geometries rather than site-specific 

hydraulic conditions, we considered these deviations to 

be reasonable.  

Table 2. Reference and simulated mean overbank depth (𝑑) and flow attenuation (𝛥𝑄/𝑄𝑝𝑒𝑎𝑘) over 135 km for the Lower Danube

reach (used in the calibration), and over 47 km for the Upper Danube reach (used in the validation of parameter transferability), 

during the 2013 flood 

2. táblázat. Referenciaként adott és szimulált átlagos hullámtéri vízmélység (d) és relatív vízhozam-csillapítás (ΔQ/Q_peak) a 2013-

as árvíz idején; az Alsó-Duna 135 km-es szakaszán (kalibráció), valamint a Felső-Duna 47 km-es szakaszán (a paraméter-átvihető-

ség igazolása) 

Lower Danube 

(Calibration) 

Upper Danube 

(Validation) 

Target SCN25 SCN26 SCN27 Target SCN25 SCN26 SCN27 

d (m) 3.0 2.67 2.66 2.57 3 4.43 4.41 4.41 

𝚫𝑸/𝑸𝒑𝒆𝒂𝒌 (%) 8.2 10.3 10.2 11.5 2.0 0.9 1.1 1.0 

For the groundwater model, the ratio of floodplain ver-

tical hydraulic conductivity of the soil to the thickness of 

the floodplain surface layer was determined by targeting 

the bank storage under the dry floodplain (beyond the lev-

ees), as, for example, by Ubell (1964). Model results were 

compared with bank storage estimates derived from ob-

served groundwater level data sourced from the General 

Water Directorate of Hungary.  

Stations with a significant share of missing or errone-

ous data were excluded, resulting in a total of 21 valid 

groundwater stations on the left bank of the lower reach 

and 25 stations on the right bank of the upper reach for use 

in the final analysis. The wells are distributed along the 

study reaches at varying distances from the levee and river 

channel rather than along a single transect, and therefore 

represent groundwater responses across different locations 

of the dry floodplain.  

These stations were all situated on the dry floodplain; 

the lack of data on the groundwater table or the saturation 

of the vadose zone under the active floodplain is the reason 

why total bank storage could not be estimated. 

To evaluate groundwater response during the flood 

event from the measured gauge data, the maximum rise 

in groundwater level – from initial to peak stage – was 

plotted against the distance of each well from the levee 

(Figure 3). The levee serves as the boundary between 

the dry and wet floodplains. A logarithmic curve was 

fitted to the data, and a length-normalised bank storage 

under the dry floodplain (𝐵𝑆𝑑𝑟𝑦) was estimated as the

positive area under this lateral profile multiplied by a 

river length of 50 km.  

For the Lower Danube Reach, the minimum distance be-

tween a groundwater well and the levee is 31 m, with an ob-

served maximum groundwater rise of 2.86 m (average 0.65 

m). For the Upper Danube Reach, these values are 54 m, 4.24 

m, and 0.74 m, respectively. The distance over which the 

flood had a direct impact was about 2500 m in both reaches. 

The bank storage along the left dry floodplain was approxi-

mately 13 × 10⁶ m³ (16 × 10⁶ m³) over 50 km. For both 

reaches, we estimated that the total bank storage under the dry 

floodplain (𝐵𝑆𝑑𝑟𝑦) was twice the one-sided value.

During calibration and validation, the numerical model 

was applied to the 2013 flood event of the Danube River, 

using three sets of hydraulic conductivity values represent-

ing plausible ranges for alluvial aquifers reported in the lit-

erature. Horizontal conductivities of 5, 50, and 500 m d-1 

were tested, each paired with vertical leakance factors of 

0.15, 1.5, and 15 d⁻¹, respectively. These parameter sets 

were used to explore the sensitivity of the simulated ground-

water response and bank storage to hydraulic conductivity. 

The initial condition of the groundwater head was assumed 

to be in equilibrium with the surface water head.  

As in the observational analysis, only the bank storage 

under the dry floodplain was calculated from the model re-

sults. Table 3 presents both the observation-based bank 

storage estimates (derived from groundwater level data) 

and the simulated values. Considering that the modelled 

𝐵𝑆𝑑𝑟𝑦 varied by more than a factor of 16 between the

bounding scenarios, 𝐵𝑆𝑑𝑟𝑦 for the medium conductivity

scenario (24 × 106 m3) aligned well with the value de-

rived from measurements (25 × 106 m3). Model valida-

tion using the Upper Danube Reach yielded a measure-

ment-based estimate of 32 × 106 m3, compared to a result
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of 24 × 106 m3 modelled with the medium 𝐾 scenario.

This is satisfactory evidence that the medium 𝐾 scenario 

captures the order of magnitude of the mean conductivity 

for the Danube.  

Figure 3. Observed maximum groundwater rise (𝑦) during the 2013 Danube flood as a function of distance from the levee on the dry 

floodplain (𝑥), for the lower (A) and the upper (B) Danube reach 
(A logarithmic regression curve was fitted to the data) 

3. ábra. Megfigyelt maximális talajvízszint-emelkedés (y) a 2013-as dunai árvíz idején a mentett oldali ártéren, az árvízvédelmi

töltéstől mért távolság (x) függvényében, az alsó (A) és a felső (B) dunai szakaszra 
(Az adatokra logaritmikus regressziós görbe lett illesztve) 

Table 3. Simulated and measured bank storage under the dry floodplain (𝐵𝑆𝑑𝑟𝑦, [10⁶ m³]) on the left (Lower Danube) and right

(Upper Danube) banks, during the 2013 flood. “Measured” bank storage was estimated from observed groundwater level data 

3. táblázat. A szimulált és a mért felszín alatti tározódás összehasonlítása a mentett oldali ártér alatt (𝐵𝑆𝑑𝑟𝑦, [10⁶ m³]) a dunaszaka-

szok bal (Alsó-Duna) ill. jobb (Felső-Duna) partján, a 2013-as árvíz idején. A „mért” felszín alatti tározódást a megfigyelt talajvíz-

szint-adatok alapján becsültük 

Conductivity scenario 
Lower Danube reach Upper Danube reach 

Numerical model Measured Numerical model Measured 

SCN25 (low 𝐾) 3 25 6 32 

SCN26 (medium 𝐾) 24 25 24 32 

SCN27 (high 𝐾) 80 25 43 32 

The definition of the flood start introduces some uncer-

tainty in the estimation of bank storage, particularly when 

antecedent water level variations precede the main flood 

wave. Since bank storage was estimated from the ground-

water rise between the initial and peak stages, changes in 

the selected initial condition may influence the absolute 

storage values. However, the same flood period and initial 

conditions were used for both the observation-based esti-

mates and the numerical simulations, ensuring consistency 

in the comparison between measured and modelled bank 

storage. 

The Manning 𝑛 values of the Tisza River were cali-

brated separately, as for the Lower Danube Reach, against 

maximum overbank depth and discharge peak attenuation. 

Results are not presented here. The hydraulic properties of 

the aquifer were transferred from the Danube River with-

out recalibration or validation.  

Groundwater calibration and validation were only per-

formed for the Danube River. Although a dense ground-

water monitoring network exists along the Middle Tisza 

River, preprocessing and interpretation of the groundwater 

time series were beyond the scope of the present study. 

Therefore, the Tisza results are presented as scenario-

based sensitivity analyses, and no individual hydraulic 

conductivity scenario is interpreted as the best-fitting rep-

resentation of field conditions. 

In the following sections, we analyse how these char-

acteristics influence exchange flows between rivers and 

aquifers, bank storage, and their contribution to flood at-

tenuation for the Lower Danube Reach and the Tisza 

River, which differ markedly in flood magnitude, flood du-

ration, and longitudinal slope. The Upper Danube Reach 

will not be analysed further.  

RESULTS 

To assess the effect of bank storage on the attenuation of 

flood peaks, we seek to determine the mean lateral ex-

change of water from the channel into adjacent aquifers 

(expressed as a volumetric flow per unit river length) and 

to evaluate how this exchange varies spatially over man-

agement-relevant scales. To this end, we averaged the in-

stantaneous volumetric flow rates 𝑄𝑉 and 𝑄𝐻  at each

model transect during the simulation period, excluding 

zero flows. Finally, to obtain a reach‐scale metric, we av-

eraged these volumetric flows over a 50 km reach.  
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This 50 km average length was chosen because it ap-

proximates typical levee‐management units and is long 

enough to integrate cumulative attenuation effects while 

remaining short enough to align with operational planning. 

The resulting 50 km-averaged specific flow components, 

𝑞𝐻 and 𝑞𝑉, provide a meaningful indicator of bank‐storage

capacity that can be directly compared across the Hungar-

ian reaches of the Danube River and Tisza River.  

Regarding the bank storage volume, we first calculate 

the time evolution of the specific bank storage for each 

transect by integrating the specific infiltration flow rate 

over time for the entire duration of the flood hydrograph. 

For each transect, we then identify the maximum value of 

the specific bank storage, which we finally integrate over 

a 50 km reach, resulting in 50 km-averaged peak specific 

bank storage components 𝐵𝑆𝐻 and 𝐵𝑆𝑉. Note that these

capture bank storage under the entire floodplain, including 

the active and the dry floodplains. 

Table 4 summarises the results for mean specific flow 

rates from the river and peak specific bank storage, both 

per river km, across the six different river scenarios ana-

lysed. 

Table 4. Vertical and horizontal components, and total specific infiltration flow from the river into the aquifer (𝑞𝑉, 𝑞𝐻, 𝑞𝑇), aver-

aged over the simulation period of the 100-year flood. The associated maximum bank storage volumes (𝐵𝑆𝑉, 𝐵𝑆𝐻, 𝐵𝑆𝑇), for all sce-

narios. All variables are averaged/integrated over a 50 km river length 

4. táblázat. A folyóból a talajvíztartóba irányuló fajlagos szivárgási vízhozam függőleges és vízszintes összetevői és ezek összege

(𝑞𝑉, 𝑞𝐻, 𝑞𝑇), a 100 éves árvíz szimulációs időszakára átlagolva. A táblázat tartalmazza a hozzájuk tartozó maximális felszín alatti

tározott víztérfogatokat is (𝐵𝑆𝑉, 𝐵𝑆𝐻, 𝐵𝑆𝑇) minden változatra. Minden változó 50 km-es folyószakaszra átlagolva/integrálva

értendő 

Sce-

nario 
River 

𝑲𝒛/𝒎
[d-1] 

𝑲𝒙

[m/d] 

Mean 𝒒𝑽

[m³/s/km] 

Mean 𝒒𝑯

[m³/s/km] 

Mean 𝒒𝑻

[m³/s/km] 

Max 𝑩𝑺𝑽 [10³

m³/km] 

Max 𝑩𝑺𝑯 [10³

m³/km] 

Max 𝑩𝑺𝑻 [10³

m³/km] 

SCN25 

Lower 

Danube 

0.15 5 
0.58 0.09 

0.67 
1,013 111 

1,125 
(87%) (13%) (90%) (10%) 

SCN26 1.5 50 
0.81 0.16 

0.97 
1,419 181 

1,600 
(84%) (16%) (89%) (11%) 

SCN27 15 500 
1.54 0.22 

1.76 
2,632 249 

2,880 
(88%) (13%) (91%) (9%) 

SCN28 

Tisza 

0.15 5 
0.16 0.03 

0.19 
1,091 126 

1,217 
(84%) (16%) (90%) (10%) 

SCN29 1.5 50 
0.25 0.04 

0.29 
1,742 173 

1,915 
(86%) (14%) (91%) (9%) 

SCN30 15 500 
0.58 0.07 

0.65 
3,763 285 

4,048 
(89%) (11%) (93%) (7%) 

In both rivers, specific infiltration flows through the 

floodplain (𝑞𝑉) were greater than those through the riv-

erbed (𝑞𝐻), contributing approximately 86% of the total

specific infiltration flows, owing mainly to the large flood-

plain width. The bank storage volume originating from the 

vertical infiltration (𝐵𝑆𝑉) represents 91% of the total

(𝐵𝑆𝑉 + 𝐵𝑆𝐻) for the Tisza River scenarios and 90% for the

Danube River scenarios.  

Exchange flows 

River–aquifer exchange flows are driven by the hy-

draulic gradient between river water and groundwater lev-

els, which is conceptually split into horizontal and vertical 

infiltration pathways. The total reach-integrated infiltra-

tion flow rate, obtained as the sum of vertical and horizon-

tal flow rates (𝑄𝑇 = 𝑄𝐻 + 𝑄𝑉), has a sharper peak than the

surface flow hydrograph.  

Figure 4 presents the exchange flow hydrographs for 

the three hydraulic conductivity scenarios of the Danube 

River. As expected, higher hydraulic conduc-tivities 

result in greater infiltration flows throughout the flood 

event. 

𝑄𝐻  begins to develop as soon as river levels start to rise.

It peaks early, approximately one day before the start of 

overbank flooding (𝑡1), with peak values ranging from 16

m³ s-1 in the low-conductivity scenario (SCN25) to 57 m³ 

s-1 in the high-conductivity scenario (SCN27). As the aq-

uifer near the riverbed becomes saturated, 𝑄𝐻  declines due

to a reduced hydraulic gradient. 

In contrast, 𝑄𝑉 persists for longer and typically peaks

during the rising limb of the flood, influenced by the timing 

and extent of overbank flooding. 𝑄𝑉  continues to enter the

aquifer even beyond the flood peak, though with reduced 

magnitude, and ceases only as water recedes into the main 

channel. While the timing of the 𝑄𝑉 peak is moderately sen-

sitive to soil hydraulic conductivity, occurring at approxi-

mately 𝑡1 + 9 hours in the high-conductivity scenario and at

𝑡1 + 5 days in the low-conductivity case, the duration of the

vertical infiltration varies much more substantially between 

scenarios. Peak 𝑄𝑉 values span an order of magnitude, from

51 m³ s-1 (SCN25) to 502 m³ s-1 (SCN27).  

Figure 5 presents the river-aquifer exchange flow hydro-

graphs at the outlet section of the Tisza River for the 

three hydraulic conductivity scenarios. 
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Figure 4. Reach-integrated exchange flow rates between river and aquifer (negative values: flow into the aquifer) for the Lower 

Danube reach under the conductivity scenarios (SCN25 – low; SCN26 – medium; SCN27 - high). Horizontal exchange flow rate 

(𝑄𝐻) is shown with asterisk markers, vertical exchange flow rate (𝑄𝑉) with open-circle markers, and total exchange flow rate

(𝑄𝑇  =  𝑄𝑉  +  𝑄𝐻) with a solid thick line. River discharge at the inflow (𝑄𝑖𝑛) is represented by a solid black line and at the outflow

(𝑄𝑜𝑢𝑡) by a dash-dot line (Results are shown for a 50 km river reach)

4. ábra. A folyó és a talajvíztartó közötti, az Alsó-Duna 50 km hosszú szakaszára integrált szivárgási vízhozamok (negatív érték:

a víztartó felé irányuló áramlás) a különböző hidraulikai vezetőképességi változatok mellett (SCN25 – alacsony; SCN26 – közepes; 

SCN27 – magas). A vízszintes szivárgási hozamot (𝑄𝐻) csillag, a függőlegest (𝑄𝑉) üres kör szimbólum jelöli; a kettő összegét (𝑄𝑇  =
 𝑄𝑉  +  𝑄𝐻) vastag folytonos vonal mutatja. A folyó belépő árhullámképét (𝑄𝑖𝑛) fekete folytonos vonal, a kilépőt (𝑄𝑜𝑢𝑡) pont-vonal

jelzi 

Figure 5. Reach-integrated exchange flow rates between river and aquifer (negative values: flow toward the aquifer) for the 

Tisza River under the conductivity scenarios (SCN28 – low; SCN29 – medium; SCN30 - high) 
(Descriptions of the curves are presented in Figure 4) 

5. ábra. A folyó és a víztartó közötti szakaszintegrált szivárgási vízhozamok (negatív érték: a víztartó felé irányuló áramlás) a

Tisza folyón a különböző hidraulikai vezetőképességi változatok mellett (SCN28 – alacsony; SCN29 – közepes; SCN30 – magas) 

(A görbék jelölése: lásd 4. ábra) 
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𝑄𝐻  peaks approximately one day before the onset of

overbank flooding (𝑡1), but the time to peak is sensitive to

the hydraulic conductivity, ranging from 14 hours in the 

low-conductivity scenario (SCN28) to 2 days in the high-

conductivity scenarios (SCN30). The peak values of 𝑄𝐻

range from 9 m³ s⁻¹ (SCN28) to 23 m³ s⁻¹ (SCN30).  

This is followed by the peaking of 𝑄𝑉, which occurs on 
average at 𝑡1 + 6 days, although it varies depending on the 
scenario. In detail, 𝑄𝑉 peaks at 𝑡1 + 11 days, 𝑡1 + 5 days, 
and 𝑡1 + 3 days in the low- (SCN28), medium- (SCN29), 
and high-conductivity (SCN30) scenarios. Peak 𝑄𝑉 values 
range from 52 m³ s⁻¹ (SCN28) to 150 m³ s⁻¹ (SCN30).  

Flood attenuation 

To investigate the modification of a flood hydrograph 
due to bank storage, the inflow hydrograph was routed 
through a long river reach and evaluated along the upper-
most 50 km reach (not impacted by the outflow boundary 
condition), both with and without infiltration. In the first 
case, both horizontal and vertical infiltration were allowed 
through the riverbed and active floodplain, while in the 
second case, the channel and floodplain were treated as im-
permeable, preventing any infiltration. Table 5 summa-
rises the flow and river stage attenuation, as well as flood 
wave delay, for all simulated scenarios. 

The impact of bank storage on flow attenuation is evi-

dent across the scenarios. In the Lower Danube simula-

tions, incorporating bank storage resulted in a peak flow 

reduction of 6.2% (613 m³/s), an excess of +0.5 percentage 

points (+48 m³/s) compared to the case without infiltration, 

for the middle scenario (SCN26). Although no delay in 

peak discharge timing was observed, the inclusion of ver-

tical and horizontal infiltration led to an average decrease 

in water depth of 3.1 cm in SCN26. In the Tisza River, 

bank storage reduced the peak flow by 6.2% (151 m³/s), a 

change of +0.6 percentage points (+16 m³/s) compared to 

the case without infiltration, for the middle scenario 

(SCN29). Water levels in the Tisza decreased by 2.8 cm in 

SCN29. A consistent trend emerges across both rivers: 

higher soil hydraulic conductivity corresponds with 

greater flow attenuation, underscoring the effect of perme-

able soils on the bank storage processes.  

During flood events, surface water storage refers to the 

temporary retention of water within river channels and 

floodplains, naturally regulating flood wave propagation 

and peak attenuation. This surface storage was calculated 

by integrating the channel’s wetted cross-sectional area at 

the local peak flood conditions over the entire modelled 

reach. When comparing bank storage to total storage (i.e., 

the sum of surface and bank storage), bank storage con-

tributes a smaller, yet significant, proportion. Its contribu-

tion increases with soil permeability: for the Lower Dan-

ube, bank storage represents 12%, 16%, and 26% in the 

low (SCN25) to high (SCN27) conductivity scenarios, re-

spectively. For the Tisza River, the corresponding values 

are higher: 14%, 21%, and 37% (SCN28 to SCN30). 

Table 5. Flow attenuation factor (𝛥𝑄/𝑄𝑝𝑒𝑎𝑘) with and without infiltration, river depth attenuation (𝛥ℎ) with and without infiltra-

tion, and time to peak (∆𝑡𝑝𝑒𝑎𝑘) delay between inflow and outflow with and without infiltration, for all 100-year scenarios

5. táblázat. Relatív vízhozam-csillapítás (𝛥𝑄/𝑄𝑝𝑒𝑎𝑘), vízszint-csillapítás (𝛥ℎ), valamint a tetőzés időeltolása a belépő és kilépő

szelvények között (∆𝑡𝑝𝑒𝑎𝑘) beszivárgással és beszivárgás nélkül, az összes 100 éves árvízi változatra vonatkozóan

Scenario 
𝑲𝒛/𝒎
(d-1) 

𝑲𝒙

(m/d) 

𝚫𝑸/𝑸𝒑𝒆𝒂𝒌 w/inf

(%) 

𝚫𝑸/𝑸𝒑𝒆𝒂𝒌 w/out inf

(%) 

𝚫𝒕𝒑𝒆𝒂𝒌 w/ inf

(h) 

𝚫𝒕𝒑𝒆𝒂𝒌 w/out inf

(h) 

𝚫𝒉 w/inf 

(cm) 

𝚫𝒉 w/out inf 

(cm) 

Lower 

Danube 

0.15 5 6.2% 5.7% 17.0 17.0 22.8 19.6 

0.5 50 6.2% 5.7% 17.0 17.0 22.7 19.6 

1.5 500 6.7% 5.7% 17.0 17.0 25.8 19.6 

Tisza 

0.15 5 5.2% 4.8% 25.0 25.0 14.0 12.4 

0.5 50 5.4% 4.8% 25.0 25.0 15.1 12.4 

1.5 500 6.3% 4.8% 26.0 25.0 18.8 12.4 

DISCUSSION 
The primary objective of this study was to investigate in-
filtration into the aquifer during extreme (100-year) flood 
events, with a focus on how different combinations of 
river, aquifer, and flood hydrograph characteristics affect 
river-aquifer exchange and contribute to flood attenuation. 
The analysis centred on the two major Hungarian rivers, 
the Danube River and the Tisza River, which represent two 
distinct river configurations with large levee-protected 
floodplains where accurate prediction of flood attenuation 
is critical.  

A prismatic, symmetric river geometry was adopted 

and evaluated against observed flow rates and overbank 

depths derived from hydraulic modelling based on surface 

water gauge data. The transferability of the calibrated 

model parameters was then assessed by applying them to 

a different reach of the Danube River. This comparison 

showed that the simplified geometry provides a reasonable 

representation for scenario-based sensitivity analyses.  

To assess the influence of soil hydraulic properties, 

multiple scenarios were tested for each river, varying both 

horizontal and vertical (floodplain surface layer) conduc-

tivity values. Calibration was performed using groundwa-

ter observations from the 2013 flood in the Lower Danube 

Reach. The modelled bank storage estimates aligned well 

with observational data under the medium-conductivity 

scenario, confirming the model’s capability to realistically 

simulate infiltration-driven bank storage during major 

flood events. 

For lowland rivers such as the Hungarian reaches of the 

Lower Danube and Tisza, both horizontal (𝑄𝐻) and verti-

cal (𝑄𝑉) reach-integrated infiltration flow rates tended to

peak during the rising limb of the flood. 𝑄𝐻  declined
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rapidly as the hydraulic gradient decreased and the flood-

plain became progressively saturated, whereas 𝑄𝑉 per-

sisted longer, remaining active through much of the rising 

limb of the hydrograph.  

The timing and magnitude of these peaks were strongly 

influenced by soil hydraulic conductivity: in high-conduc-

tivity scenarios, infiltration rates peaked quickly and 

reached higher values, while in low-conductivity scenar-

ios, the peaks were lower but more sustained. This pattern 

is consistent with the findings of Helton et al. (2014) and 

Doble et al. (2012), who reported that aquifer exchange is 

initially high as floodwaters spread across the floodplain 

and then diminishes as sediments saturate and the river 

stage increases. 

Mean river–aquifer exchange flows were higher in the 

Lower Danube River, driven by steeper hydraulic gradi-

ents and rapid rates of overbank water level rise (~47 

cm/day), compared to ~8 cm/day for the Tisza. However, 

the Tisza River exhibited much greater total bank storage 

volumes, attributed primarily to its longer inundation du-

ration and secondarily to its wider floodplain. Vertical in-

filtration through the active floodplain dominated bank 

storage in both rivers: 90% in the Danube and 91% in the 

Tisza. These values are consistent with Bernard-Jannin et 

al. (2016), who reported 88% floodplain infiltration in the 

Garonne River (Spain), reinforcing the importance of sur-

face water–groundwater exchange through overbank flows 

in flood modelling. 

Over a 50 km reach, the Lower Danube showed an av-

erage flow peak reduction of 6.4% (Tisza: 5.6%) and a 

peak water level decrease of 4 cm (Tisza: 6.4 cm). Our re-

sults show that bank storage contributed significantly to 

this attenuation, reducing flows and water levels in both 

systems and accounting for 12–26% of total storage in the 

Danube and 14–37% in the Tisza. The Danube River’s 

rapid rise produced higher infiltration flow rates, aligning 

with findings by Hou et al. (2021), which noted that a rapid 

rise in flood depth enhances infiltration by inundating 

more land earlier in the flood event. Ubell (1963) similarly 

highlighted that infiltration is influenced not only by the 

hydraulic gradient but also by the intensity of river level 

fluctuations, with rapid surface water rises promoting 

higher infiltration rates. Yet, despite these elevated ex-

change flow rates in the Danube, the Tisza River’s longer 

inundation and broader floodplain enabled more sustained 

infiltration and greater peak reduction. This shows that the 

duration and spatial extent of flooding can be more influ-

ential than the exchange flow rates alone. 

While often underrepresented in flood models, bank 

storage has been shown in this study to play a substantial 

role in water retention and flood attenuation. To improve 

model accuracy and efficiency, especially in flood risk 

mapping and flood forecasting, incorporating infiltration 

and bank storage effects is essential (Szilagyi 2004, Hou et 

al. 2021). Even when the model’s process description 

doesn’t represent bank storage, the resulting errors are 

partly mitigated during the calibration of the flow re-

sistance parameters (e.g., Manning’s n), by matching peak 

river water levels, peak river discharges and flood propa-

gation speed. However, this compensation remains imper-

fect because roughness and bank storage influence flood 

dynamics through different mechanisms. Roughness 

mainly affects momentum losses and flood-wave routing, 

whereas bank storage introduces temporary subsurface 

storage and delayed groundwater release, acting over 

longer timescales than surface storage processes. Conse-

quently, calibration of roughness parameters cannot fully 

reproduce the temporal shift associated with groundwater 

storage and release. 

This limitation becomes increasingly important when 

models are extrapolated beyond the flood events used for 

calibration. In the present study, neglecting infiltration re-

duced the average attenuation in the Danube from 6.4% to 

5.7% for the analysed 100-year flood scenarios. For the 

Tisza River, attenuation decreased from 5.6% to 4.8%. 

Although the attenuation differences are comparable be-

tween both rivers, bank storage was considerably larger in 

the Tisza due to its wider floodplain and longer flood du-

ration. In addition, the sensitivity to hydraulic conductivity 

was more pronounced in the Tisza, where the variation 

among permeability scenarios was approximately twice 

that observed for the Danube. These findings indicate that 

roughness calibration may reproduce observed flood levels 

within the calibration range, but may become less reliable 

when applied to flood events with different magnitudes, 

durations, or floodplain inundation extents, where infiltra-

tion and groundwater storage processes play a larger role. 

Sedimentation can reduce soil permeability (as well as 

surface storage) over time. In particular, in the Middle and 

Lower Tisza River, sedimentation rates of 1.1 cm yr-1 and 

0.8 cm yr-1, respectively, have led to rising riverbed levels 

(Murányi and Koncsos 2022), which in turn reduce hy-

draulic conductivity and limit bank storage. These authors 

also explore the reconnection of deep floodplains along the 

Tisza to increase surface storage by up to 2400 million m3. 

In addition to this storage, our study shows that, for a 100-

year flood, subsurface storage may represent 14–37% of 

surface storage in the Middle Tisza River, increasing the 

relevance of adding river-aquifer interactions when study-

ing alternative nature-based solutions for flood risk miti-

gation. It is worth noting that bank storage over a 50 km 

river reach is of the same order of magnitude as the storage 

capacity of existing or planned flood retention reservoirs 

on the middle reach of the Tisza River (Tiszaroffi: 97, 

Hanyi-Tiszasülyi: 247, Nagykunsági: 99 million m³) (Un-

gvári and Kis 2021). Similarly, Schweitzer (2015) reported 

a trend of flood wave heights rising by 2–3 cm yr-1 along 

the Tisza River between 1970 and 2013 due to channel ca-

pacity deterioration.  

In the present modelling framework, the riverbed 

leakance factor (𝐾𝑟𝑏/𝑚𝑟𝑏) was assumed constant across

all scenarios in order to isolate the influence of aquifer hy-

draulic conductivity and floodplain vertical leakance on 

bank storage dynamics. However, sedimentation processes 

may modify the permeability of the riverbed and create 

clogging layers that reduce hydraulic connectivity between 

the river and aquifer. Future work could therefore explore 

the sensitivity of river-aquifer exchange flows to varia-

tions in riverbed leakance, particularly in systems where 
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sediment accumulation progressively alters riverbed hy-

draulic properties. 

Finally, our simulations reveal that in both the Lower 

Danube and Tisza rivers, bank storage extended well be-

yond the active floodplain in the medium- to high-conduc-

tivity scenarios, reaching a distance of 1–3 km from the 

levee. This has negative implications for flood control in-

frastructure, since prolonged flood waves have historically 

led to dike breaches on the Tisza (Lóczy 2010), especially 

when subsurface flow pressures build up. Hence, flood 

mitigation strategies should carefully balance structural 

measures with natural processes such as infiltration and 

groundwater recharge.  

CONCLUSIONS 

This study investigated river–aquifer interactions during 

extreme flood events in two lowland river reaches, approx-

imating the Lower Danube River and the Middle Tisza 

River in Hungary, using a physically based modelling ap-

proach. By simulating a range of infiltration scenarios 

across varying soil hydraulic conductivities, we assessed 

the role of bank storage in flood dynamics.  

Our results demonstrate that bank storage is a signifi-

cant component of total floodwater storage, accounting for 

up to 26% in the Lower Danube and up to 37% in the Ti-

sza, particularly assuming a highly conductive aquifer. 

While the Danube River exhibited higher mean infiltration 

flow rates, driven by a steep hydraulic gradient and rapid 

overbank rise, the Tisza River showed greater bank storage 

and stronger attenuation of the river flood wave. This is 

attributed primarily to its longer flood durations, which al-

low for more extensive and sustained infiltration. 

These findings underscore the benefits of accounting for 

bank storage in flood modelling and flood risk assessment. 

Incorporating infiltration dynamics improves predictions of 

flood peak magnitudes and durations. From a management 

perspective, recognizing the contribution of subsurface stor-

age can support nature-based flood mitigation strategies, 

such as floodplain reconnection, or dike relocation with bet-

ter (increased) estimates of storage capacity. 
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Abstract 
This study explores changes in the frequency and spatiotemporal distribution of precipitation-free periods in the Hungarian Great Plain 

(1980–2020), with a focus on agricultural challenges under climate change. During the study, we analysed the occurrence of dry 

periods lasting up to 16 days, their seasonal frequency, and their differences in four cities (Szolnok, Hódmezővásárhely, Nyíregyháza, 

Kalocsa). Based on the data, the frequency of dry periods increased slightly in certain locations; however, the statistical significance 

of the trend was inconclusive; F-tests mainly indicated increased variance. The two-sample Kolmogorov–Smirnov test revealed that 

the differences in distribution between cities were not significant, indicating that the hypothesis of regional divergence was not con-

firmed. The research also emphasizes the need for increased soil moisture retention capacity, especially in sandy and saline soils, 

which lose moisture more quickly due to a lack of precipitation, negatively affecting their agricultural productivity. 

Keywords 
Hungarian Great Plain, precipitation analysis, extreme weather events, climate change, water shortage. 

Csapadékszélsőségek vizsgálata 1980–2019. között négy alföldi városban Magyarországon 

Kivonat 
A tanulmány célja, hogy feltárja a csapadékmentes periódusok gyakoriságának, időbeli és térbeli eloszlásának változásait a magyar-

országi Alföld térségében 1980–2020 között, különös tekintettel a klímaváltozás mezőgazdasági kihívásaira. A vizsgálat során ele-

meztük a 16 napot elérő száraz időszakok előfordulását, évszakos gyakoriságát, azok különbségeit négy alföldi város (Szolnok, Hód-

mezővásárhely, Nyíregyháza, Kalocsa) esetében. Az adatok alapján a száraz periódusok gyakorisága bizonyos helyeken enyhén nö-

vekedett, bár a tendencia statisztikai szignifikanciája nem volt egyértelmű, az F-próbák elsősorban szórásnövekedést jeleztek. A két-

mintás Kolmogorov–Smirnov-próba azt mutatta, hogy a városok közötti eloszlásbeli eltérések nem szignifikánsak, így a térségi diver-

gencia hipotézise nem igazolódott. A kutatás továbbá hangsúlyozza a megnövelt talajnedvesség-megtartó képesség szükségességét, 

különösen homokos és szikes talajok esetén, amelyek a csapadékhiány hatására gyorsabban veszítenek nedvességet, ami negatívan 

befolyásolja a mezőgazdasági termelékenységüket. 

Kulcsszavak 
Alföld, csapadékelemzés, extrém időjárási események, klímaváltozás, vízhiány. 

INTRODUCTION 

The Great Plain is one of the most important agricultural 

regions of Hungary, where the success of production di-

rectly depends on the physical properties of the soil, espe-

cially its water retention capacity. Its natural features – 

loose sedimentary rocks, horizontal or gently sloping sur-

face, and the complexity of the surfaces and underground 

water network – dynamically interact to create a complex 

environment in which the interdependent processes of soil 

formation, water management, and land use take place 

(Keveiné Bárány 1998, Pálmai 2005). The climate of the 

Great Plain is temperate continental, shaped by the low al-

titude, the closed nature of the Carpathian Basin, and the 

dominance of continental influences. The average annual 

temperature in the region is typically 10-11 °C, and the 

number of hours of sunshine exceeds 2 000 per year, while 

the amount of precipitation is low in national terms: less 

than 550 mm (HungaroMet 2022). 

According to the consensus of several studies (Bar-

tholy and Pongrácz 2007, Barcza et al. 2013, Mezősi et al. 

2017, Fehér and Rakonczai 2019, Lakatos 2021), the 

Great Plain is particularly exposed to the harmful effects 

of climate change: temperature increases, precipitation 

variability, and droughts (Kis et al. 2025). More recent re-

gional analyses further confirm that the Great Plain be-

longs to the most climate-vulnerable areas of Hungary, es-

pecially with respect to drought frequency and water bal-

ance changes (Kis et al. 2025). Measurements in Hungary 

between 1901 and 2009 show that the annual and all-sea-

son mean temperatures have an increasing trend. The na-

tional annual mean temperature increased by 0.99 °C from 

the beginning of the last century to 2009 (Barcza et al. 

2013). The change (+1.17 °C) is particularly noticeable in 

the summer (Barcza et al. 2013). The study by Barcza et 

al. (2013) examined the change in the seasonal mean tem-

perature of five major Hungarian cities (Budapest, Debre- 
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cen, Szeged, Szombathely, Pécs) between 1980 and 2009. 

It was found that the two Great Plain cities (Debrecen: 

+2.08 °C, Szeged: +2.14 °C) had the highest average sum-

mer temperature increase. These tendencies are also re-

flected in more recent observational datasets and model-

based assessments, indicating that warming during the 

summer half-year has continued in the Great Plain after 

2009 (Lakatos 2021). Recent work by Bihari and Szentes 

(2024), based on 30-year climate normals and a forthcom-

ing high-resolution climate atlas, confirms the continua-

tion of these climate change trends, providing a detailed 

regional perspective for Hungary. Moreover, the HISTALP 

precipitation dataset for the Central European region, in-

cluding Hungary, provides a homogenized, long-term rec-

ord that allows for more accurate detection of regional pre-

cipitation trends, supporting observations of decreasing 

rainfall and increasing dry spells in the Great Plain (Chi-

mani et al. 2023). Detailed analyses of recent drought 

events also provide important context for these trends, 

highlighting the increasing frequency and intensity of dry 

periods in Hungary (Szentes 2023). In addition, modern 

climate monitoring indices and real-time datasets provided 

by HungaroMet further support the assessment of regional 

temperature, precipitation, and drought trends (Lakatos et 

al. 2024). 

The average annual precipitation in Hungary shows a 
decreasing trend. Wet years occurred more frequently in 
the first half of the last century; the decrease was 7% be-
tween 1901-2009 (Barcza et al. 2013). According to the 
unanimous conclusion of several studies, periods of low 
precipitation have become increasingly frequent, which in 
many cases also represents a significant change (Bartholy 
et al. 2008). This is especially true for spring. The largest 
decrease among the seasons between 1901-2009 occurred 
in spring, at almost 20% (Barcza et al. 2013). Recent anal-
yses based on homogenized station data and grid-point da-
tasets indicate that this long-term decrease is increasingly 
accompanied by pronounced interannual variability and 
longer dry spells, particularly in the central and eastern 
parts of the Great Plain (Kis et al. 2025). 

More frequent low-rainfall periods adversely affect not 

only the overall water balance but also soil structure, po-

rosity, and fertility. Evaporation increases, which further 

reduces soil moisture. The strengthening of evapotranspi-

ration and the decrease in groundwater levels can already 

be observed, especially in the Danube–Tisza basin and in 

some parts of the Nyírség (Keveiné Bárány 1998, Mezősi 

et al. 2020). Fehér and Rakonczai (2019) also highlight 

that climate-induced groundwater decline has become a 

key driver of landscape sensitivity in several regions of the 

Great Plain, directly linking meteorological trends with 

soil degradation processes. The change in the water bal-

ance of the Great Plain affects not only the surface water 

system, but also directly affects the groundwater level. The 

decrease in water levels in the Danube–Tisza basin in re-

cent decades has had serious consequences for both soil 

moisture and the state of vegetation. According to research 

by Ladányi (2009), in the Homokhátság, the groundwater 

has sunk by more than 5 meters in some places compared 

to the 1980s, which has already caused a significant trans-

formation in the composition of the natural vegetation. 

Similar tendencies have been confirmed by recent 

drought-monitoring and impact assessment studies, which 

emphasize that groundwater-dependent ecosystems are 

among the most sensitive to ongoing climatic changes in 

the Great Plain (Fiala et al. 2018). The previously water-

saturated saline and marsh habitats have dried up, and in 

their place have appeared steppe-like plant communities 

with lower water requirements. The physical and chemical 

characteristics of the soil have also changed: the salt and 

sodium content of the upper layer has decreased, while the 

humus concentration has increased, which indicates an im-

provement in the soil structure and a retreat of salinization. 

The deepening groundwater table has serious ecological 

and economic consequences: maintaining cultivation re-

quires ever more irrigation water, withdrawn from the 

same dwindling supply. This self-perpetuating process is 

unsustainable in the long run (Ladányi 2009).  

A problem is that precipitation often does not fall at an 

optimal time for plants. This highlights the great difficulty 

of the agricultural areas of the Great Plain that rely on nat-

ural precipitation (Mezősi 2020). A study examining the 

Danube–Tisza basin found that a decrease in the amount 

of precipitation resulted in a significant decrease in 

groundwater. On one hand, this causes significant damage 

to farming, and on the other hand, it causes the transfor-

mation of natural vegetation (Makra et al. 1986, Nováky 

1993, Ladányi 2009). More recent regional climate impact 

studies confirm that this temporal mismatch between pre-

cipitation occurrence and crop water demand has intensi-

fied during the last decades, increasing production risks 

under rain-fed conditions (Kis et al. 2025). 

It is worth noting, however, that the seemingly clear 

trends in national average precipitation amounts mask the 

actual regional variability. These are primarily influenced 

by distance from the sea, topography, land cover, land use, 

and micrometeorological conditions (Makra et al. 1985, 

Konkolyné et al. 2008). Regions closer to the Tisza, such 

as Szolnok, receive more precipitation on average than re-

gions in the southern Great Plain, such as Hódmezővásár-

hely or Kalocsa. The difference can be as much as 50-100 

mm per year (Demeter 2016). Behind the simplicity of the 

Great Plain's topography lie subtle structural and climatic 

differences, which directly influence the condition of the 

soils and their usability through different water manage-

ment characteristics. Clayey, more cohesive sediments let 

water through more slowly, thus being able to store mois-

ture for a longer period of time, while soils formed from 

loose sandy or loess bedrock dry out more quickly. This 

geological background partly explains why significant dif-

ferences can occur in the effects of a lack of precipitation, 

even under identical meteorological conditions. Geologi-

cal conditions are, therefore, not just passive background 

factors, but actively influence water management pro-

cesses, thus indirectly, affecting the frequency, intensity 

and consequences of dry periods (Molnár and Várallyai 

1993). 

Despite regional variability, several regional studies in 

Hungary have shown a decreasing trend in precipitation. 

One study (Marton and Szanyi 1997a, 1997b) found that 

the increasing precipitation deficit makes Nyírség one of 
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the most vulnerable regions of the Great Plain, which is 

not fed by surrounding precipitation flows. More recent in-

vestigations based on multimodel simulations suggest that 

these vulnerabilities are likely to persist or even intensify 

during the 21st century, particularly with respect to sum-

mer low-flow conditions and prolonged dry periods (Kis et 

al. 2023). Water shortages have been affecting the Debre-

cen region, as well as the stratigraphic and near-surface 

water bodies of the Hajdúság and Hortobágy regions, since 

the 1990s. A study examining the Upper Tisza region, 

based on multimodel simulations (Kis et al. 2023), projects 

that during the 21st century, the average daily water dis-

charges are expected to decrease in the Tiszabecs section 

of the Upper Tisza compared to the annual averages. Fur-

thermore, a significant decrease in the flow of the summer 

months is likely (especially in July and August), while a 

smaller increase can be expected for January and February. 

The number of cases exceeding the third flood protection 

readiness level is expected to be significantly lower by the 

middle and end of the 21st century, but these may occa-

sionally be more severe in terms of flood volume than is 

currently usual. According to the study by Kiss et al. 

(2019), analysing more than 140 years of data, the average 

temperature in Mosonmagyaróvár (located in the Little 

Hungarian Plain, a region with slightly cooler and wetter 

conditions than the Great Plain) has increased significantly, 

and the precipitation distribution has become more ex-

treme. While the trends observed in Mosonmagyaróvár il-

lustrate long-term regional climate change, care should be 

taken when comparing them directly to the Great Plain, 

whose climate is generally warmer and drier, particularly 

in the central and southern areas. According to the study, 

precipitation does not show a significant decrease in the 

long term, but based on the results of GARCH modelling, 

the temporal distribution of precipitation is becoming in-

creasingly unpredictable and the frequency of extreme pre-

cipitation events is increasing. A study conducted in the 

settlement of Nagybajom (Szám et al. 2025a) found that 

the frequency of periods without precipitation lasting at 

least 25 days increased significantly in the second half of 

the period studied (1965-2022). Another study conducted 

in the Szentes region (Szám et al. 2025b) examined the pe-

riod between 1981 and 2020. It was found that the number 

of days with high rainfall increased by 19.3%, and the 201 

number of days with extreme rainfall increased by 40.9%. 

Even larger increases were observed for the highest five-

day rainfall totals (62.1%). 

The decrease in average precipitation is in most cases 
accompanied by an increase in the frequency of extreme 
precipitation situations (Bartholy and Pongrácz 2007). A 
study analysing data series from 1901 to 2009 for the entire 
Great Plain (Berényi et al. 2021) draws attention to the in-
crease in the daily precipitation intensity (SDII) index used 
to detect precipitation extremes. Recent local-scale studies 
further support this tendency, showing a simultaneous in-
crease in both dry spell duration and short-term high-in-
tensity precipitation events in several Great Plain settle-
ments (Szám et al. 2025a, Szám et al. 2025b). The changes 
in the values of other indicators also indicate an increase 
in the frequency of precipitation extremes. An increase in 
the frequency of days with high precipitation (RR10) and 

extreme precipitation (RR20) can also be observed in sev-
eral regions of the Great Plain. This poses a serious chal-
lenge for agriculture and environmental engineering inter-
ventions. 

The results of the isotopic studies (conducted by 

György Czuppon et al. in collaboration with HungaroMet 

and CSFK) provide important new information on the 

origin of precipitation in Hungary (Czuppon et al. 2021). 

These findings add a new dimension to climate change as-

sessments in the Great Plain, as changes in moisture source 

regions are expected to further enhance the variability and 

extremity of precipitation patterns in the future. Based on 

the analysis of the hydrogen and oxygen isotope composi-

tion (δD and δ¹⁸O) of the precipitation samples, it was de-

termined that the majority of the precipitation falling on 

Hungary originates from the Mediterranean region. This 

source region has become dominant in recent years, over-

taking the Atlantic, the North Sea region, and the local 

recycled moisture sources of the Carpathian Basin. This 

determination of the origin of precipitation was made us-

ing so-called backward atmospheric trajectories and iso-

topic signals (e.g., deuterium excess, d-excess). Based on 

the principal component analysis, it can be clearly shown 

that the warming of the Mediterranean Sea and the mois-

ture from the Adriatic and Ionian regions play an increas-

ingly decisive role in the formation of precipitation in 

Hungary. This trend is related to the warming of the Med-

iterranean region and the increased evaporation potential, 

which increases the moisture content of the airflows com-

ing from there. 

This change is significant from a meteorological and 

climatic perspective: on the one hand, it increases the prob-

ability of precipitation events of a shower and thunder-

storm nature, and on the other hand, the unpredictability of 

the temporal and spatial distribution of precipitation. 

Based on the isotopic composition, therefore, not only the 

amount of precipitation but also its meteorological origin 

has changed, which contributes to the increase in the cli-

mate asymmetries of the region. 

MATERIAL AND METHOD 

The aim of our study was to determine the precipitation 

conditions for the period 1980-2020, for which we used 

the historical data series of the Hungarian National Mete-

orological Service (HungaroMet). Following the introduc-

tion of HungaroMet’s open data policy in 2021, meteoro-

logical observation data became freely and openly acces-

sible via the odp.met.hu server. In this study, synoptic pre-

cipitation data series originating from HungaroMet meas-

uring stations were used. These data series come from an 

automatic measuring station network. The network is reg-

ularly maintained, and the instruments are calibrated. Hun-

garoMet took care of the quality assurance (validation, 

data supplementation) of the data series we analyzed. 

We have daily precipitation data from four Great Plain 

meteorological stations (Szolnok, Hódmezővásárhely, 

Nyíregyháza, Kalocsa) between 1980 and 2020. In our first 

study, we were interested in the cross-correlations of our 

precipitation data for the four settlements. We determined 

the Pearson correlation coefficients (R values) of the six 
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pairs of settlements. The methodology of this practically 

differs from a conventional correlation study in that here 

we do not compare the measured data to an independent 

variable (e.g., location or time), but we compare the pre-

cipitation data of two cities with each other and look for a 

correlation between the two measured values. 

In our second study, we examined the frequency 

changes of longer dry periods. We considered dry periods 

to be consecutive days when the daily precipitation did not 

exceed 1 mm. We included periods of at least 16 days but 

no more than 40 days in the evaluation. The only excep-

tionally long period, 44 days, was registered in 

Hódmezővásárhely in the autumn of 1983, but this falls 

outside the compared range. We used statistical tests to 

compare the daily precipitation amounts of the first and 

second halves of the period (1980-1999, 2000-2019). We 

used the F-test to examine the variation in the standard de-

viation of long dry periods. In order to compare the distri-

bution of dry periods lasting at least 16 days, we used the 

two-sample Kolmogorov–Smirnov test. This nonparamet-

ric test is sensitive to changes in the distribution shape, 

such as shifts in the incidence rate of extremely long or 

short periods, and is therefore well suited to examining 

skewed distributions in natural systems (Figure 1). The 

two-sample Kolmogorov test works even if the theoretical 

distribution of the samples to be compared is unknown 

(Gibbons and Chakraborti 2003). 

Our third study focused on the seasonal distribution of 

dry periods. The data source was the previously used daily 

precipitation dataset between 1980 and 2020. We considered 

a dry day to be any day on which the daily precipitation total 

did not reach 1 mm. The seasonal comparison of dry periods 

was performed by first calculating the mean and standard 

deviation of the length of dry periods for each city separately 

for each season (spring, summer, autumn, winter). Subse-

quently, we compared the seasonal means and standard de-

viations of the cities in pairs in order to explore whether 

there were systematic differences in the length of dry peri-

ods between settlements. This “pair-by-pair” approach al-

lowed us to see not only the difference in absolute values 

but also the relative differences between cities. In this way, 

we could identify those locations where dry periods are con-

sistently longer or shorter at a given time of year. 

The aim of our fourth study was to detect significant 

differences in the distribution of the length of dry periods 

(≥16 days) between the four studied stations. To do this, 

we compared each pair of cities based on the period 2000-

2019. We used a two-sample Kolmogorov–Smirnov test to 

determine whether the two samples (here: city pairs) come 

from the same distribution. Based on the p-value, we de-

termined whether the difference was statistically signifi-

cant (p < 0.05). 

The aim of the fifth study was to analyse and evaluate 
soil moisture data. The data come from the monitoring net-
work of the General Directorate of Water Management 
(OVF - Országos Vízügyi Főigazgatóság), which provides 
data measured at a depth of 10 cm in the studied regions. 
For spatial interpolation and temporal filling, we used the 
ERA5 (Hersbach et al. 2023) database from the global re-

analysis data (ERA5 - ECMWF Reanalysis 5th Genera-
tion), which is developed by the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) within the 
framework of the European Union's Copernicus Climate 
Change Service (C3S). ERA5 provides meteorological and 
soil moisture variables on a regular latitude–longitude grid 
with a horizontal spatial resolution of 0.25° × 0.25° (ap-
proximately 31 km), which is suitable for regional-scale 
climatic and hydrological analyses. ERA5 is particularly 
valuable for research, as it integrates measurements from 
Hungarian meteorological stations (including those col-
lected by HungaroMet) in addition to global model-based 
estimates, thus providing a reliable basis for drawing re-
gional conclusions. In this study, ERA5 grid-point data 
corresponding to the vicinity of the monitoring stations 
were used primarily to support spatial consistency and 
temporal completeness of the in situ soil moisture records. 
While the applied spatial resolution may smooth small-
scale variability associated with localized convective pre-
cipitation events, it provides a robust representation of 
large-scale and regional soil moisture dynamics relevant to 
multi-decadal analyses. As a complementary source, we 
also used remote sensing data from the European Union 
Copernicus satellites Sentinel-1 and Sentinel-2, which 
supported the spatial assessment of soil moisture, land 
cover, and vegetation status through their radar and optical 
channels. The Sentinel-1 mission is the first satellite mis-
sion of the European Union Copernicus programme, im-
plemented jointly by the European Space Agency (ESA) 
and the European Commission. Sentinel-1 is a radar-based 
Earth observation system consisting of two sun-synchro-
nous polar-orbiting satellites (Sentinel-1A and Sentinel-1B) 
with a 180° phase shift. This configuration allows for reg-
ular and rapid coverage of the Earth's surface, regardless 
of weather conditions or time of day. The system is based 
on the Sentinel family of satellites, equipped with different 
types of sensors, making them suitable for various pur-
poses in the field of land, sea, and atmosphere observations. 
Their application areas include monitoring land surface 
deformations, flood observations, detection of sea ice and 
oil spills, and support for disaster response (EU Coperni-
cus Programme 2025). The integration of datasets from 
multiple sources enables the comparison of short- and 
long-term variables and the identification of regional char-
acteristics. The data analysis toolbox includes spatial inter-
polation and time series decomposition, which support the 
detailed interpretation of climatic and soil moisture pat-
terns. The calculations were performed in a programming 
and GIS environment, which ensures the structured pro-
cessing and visualization of large amounts of data. 

RESULTS 

The strongest correlation was found between the precipita-

tion data of Szolnok and Hódmezővásárhely (R=0.90), fol-

lowed by Kalocsa and Hódmezővásárhely (R=0.86), indi-

cating that these stations are frequently affected by similar 

large-scale atmospheric situations. In contrast, Nyíregyháza 

shows considerably weaker correlations with the other Great 

Plain cities, especially with Kalocsa (R=0.55) and 

Hódmezővásárhely (R=0.61) (Table 1). This suggests that 

the northeastern part of the Great Plain is more often influ-

enced by precipitation-generating mechanisms that differ 

from those dominating the central and southern regions. 
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Previous studies have shown that summer precipitation 

over the Great Plain is increasingly dominated by convec-

tive processes, which are highly localized and sensitive to 

mesoscale conditions such as surface heating, soil mois-

ture feedbacks, and atmospheric instability (Bartholy and 

Pongrácz 2007, Lakatos et al. 2021). The lower inter-sta-

tion correlation involving Nyíregyháza is therefore con-

sistent with findings that the eastern and northeastern 

Great Plain are more frequently affected by isolated con-

vective events, while the Danube–Tisza Interfluve and 

southern regions are more often influenced by spatially co-

herent precipitation associated with Mediterranean cy-

clones or frontal systems (Mezősi et al. 2017). Conse-

quently, the observed correlation differences likely reflect 

regional contrasts in dominant precipitation regimes, par-

ticularly during the summer half-year. 

Table 1. Pairwise comparison of precipitation patterns of the four examined Great Plain cities 

1. táblázat. A négy vizsgált alföldi város csapadékmintázatainak páros összehasonlítása

Municipality 1 Municipality 2 
Correlation 

coefficient (R) 

Szolnok Hódmezővásárhely 0.90 

Szolnok Nyíregyháza 0.66 

Szolnok Kalocsa 0.82 

Hódmezővásárhely Nyíregyháza 0.61 

Hódmezővásárhely Kalocsa 0.86 

Nyíregyháza Kalocsa 0.55 

In the case of Szolnok, Hódmezővásárhely, and Nyíregyháza, the frequency of dry periods lasting 16-20, and 21-25 

days increased significantly between 1980 and 2020. A decrease occurred only in the case of Kalocsa. The frequency of 

dry periods lasting 26 days or longer has developed differently in the four settlements (Figure 1). 

Figure 1. Distribution of the frequency of dry periods at the measuring stations of Szolnok (1a), Hódmezővásárhely (1b), Nyíregy-

háza (1c), Kalocsa (1d) in the periods 1980-1999 and 2000-2019 (Data source: HungaroMet) 

1. ábra. A száraz időszakok gyakoriságának eloszlása a szolnoki (1a), hódmezővásárhelyi (1b), nyíregyházi (1c), kalocsai (1d) mérő-

állomásokon 1980–1999 és 2000–2019 időszakban. (Adatforrás: HungaroMet) 

Based on the results, most long dry periods started in 
summer, but in Kalocsa and Nyíregyháza a significant 
number of events also occurred in autumn. The seasonal 
statistics of ≥16-day dry spells (Table 2) show that summer 
remains the dominant season for the onset of long dry pe-
riods in all four cities. A secondary maximum appears in 
autumn, especially in Kalocsa and Szolnok. Spring dry 
spells became more frequent in Hódmezővásárhely and 
Nyíregyháza after 2000, in line with the seasonal shift al-
ready noted in the main text. Winter dry periods are also 
common, but their mean length is similar to that of autumn, 
indicating year-round drought sensitivity in the Great Plain. 

Comparing (Table 3) the two periods (1980-1999, 

2000-2019), there is no clear shift at all stations, but in the 

case of Hódmezővásárhely and Nyíregyháza the frequency 

of spring dry periods increased after 2000. 

Based on the results of the two-sample Kolmogorov-

Smirnov test, the differences between cities between 2000 

and 2019 were not statistically significant; i.e., the distri-

bution of long dry periods did not differ significantly from 

one station to another (Table 4). This supports the observa-

tion that these regions of the Great Plain show a similar 

climatic pattern in terms of drought susceptibility. 
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Table 2. Seasonal mean length and standard deviation of ≥16-day dry periods in the four examined Great Plain cit-

ies (1980–2020) (The column “n” indicates the number of dry spells detected in the given season) 

2. táblázat. A ≥16 napos száraz időszakok szezonális átlagos hossza és szórása a négy vizsgált alföldi városban

(1980–2020) (Az „n” oszlop az adott évszakban észlelt száraz időszakok számát jelzi) 

Location 
Spring 

(mean / std / n) 

Summer 

(mean / std / n) 

Autumn 

(mean / std / n) 

Winter 

(Mean / std / n) 

Szolnok 20.36 / 3.72 / 11 19.67 / 2.65 / 9 22.44 / 6.78 / 32 22.76 / 7.46 / 25 

Hódmezővásárhely 19.42 / 3.99 / 12 21.55 / 4.46 / 11 22.12 / 6.85 / 33 20.83 / 6.32 / 24 

Nyíregyháza 19.36 / 3.41 / 11 19.00 / 4.24 / 4 20.04 / 4.48 / 23 20.00 / 5.05 / 17 

Kalocsa 18.23 / 2.49 / 13 20.44 / 3.16 / 16 22.20 / 6.14 / 35 22.21 / 6.04 / 28 

Table 3. F-test of the dry periods of the four examined Great Plain cities for the time intervals between 1980-1999 and 2000-2019 

3. táblázat. A vizsgált négy alföldi város száraz időszakainak F-próbája az 1980-1999 és a 2000-2019 közötti időintervallumokban

Municipality/ 

Station 

16-40 days 

periods 

(1980-1999) 

16-40 days 

periods 

(2000-2019) 

F-test value F-test 

assessment 

Longer than 

35-days 

periods 

Significant differ-

ence 

(F probe) 

Szolnok 37 35 0.0713 Borderline case 5 Not significant 

Hódmezővásárhely 34 41 0.4215 Not significant 6 Not significant 

Nyíregyháza 23 30 0.0598 Borderline case 0 Not significant 

Kalocsa 44 42 0.2345 Not significant 3 Not significant 

Table 4. Results of the two-sample Kolmogorov-Smirnov test based on the number of dry periods for pairs of cities 

4. táblázat. A kétmintás Kolmogorov-Szmirnov teszt eredményei a várospárok száraz időszakainak száma alapján

Municipalities K-S stat p value 
Significance 

(p<0.05) 

Szolnok  ̵  Hódmezővásárhely 0.0832 0.9284 Not 

Szolnok  ̵  Nyíregyháza 0.1820 0.2225 Not 

Szolnok  ̵  Kalocsa 0.1087 0.6777 Not 

Hódmezővásárhely  ̵  Nyíregyháza 0.1103 0.7864 Not 

Hódmezővásárhely  ̵  Kalocsa 0.0734 0.9632 Not 

Nyíregyháza  ̵  Kalocsa 0.1837 0.1852 Not 

We considered using a GARCH (Generalized Auto-

regressive Conditional Heteroskedasticity) model, which 

is suitable for time series with time-varying variance (Kor-

ponai 2019). However, the residuals of soil moisture data 

showed no such heteroskedastic behaviour, so a GARCH 

specification was not justified. Instead, a simple AR(1) 

model (first-order autoregressive) adequately described 

the temporal dynamics of soil moisture, reflecting the 

strong dependence of each day’s values on those of the pre-

vious day. 

The link between soil moisture and precipitation 

proved weaker than expected. Daily precipitation showed 

virtually no correlation with soil moisture. Aggregating 

rainfall over 7 days slightly improved the correlation, and 

over 30 days it was only marginally stronger. These results 

suggest that soil moisture is controlled not only by rainfall 

but also by evaporation, soil type, and groundwater condi-

tions, which dilute the direct effect of precipitation. 

The main findings can be summarized as follows: 

 There is practically no correlation between daily pre-

cipitation and soil moisture in any city (ρ ≈ 0.01–0.02). 

 The 7-day precipitation total increases the correlation, 

but it still remains weak (Szolnok: ρ ≈ 0.029). 

 The relationship with the 30-day precipitation total is 

slightly stronger (Szolnok: ρ ≈ 0.036), but it remains weak. 

 The standard deviation of the residuals of the soil 

moisture AR(1) model is relatively stable in a 30-day time 

window, there is no strong heteroscedasticity in any city. 

 Consequently, the application of the GARCH model 

is not justified for these data. 

Figure 2 presents the 30-day rolling standard deviation 

of the AR(1) residuals of soil moisture. The variability re-

mains within a moderate and physically plausible range 

throughout the examined period, and no systematic in-

crease in residual variance is detected. 

Following the analysis presented in Figure 2, it is evi-

dent that daily precipitation alone does not explain the 

variability of soil moisture in the four studied cities. The 

main findings indicate practically no correlation between 

daily precipitation and soil moisture (ρ ≈ 0.01–0.02). Ag-

gregating rainfall over 7 days slightly increases the cor-

relation (e.g., Szolnok: ρ ≈ 0.029), and over 30 days it 

becomes only marginally stronger (Szolnok: ρ ≈ 0.036), 

but the relationship remains weak overall. The standard 

deviation of the AR(1) residuals remains relatively stable 

in a 30-day rolling window, showing no strong heteroske-

dasticity, confirming that a GARCH model is not justified 

for these data. 
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Figure 2. The 30-day rolling standard deviation of residuals of AR(1) models 

2. ábra. Az AR(1) modellek reziduálisainak 30 napos gördülő szórása

These results suggest that other factors—including soil 

type, evapotranspiration, and groundwater conditions—

strongly influence soil water content, which dilutes the di-

rect effect of precipitation. The temporal persistence ob-

served in the AR(1) models reflects the buffering capacity 

of different soils against short-term rainfall variability. Alt-

hough the four cities show broadly similar drought suscep-

tibility patterns, local differences in soil texture and hydro-

logical properties likely lead to variations in moisture re-

tention and drainage. Therefore, considering soil type-spe-

cific characteristics, infiltration, and evapotranspiration is 

essential for more precise predictions of soil water content, 

particularly for agricultural and hydrological applications. 

Our findings are consistent with previous studies em-

phasizing the dominant role of soil properties and local hy-

drology in controlling soil moisture (Fehér and Rakonczai 

2019, Mezősi et al. 2020). The observed weak correlations 

align with results from Lakatos et al. (2021), who also re-

ported that soil moisture in the Great Plain is buffered 

against short-term precipitation variability. Furthermore, 

local variability in soil moisture response supports earlier 

findings by Ladányi (2009) and Kis et al. (2025), high-

lighting that groundwater-dependent ecosystems and soil 

water availability are sensitive to both climatic and pedo-

logical factors. Our results also reflect conclusions by 

Szentes (2023) and Bihari and Szentes (2024), stressing 

that accurate assessment of soil moisture requires integra-

tion of precipitation, soil type, infiltration, and evapotran-

spiration rather than relying on rainfall alone. 

Overall, these observations underscore that even within 

regions with broadly similar drought susceptibility pat-

terns, soil and hydrological characteristics modulate soil 

water availability, emphasizing the importance of includ-

ing these factors in regional climate and agricultural im-

pact assessments. 

CONCLUSIONS 

Our results clearly show that the frequency, timing, and 

spatial distribution of prolonged precipitation-free periods 

in the Great Plain have changed substantially in recent dec-

ades. One of the most important consequences of climate 

change – in addition to the increase in average tempera-

tures – is the increasing occurrence of these dry periods, 

which pose a challenge for agriculture, especially in the 

spring and summer periods. 

The frequency of long dry periods exceeding 16 days 

varied between the periods examined. In the case of some 

cities – especially Hódmezővásárhely and Nyíregyháza – 

the number of dry periods increased slightly; however, the 

change was not statistically significant in all cases. Based 

on the F-tests, the results indicating an increase in the 

standard deviation can be interpreted as a trend rather than 

a generally valid change. During the examination of the 

seasonal distribution, it was observed that the beginning of 

the dry periods shifted towards the vegetation period in 

some locations – for example, in the Hódmezővásárhely 

area – especially in spring. At the same time, the summer 

periods remained dominant, so the seasonal shift was not 

clearly evident in all the study locations. Based on the anal-

ysis of the regional differences, it can be stated that there 

was no significant difference in the distribution of long dry 

periods between the four cities examined. The results of 

the Kolmogorov–Smirnov test showed that the differences 

between the pairs of cities cannot be considered statisti-

cally significant, so the hypothesis that regional differ-

ences increased was not supported. It should be noted here 

that in the case of longer time intervals (and the necessary 

longer time series), significant differences can be detected 

between earlier and later intervals in the same geograph-

ical location. Szám et al. (2025) showed that in the eastern 

part of the Great Plain, the number of dry periods increased 

significantly, approximately twice, compared to intervals 

of the same length, and periods of previously inexperi-

enced length also appeared. 

The results of the research highlight the need to in-

crease the water retention capacity of the soil. The mois-

ture content of the topsoil is particularly sensitive to longer 

periods without precipitation, especially in sandy and sa-

line soils with weaker water retention capacities. In these 

soil types, a lack of precipitation reduces moisture content 

more quickly to below critical levels. Below critical levels, 
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soil structure deteriorates, which negatively affects agri-

cultural production efficiency. 

Predicting and monitoring dry periods associated with 
climate change is key to developing future agricultural 
strategies. The Sentinel satellite program (especially the 
Sentinel-1 and Sentinel-2 systems) now provides high 
temporal and spatial resolution data for monitoring soil 
moisture, vegetation status, and land cover. Over the past 
decade, monitoring has also become available through the 
use of agricultural drones, which have enabled higher-res-
olution assessments. Further potential is offered by inno-
vative solutions such as precision water distribution, the 
results of drought tolerance analyses of different plant va-
rieties, and plant protection monitoring using soil and leaf 
moisture sensors. These can help us preserve the agricul-
tural potential of the Great Plain sustainably in the future. 
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Abstract 
The bacterial community of surface waters is a key element of self-cleansing, but under antibiotic pressure, it should be closely mon-

itored to evaluate the emergence of antimicrobial resistance. According to the World Health Organization (WHO), antibiotic resistance 

is one of the three most serious threats to human health. Antibiotic resistance can develop due to the selective pressure of antibiotics 

on the natural microbial ecosystem discharged through the effluents of wastewater treatment plants (WWTPs). This study aimed to 

find a link between sewage load and the biological activity of the bacterial community with and without antibiotic pressure. To reach 

this goal, an OxiTop microcosm experiment was set using surface water samples originating from a Hungarian site with and without 

sewage load. Samples were supplemented with different combinations of antibiotics relevant in human and veterinary therapy (colistin, 

florfenicol, imipenem, ceftazidime). During the incubation period, biological oxygen demand (BOD) was regularly measured and was 

paired with traditional cultivation and next-generation sequencing. Based on our results, the bacterial diversity decreased under anti-

biotic pressure, but the viable cell counts were not necessarily affected. The microbial community of surface water with sewage load 

had a higher level of adaptability to the antibiotics. The key taxa under antibiotic pressure that are possible hosts of multiple antibiotic 

resistance genes were Cellvibrio, Aquabacterium, and Flavobacterium. 

Keywords 
Antibiotics, antibiotic resistance, microbial community, OxiTop microcosm model, sewage, next generation sequencing, 16S rRNA. 

OxiTop mikrokozmosz modell, mint lehetséges eszköz az antibiotikumok mikrobiális közös-
ségre gyakorolt hatásainak vizsgálatára 

Kivonat 
A felszíni vizek bakteriális közössége kulcsfontosságú eleme a szennyvízbevezetések helyén zajló öntisztulásnak, azonban az antibio-

tikum rezisztencia kialakulása körükben is mind nagyobb figyelmet érdemel. Az Egészségügyi Világszervezet (WHO) szerint az an-

tibiotikum-rezisztencia az emberi egészséget fenyegető három legsúlyosabb veszély egyike. Antibiotikum-rezisztencia kialakulhat a 

szennyvíztisztító telepek kibocsátásával a természetes mikrobiális ökoszisztémára gyakorolt szelektív nyomás következtében. A ta-

nulmány célja, hogy kapcsolatot találjon a szennyvízterhelés és a bakteriális közösség biológiai aktivitása között antibiotikum terhelés 

mellett és anélkül, melynek érdekében OxiTopTM mikrokozmosz kísérletet állítottunk be egy magyarországi, szennyvízterhelés alatt 

álló víztestből származó minták felhasználásával. A mintákhoz humán és állatgyógyászati szempontból jelentős antibiotikumok kü-

lönböző kombinációit adtuk (Kolisztin, Florfenikol, Imipenem, Ceftazidim). Az inkubációs időszak során folyamatosan mértük a 

minták mikrobaközösségének biológiai aktivitását, melyet hagyományos tenyésztési módszerekkel és újgenerációs szekvenálással 

egészítettünk ki. Eredményeink alapján az antibiotikum terhelés hatására csökkent a bakteriális diverzitás, de a bakteriális sejtszám 

nem. A szennyvízterheléssel érintett felszíni víz mikrobiális közössége nagyobb alkalmazkodóképességet mutatott az antibiotikumok-

kal szemben, mint a háttér minta. Eredményeink alapján az antibiotikumok hatására dominánssá váló taxonok – amelyek potenciális 

hordozói lehetnek többféle antibiotikum-rezisztencia génnek – a Cellvibrio, az Aquabacterium és a Flavobacterium voltak. 

Kulcsszavak 
Antibiotikumok, antibiotikum rezisztencia, mikrobiális közösség, OxiTop mikrokozmosz modell, szennyvíz, újgenerációs szekvená-

lás, 16S rRNS gén. 

INTRODUCTION 

The World Health Organization has listed antimicrobial re-

sistance (AMR) as one of the top 10 threats to public health 

(WHO 2023). Due to the gradually growing pharmaceuti-

cal (González Peña et al. 2021) and antibiotic use all over 

the world (Klein et al. 2018), antibiotic-resistant bacteria 

(ARB) are distributed widely not only in healthcare insti-

tutes (Serra-Burriel et al. 2020) but in various environ-

ments, such as soil (Bombaywala et al. 2021) and 

freshwater systems (Nnadozie and Odume 2019). 

Wastewater treatment plants (WWTPs) are verified 

sources of antibiotic load (Rodriguez-Mozaz et al. 2020), 

resistant microorganisms (Rodríguez-Molina et al. 2019), 

and resistance genes (Li et al. 2022). Therefore, WWTPs 

are potential hotspots for ARB spread into the environment 

(Rizzo et al. 2013). At the same time, the available infor-

mation on the effect of last-resort antibiotics, such as col-

istin (polymyxin E) (El-Sayed et al. 2020) and broad-
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spectrum antibiotics, like carbapenems (Armstrong et al. 

2021) and florfenicol (Zhang et al. 2020) on the environ-

mental microbiome is limited, despite the scientific evi-

dence suggesting that wastewater effluent is frequently 

polluted with colistin (Smyth et al. 2020) and carbapenem-

resistant bacteria (Araújo et al. 2021). In Hungary, the bac-

terial community structure of wastewater effluents (Bene-

dek et al. 2014) and the effect of antibiotic pressure on the 

forming microbial community is poorly understood, and 

the impact of the simultaneous load of wastewater and an-

tibiotics on the recipient surface water’s microbiome and 

its activity has not been examined in detail. 

Based on this background, this work aimed to com-

pare two sections of a chosen surface water body located 

in Hungary, with and without sewage load, and to evaluate 

the effect of antibiotic pressure on the biological activity 

and composition of the cultivable and non-cultivable mi-

crobial communities. To reach this goal, a microcosm 

model was set using different treatments with four “Watch” 

and “Reserve” types of antibiotics (colistin, florfenicol, 

imipenem, ceftazidime) according to the WHO classifica-

tion for evaluation and monitoring (WHO 2019). For 

antibiotic treatment, sewage-affected and background sur-

face water samples were used. The initial hypothesis of 

this study was that the microbial communities of environ-

mental samples affected by sewage inlets show a higher 

level of adaptability to antibiotics and a higher number of 

cultivable ARB. 

MATERIALS AND METHODS 

Sampling 

The sampling strategy was to choose a surface water 

stream with and without the effect of urban sewage efflu-

ent. Our choice was the section of the Rákos stream local-

ized between Gödöllő and Isaszeg, Hungary, receiving the 

effluent of Gödöllő WWTP (wastewater treatment plant), 

with a capacity of 50000 population equivalent (10000 

m3/day). As background, an unaffected area of the same 

stream was sampled 200 m upstream (see Figure 1). Sam-

ples were taken on the 30th of March 2021 aseptically into 

sterile 1 L volume bottles and immediately transported to 

the MATE - Institute of Aquaculture and Environmental 

Safety, Department of Environmental Safety laboratory for 

analysis. Antibiotic concentrations were not measured in 

the native samples. 

Figure 1. Location of the examined WWTP and the sampling site, Gödöllő, Hungary (©2023 Google Map, ©2000-2021 Michelin 

Travel Partner) 

Notes: Blue mark – background (unaffected) area (GPS coordinates: 47°33'54.8"N 19°22'03.0"E); orange mark – WWTP effluent affected area 

(GPS coordinates: 47°33'53.6"N 19°22'02.9"E)  

1. ábra. A vizsgált szennyvíztisztító telep és a mintavételi hely elhelyezkedése, Gödöllő, Magyarország (©2023 Google Térkép, ©2000–

2021 Michelin Travel Partner)  

Megjegyzés: Kék jelölés – háttér (nem érintett) terület (GPS koordináták: 47°33'54.8"N 19°22'03.0"E); narancssárga jelölés – a szennyvíztisztító 

telep kifolyása által érintett terület ((GPS koordináták: 47°33'53.6"N 19°22'02.9"E); narancssárga nyíl – a víz áramlásának iránya  

Experimental settings 

To reveal the effect of the chosen antibiotics and their 

combinations on the microbial community and biological 

activity of the examined (sewage-affected and background) 

samples, a laboratory experiment was set in three repli-

cates using 0.5 L sterile bottles inoculated with 200 mL 

volume of native samples. At the beginning of the experi-

ment, samples were treated with three different 

combinations of antibiotics using MAST disks (Mast Di-

agnostica, Germany) to reach a final 300 µg/L antibiotic 

concentration (Table 1). The chosen sub-lethal concentra-

tions were higher than the previously detected concentra-

tions of antibiotics in the environment (Wang et al. 2025), 

because we aimed to reach the inhibitory concentration of 

the sensitive organisms and therefore, to perform a persis-

tent selective pressure on the microbial community. 
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Table 1. Sample types and antibiotic treatments in the experimental settings 

1. táblázat. A kísérleti beállítások során használt mintatípusok és antibiotikum kezelések

Sample identifiers and sample types Treatment 

B (Background) 

SA (Sewage affected) surface waters 
Native (non-treated) 

B-COL (Background + Colistin)  

SA-COL (Sewage affected + Colistin) 
Colistin (300 µg/L) 

B-FLOR (Background + Florfenicol) 

SA-FLOR (Sewage affected + Florfenicol) 
Florfenicol (300 µg/L) 

B-MIX (Background + antibiotic mixture) 

SA-MIX (Sewage affected + antibiotic 

mixture) 

Colistin (100 µg/L) 

Imipenem (100 µg/L) 

Ceftazidime (100 µg/L) 

OxiTopTM System to measure biological oxygen 

demand 

To determine the biological oxygen demand (BOD) of 

the microbial community under the effect of antibiotics, a 

manometric method measuring pressure differences via pi-

ezoresistive electronic pressure sensors (OxitopTM, WTW, 

Weilheim, Germany) was used (González Peña et al. 

2021). Samples were kept in a sealed container fitted with 

a pressure sensor. During the incubation, oxygen was con-

sumed, and the biologically active microorganisms re-

leased carbon dioxide. The pressure decreased because so-

dium hydroxide pellets were added to a separate container 

above the sample level to absorb carbon dioxide.  

The incubation temperature was 15°C, and the incuba-

tion time was 7 days (168 h) with continuous stirring using 

the platforms of the OxiTopTM system. Negative pressure 

(that correlates with the microbial activity, i.e., BOD value 

of the sample) was measured automatically in every 30 

minutes during the incubation period. At the end of our ex-

periment, outlier bottles (with more than ±10 Pa deviation 

compared to the average of the replicates) were excluded 

from further data analysis in each setting (altogether 2 bot-

tles in the whole experiment). Pressure curves of the re-

maining technical replicates with acceptable deviation in 

pressure values were averaged and further analyzed. 

Cultivation-based methods 

Traditional cultivation aimed to determine the colony-

forming units (CFUs) of bacteria from the treated and non-

treated environmental samples. A tenfold series of dilu-

tions was prepared. and the diluted samples were used for 

the pour plate technique. Preliminary experiments were 

performed to evaluate the sufficient media for the cultiva-

tion and isolation of antibiotic-resistant microorganisms 

originating from environmental samples. Based on these 

preliminary tests, R2A (Agar, 15.0 g; Casein acid hydrol-

ysate, 0.5 g; Dextrose, 0.5 g; Dipotassium phosphate, 0.3 

g; Magnesium sulphate, 0.024 g; Proteose peptone, 0.5; 

Sodium pyruvate, 0.3 g; Starch (soluble), 0.5 g); Yeast 

ex-tract, 0.5 g, Distilled water, 1,000 ml) was the most 

chosen for cultivation (data not shown). After incubation 

at 28°C for 96h, colony-forming units (CFUs) of the 

tenfold dilu-tions were counted and averaged to calculate 

the CFU/ml values of the original (100%) samples.  

Amplicon sequencing 

For amplicon sequencing, at the end of the 7-day Ox-

iTopTM experiment, we averaged the technical replicate 

samples, and aseptically filtered 200-300 ml volume of 

each experimental setting using a 0.22 µm pore size, hy-

drophilic MCE membrane filter, 47 mm diameter, white, 

Triton-free (Millipore). We extracted community DNA 

from the filtrate using the DNeasy PowerSoil DNA extrac-

tion kit (Qiagen, Germany) according to the manufactur-

er's instructions. 

During our experiment, we amplified bacteria domain-

specific genetic elements from the community DNA. For 

paired-end 16S rRNA amplicon sequencing, the variable 

V3 and V4 regions of the 16S rRNA gene were amplified 

using primers containing overhang Illumina adapters. 

Paired-end fragment reads (2x250 bp read length) were 

generated on the Illumina MiSeq platform using MiSeq 

Reagent Kit v3 by Biomi Ltd., Hungary. Reads were 

trimmed according to their quality and length using the 

CLC Genomics Workbench Tool; the minimum required 

length of nucleotides was set to 50. Trimmed sequences 

were processed using mothur v 1.41.1 (Schloss et al. 2009), 

an open-source, platform-independent, community-sup-

ported software for describing and comparing microbial 

communities. Sequences were assorted based on their 

alignment using the SILVA 138.2 database (Quast et al. 

2013) followed by the chimera detection and the removal 

of singleton reads. The standard 97% similarity threshold 

was used to determine operational taxonomic units (OTUs) 

as suggested by Tindall et al. (2010) for prokaryotic spe-

cies delineation. After data processing, the mothur soft-

ware summarized taxonomy and diversity results of the ex-

amined samples in data files. Data was exported to Excel 

for further analysis. 

RESULTS AND DISCUSSION 

Based on the examination of environmental samples with 

and without sewage load of the same geographical location 

(CW and SL samples) and their treatment with different 

types of antibiotics, we gained information about the com-

position and activity of the microbial community. Hereby 

we present results by cell counts (colony-forming units - 

CFU), BOD values, microbial community (amplicon se-

quencing). 
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Cell counts (colony-forming units) under antibiotic 

treatment 

With traditional cultivation, colony-forming units were 

determined on R2A medium at the beginning and at the 

end of the 7-day (168h) long experiment. CFU values are 

summarized in Figure 2. 

Figure 2. Log CFU values of the averaged samples of the experimental settings using background (B) and sewage affected (SA) sur-

face waters with and without antibiotic supplementation on R2A agar.  

Note: Initial colony forming units - 0h; Final colony forming units – 168h; COL – Colistin (300 µg/L); FLOR – Florfenicol (300 µg/L); MIX – Col-

istin, Imipenem, Ceftazidime mixture (100-100 µg/L) 

2. ábra. A háttér (B) és a szennyvízzel terhelt (SA) felszíni vizek kísérleti beállításainak átlagolt mintáin mért log CFU értékek anti-

biotikum-kiegészítéssel és anélkül R2A agaron 

Megjegyzés: Kiindulási CFU értékek – 0 óra; Záró CFU értékek – 168 óra; COL – Kolisztin (300 µg/L); FLOR – Florfenikol (300 µg/L); MIX – 

Kolisztin, Imipenem, Ceftazidim keverék (100–100 µg/L) 

In Figure 2, the cell count of the background surface 

water sample (without sewage load) was stable; there were 

no significant increases or decreases in CFU values after 7 

days of incubation in the OxiTopTM system. At the same 

time, SA samples, especially with colistin treatment, in-

creased their cultivable microbial numbers, which was an 

unexpected outcome of antibiotic treatment. The differ-

ence was higher in the case of sewage-affected surface wa-

ter samples, which is in accordance with previous findings 

that in the sewage microbial community, the adaptability 

and resistance to antibiotics are higher (Rizzo et al. 2013). 

However, the stable or increasing cell counts were unex-

pected: we hypothesized that antibiotic treatment would 

reduce the number of cultivable microorganisms. A possi-

ble explanation is that with the effect of antibiotics, sensi-

tive microorganisms were eradicated, and without the 

competition, resistant, fast-growing bacteria could easily 

proliferate till the 7-day-long experiment; consequently, 

the CFU values increased. 

Microbiological activity under antibiotic treatments 

During the 7-day-long experiment, we continuously 

measured the changes of negative pressure in each bottle 

to evaluate the microbial activity. The result of biological 

oxygen demands (BODs) of the eight different settings (B 

and SA samples, the other 6 samples treated by antibiotics 

and their combinations (B-/SA-COL, B-/SA-FLOR, B-

/SA-MIX) during the incubation period are summarized in 

Figure 3. supplemented with the average value obtained 

by the replicate flasks (2-3 replicates/settings) after the ex-

clusion of the outliers. 

In Figure 3, the pressure goes down when the microbial 

community is consuming a significant amount of oxygen, 

which means that it is biologically active. If the curve is 

flat, it means there was only minimal biological activity 

because the microbial community was not consuming 

much oxygen. This graph showed that the lowest level of 

biological activity was in the untreated Background (B) 

surface water sample. The biological activity was also 

lower than the average value in the background (B) sam-

ples supplemented with colistin (B-COL), florfenicol (B-

COL), and with the mixture of colistin, imipenem, and 

ceftazidime (B-MIX). According to the BOD values of the 

Background samples, we could conclude that the antibiotic 

treatment did not cause a significant change in the biolog-

ical activity of the microbial community, which correlates 

with the stable CFU values of these samples. 

Among the sewage affected (SA) sample types, the un-

treated sample (SA) had the lowest degree of biological 

activity and was the only one that stayed below the average 

value during the 168h incubation. The biological activity 

of the organisms in the sewage-affected samples supple-

mented with antibiotics was much higher than the average: 

florfenicol (SA-FLOR) and mixed (SA-MIX with colistin, 

imipenem, and ceftazidime) antibiotic treatment induced a 

similar, significant increase in BOD values, while colistin 

(SA-COL) sample had the highest biological activity 

among all sample types, with a significant BOD increase 

especially in the second half of our experiment. The ex-

tremely high biological oxygen demand of the SA-COL 

sample can be a result of the higher microbial cell counts 

verified by the plate counting technique.  
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Figure 3. Microbiological activity of the examined samples expressed in negative pressure measured by OxiTop system 

Note: SA-sewage affected, B-background, COL-Colistin; FLOR-Florfenicol; MIX-antibiotic mixture 

3. ábra. Az OxiTop rendszerben vizsgált minták biológiai aktivitása negatív nyomás értékben kifejezve

Megjegyzés: SA-szennyvízterhelés alatt álló víz; B- háttér minta; COL - Kolisztin; FLOR - Florfenikol; MIX-antibiotikum keverék 

In the background (B) water group, samples without 

antibiotic treatment had the lowest microbiological activi-

ties. When a solo or combined antibiotic treatment was 

used, the biological activity of the microorganisms is in-

creased. The three combined antibiotics of colistin, 

imipenem, and ceftazidime had the greatest impact on mi-

crobial activity in the background sample during the incu-

bation, but after 168h only minor differences could be de-

tected between the different treatments. 

Antibiotics have a significant impact on microbial ac-

tivity, particularly in the case of colistin, but after the first 

24h, stagnating biological activity, the determined effect 

was not inhibition. BOD is the measure of the amount of 

oxygen taken up by aerobic microorganisms that decom-

pose organic waste matter in water. A high BOD indicates 

the presence of a large number of microorganisms, which 

suggests a high level of biodegradable organic matter, such 

as drug residues or other organic pollutants (Ijoma 2010).  

Therefore, we can presume that the applied concentra-

tions of antibiotics during a long-term incubation are not 

only environmental pollutants, but potentially carbon 

sources for fast-growing microorganisms and their pres-

ence does not necessarily decrease the biological activity 

or inhibit the bacterial growth. 

Compared to scientific literature, there are only a few 

similar studies regarding the comparison of BOD values of 

microbial communities under different antibiotic treat-

ments. Panta and Doerrler described colistin resistance as 

a complex and multifactorial phenomenon noting that col-

istin resistance can be linked to the pH and oxygen level 

of the medium (Panta and Doerrler 2021). Li and her co-

authors mentioned that the relative abundances of antibi-

otic resistance genes (ARGs) were negatively correlated 

with temperature and BOD (Li et al. 2020). In our case, the 

temperature was constant during the incubation and pH 

was not measured; therefore, we could not draw similar 

conclusions. Based on the biodegradation rates of the ex-

amined antibiotics, carbapenems and colistin reach a sig-

nificantly higher degradation rate in wastewater than in 

natural water; physicochemical factors such as tempera-

ture and pH greatly affect the degradation rates (Sharma et 

al. 2023). Consistent with this, we observed a higher bio-

logical activity in wastewater-affected samples, suggesting 

that antibiotic degradation rates in these environments are 

likely to be higher. 

Diversity and taxonomy of water samples with and 

without antibiotic treatment 

The bacterial diversity of the samples was determined 

by the Mothur algorithm using the Illumina next-genera-

tion sequencing data and was expressed with the com-

monly used Shannon diversity index that considers both 

the number and distribution of the detected species. Shan-

non diversity indices are summarized in Figure 4. 
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Figure 4. Shannon diversity index of the examined samples after 168h incubation with and without antibiotics 

Note: SA-sewage affected, B-background, COL-Colistin; FLOR-Florfenicol; MIX-antibiotic mixture 

4. ábra. A vizsgált minták Shannon diverzitás index értékei 168 órás inkubációt követően antibiotikum kiegészítéssel és anélkül

Megjegyzés: SA-szennyvízterhelés alatt álló víz; B- háttér minta; COL - Kolisztin; FLOR - Florfenikol; MIX-antibiotikum keverék 

As Figure 4 shows, after 7 days of incubation, the 

Background (B) samples had a lower level of microbial di-

versity, while the surface water sample with sewage load 

(SA) had the highest Shannon index. Compared to native 

(B and SA) samples, all antibiotic treatments led to a lower 

level of bacterial diversity: according to our results, the 

SA-COL setting had the highest, and B-MIX/SA-MIX 

samples had the lowest diversity of all antibiotic treat-

ments. Compared to the determined CFU values of each 

sample (Figure 2), there is an inverse correlation between 

diversity and cell counts. According to this information, 

we could state that antibiotic treatment caused a decrease 

in the microbial diversity of the examined samples, while 

most of the time the microbial counts remained the same 

or increased. A possible explanation is that antibiotic treat-

ment eradicated the sensitive microorganisms and opened 

a niche to the fast-growing, antibiotic-resistant species. 

To determine the key members of the microbial commu-

nity, at the end of the experiment, the genus-level composi-

tion of the bacterial community under different treatments 

was determined by next-generation sequencing. The com-

position of the top 20 identified bacterial genera of each 

sample is summarized in Figure 5, which shows that the 

Background (B) and Sewage affected (SA) samples had dif-

ferent microbial communities. B sample contained typical 

surface water-related taxa such as Perlucidibaca and 

Aquabacterium. Aquabacterium species such as A. cit-

ratiphilum, A. commune and A. parvum were previously iso-

lated from biofilm from the Berlin drinking water system 

(Pham et al. 2015), while A. fontiphilum and A. limnoticum 

were found in freshwater springs in China (Chen et al. 2012, 

Lin et al. 2009). Some potentially pathogenic species of the 

genus had the highest abundances in biofilm samples and 

were described as hosts harbouring many resistance genes 

(Zhao et al. 2021). The Gram-negative freshwater bacterial 

genus Perlucidibaca was described in 2008 (Song et al. 

2008).Together with Aquabacterium, Perlucidibaca belong 

to the family Moraxellaceae and species; they presumably 

play a role in the early colonization of microplastics travel-

ling in wastewater (Martínez-Campos et al. 2021). In con-

trast to the background (B) sample, the sewage-affected (SA) 

surface water contained many sewage-originating organ-

isms, such as Ferruginibacter (Kong et al. 2024). 

Antibiotic treatment induced significant changes in 

both sample types. With antibiotic treatment, the domi-

nance of the Nevskia genus was suppressed in both B and 

SA samples. Nevskia species have a wide nutritional spec-

trum and can utilize sugars as growth substrates (Gutierrez 

et al. 2012), but based on the scientific literature, Nevskia 

species are not discussed in context with antibiotic re-

sistance, which is supported by our results.  

At the same time, the proportions of the Perlucidibaca 

and in the background samples, Aquabacterium and Hy-

drogenophaga species remained similar under COL and 

FLOR treatment; only the MIX antibiotic setting eradi-

cated the members of these genera. The preponderance of 

some of these genera in COL samples is understandable, 

given that Perlucidibaca, Hydrogenophaga and Aquabac-

terium are members of the Comamonadaceae and Morax-

ellaceae families and are innately resistant to colistin. At 

the same time, we couldn't find any information about their 

florfenicol resistance, which should be investigated further 

in the future.  
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Figure 5 The composition of the top25 bacterial taxa with >1% abundance of the examined samples after 168h incubation with and 

without antibiotics 

Note: SA-sewage affected, B-background, COL-Colistin; FLOR-Florfenicol; MIX-antibiotic mixture 

5. ábra. A vizsgált mintabeállításokban 1%-nál nagyobb abundanciát elérő, baktériumnemzetségek top25 képviselője 168 óra inku-

bációt követően, antibiotikum kiegészítéssel és anélkül 

Megjegyzés: SA-szennyvízterhelés alatt álló víz; B- háttér minta; COL - Kolisztin; FLOR - Florfenikol; MIX-antibiotikum keverék 

Interestingly, Cellvibrio species, which had a negligi-

ble proportion in the native samples, reached an outstand-

ing abundance in the B-MIX and SA-MIX samples, fol-

lowed by B-FLOR, SA-FLOR and SA-COL treatment. 

They were only absent in the B-COL setting. This genus 

is involved in the breakdown of cellulose and its presence 

correlates with the frequency of antibiotic resistance 

genes - according to the results of Han and his co-workers, 

Cellvibrio species are possible hosts of ARGs in agricul-

tural soils treated with different sources of animal manure, 

conferring resistance to aminoglycoside, tetracycline, 

and MLSB (Macrolide-lincosamide-streptogramin B) 

(Han et al. 2018). Recently, it was proven that the abun-

dance of Cellvibrio species can grow under chronic anti-

biotic exposure in the gut microbiome of zebrafish 

(Danio rerio) as well, which correlates with our results 

(Yang et al. 2024).  

Flavobacterium, which was the second most abundant 

genus in SA samples and also frequently detectable in B 

samples, reached at least 5% abundance in all examined 

settings, and it was the only genus that remained abundant 

in both sample types under all antibiotic treatment. The 

presence of Flavobacterium species was previously de-

scribed to correlate with the presence of various ARGs, in-

cluding aminoglycoside, tetracycline, MLSB, FCA (fluo-

roquinolone, quinolone, chloramphenicol, florfenicol and 

amphenicol) resistance genes, sulfonamide, β-lactam and 

multidrug resistance genes (Zhang et al. 2022). Moreover, 

Flavobacterium species were previously described as an-

tibiotic degraders (Ma et al. 2022) that can explain their 

presence under antibiotic pressure. 

Among the less abundant genera, Ferruginibacter and 

Dechloromonas were detectable in SA samples regardless 

of the antibiotic treatment; many of them were previously 

cultured from wastewater, activated sludge and granular 

activated carbon filters in water treatment (Kong et al. 

2024, Mulder and Deinema 2006, Magic-Knevez et al. 

2009). In the Background samples, Hydrogenophaga spe-

cies were the predominant bacteria in the B, B-COL, and 

B-FLOR samples and were the most abundant in the B-

COL setting. The members of this genus have a significant 

nutritional versatility and capacity utilize various sub-

strates (Garrity et al. 2005, Magic-Knevez and van der 

Kooij 2006). Hydrogenophaga was described as a new 

host of ARGs in samples after O3/Cl2 disinfection (Zhang 

et al. 2019) and harboured Class 1 integrons that are play-

ing a significant role in the worldwide problem of antibi-

otic resistance (Gillings et al. 2008).  
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CONCLUSIONS 

Based on the OxiTopTM microcosm experiment using sur-

face water samples taken from the Rákos stream with and 

without sewage load, the diversity of the microbial com-

munity was correlated with the origin of the sample (back-

ground and sewage-affected section). Antibiotic treat-

ments with clinically and veterinary relevant antibiotics 

(colistin, florfenicol, imipenem, ceftazidime) significantly 

influenced the biological activity, bacterial diversity, and 

composition. It was verified that antibiotic-resistant bacte-

ria that are non-susceptible to the four examined antibiot-

ics are present in the untreated surface water samples and 

easily proliferate when the selective pressure of antibiotics 

opens a niche for them. Sewage affected (SA) microbial 

community had a higher diversity, showed an increased 

level of adaptability to the antibiotic treatments, therefore 

reached a higher cell count and biological activity until the 

end of the 168h-long experiment due to the dominance of 

fast-growing microorganisms such as Cellvibrio species. 

Based on the overview of the scientific literature, many of 

the identified bacterial genera (such as Flavobacterium, 

Cellvibrio and Aquabacterium) have been proven to be an-

tibiotic-resistant or to harbour antibiotic resistance genes. 

Since the sensitive bacteria have been eradicated by anti-

biotics, the growth rate of the resistant bacteria has accel-

erated due to reduced competition, increasing the number 

and biological activity of potentially antibiotic-resistant 

microorganisms.  

The OxiTopTM system has been adapted and optimized 

for the examination of antibiotic treatment using natural 

freshwater samples with and without sewage load. Under 

the controlled environment (temperature) provided by this 

microcosm model, the OxiTopTM system can be optimal to 

evaluate the long-term effects of antibiotic exposure not 

only on the composition, diversity and cell count of a bac-

terial community, but to measure the biological activity of 

microorganisms. 

In the future, the developed methodology can be fur-

ther improved by measuring the effect of pH and other 

temperature settings, as these factors also affect the rela-

tive abundance of ARGs (Panta and Doerrler 2021, Li et 

al. 2020). Quantifying various antibiotic resistance genes 

using molecular methods, complemented by traditional 

cultivation and characterization of antibiotic-resistant bac-

teria, can provide valuable insights into the dissemination 

of antimicrobial resistance in sewage-affected surface wa-

ters and contribute to improved environmental safety. 
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Abstract 
Transboundary water cooperation is often promoted as a pathway to peace, but empirical evidence remains uneven and conceptually 

underspecified. This article advances a mechanism-oriented approach that links institutional design to peace-relevant functions and 

applies it to two high-salience basins characterized by power asymmetry, infrastructure expansion, and recurring political shocks: 

the Indus (Permanent Indus Commission, under the 1960 Indus Waters Treaty) and the Nile (Nile Basin Initiative, launched in 1999, 

currently transitioning toward a permanent commission following the Cooperative Framework Agreement’s (CFA) entry into force 

in 2024). Using structured, focused comparison and process tracing across emblematic episodes (Indus hydropower disputes and 

third-party adjudication; Nile programmatic cooperation, early warning, and the political processes surrounding the Grand Ethiopian 

Renaissance Dam [GERD] and the CFA), the analysis identifies a pattern of form-function complementarity. Legalized bilateralism 

in the Indus Basin is comparatively strong at producing “negative peace” functions: stabilizing expectations, reducing misperception 

through the routine of data exchange and channelling disputes into precisely defined technical-legal forums. Programmatic multilat-

eralism in the Nile Basin is comparatively strong at cultivating foundations of “positive peace” by building shared knowledge, pro-

fessional networks, and cooperative benefits that broaden society’s demand for stability. Neither form is sufficient on its own: legal-

ized regimes can become brittle without adaptive and participatory capacities, while programmatic platforms struggle to contain 

high-stakes distributive conflicts without credible legalization and mechanisms of dispute settlement. The article concludes that the 

benefits of peace depend on the success of combining rule-based stability with bounded flexibility, along transparent knowledge 

systems and legitimacy-enhancing participation, while simultaneously maintaining harmony between the support provided by exter-

nal stakeholders and the role of the riparian states without undermining ownership. 

Keywords 
Environmental peacebuilding, water diplomacy, transboundary water governance, Indus Waters Treaty, Permanent Indus Commis-

sion, Nile Basin Initiative, hydro-hegemony, dispute settlement, institutional design. 

Békeépítés vízügyi együttműködésen keresztül? Intézményi tervezés és békével kapcsolatos 

funkciók az Indus és a Nílus vízgyűjtőjén 

Kivonat 
A határokon átnyúló vízügyi együttműködést gyakran a béke felé vezető útként írják le, azonban ezen feltételezés empirikus bizo-

nyítékai egyenetlenek, és az elméleti megalapozottsága is hiányos. A jelen tanulmányban kidolgozott mechanizmusorientált megkö-

zelítés az intézményi kialakítást a békéhez kapcsolódó funkciókkal köti össze, és ezt két kiemelt jelentőségű vízgyűjtő területen 

alkalmazza, amelyekre hatalmi aszimmetria, infrastrukturális bővülés és visszatérő politikai sokkok jellemzők. Ezek az Indus (az 

1960-as Indus Vízegyezmény által felállított Állandó Indus Bizottság) és a Nílus (az 1999-ben alapított Nílus-medence Kezdemé-

nyezés, amely jelenleg egy állandó bizottság létrehozása felé halad a Kooperatív Keretmegállapodás [CFA] 2024-es hatálybalépését 

követően) vízgyűjtői. Az elemzés strukturált, fókuszált összehasonlítás és folyamatkövetés segítségével, jellegzetes eseteken keresz-

tül (Indus-vízerőműviták és harmadik fél általi döntőbíráskodás; Nílus menti programalapú együttműködés, korai előrejelzés és a 

Nagy Etióp Reneszánsz Gát [GERD] körüli politikai folyamatok, valamint a CFA), egy forma–funkció komplementaritási mintáza-

tot azonosít. Az Indus-medencében a jogilag szabályozott bilaterális együttműködés viszonylag erős a „negatív béke” funkcióinak 

megteremtésében: stabilizálja az elvárásokat, rutinszerű adatcsere révén csökkenti a félreértések lehetőségét és a vitákat jól körülha-

tárolt technikai-jogi fórumok keretei közé tereli. A Nílus-medencében a programalapú multilateralizmus viszonylag erős a „pozitív 

béke” alapjainak kiépítésében azáltal, hogy közös tudást, szakmai hálózatokat és együttműködési előnyöket hoz létre, amelyek 

kiszélesítik a stabilitás iránti társadalmi bázist. Egyik forma sem elegendő önmagában: a jogilag szabályozott rendszerek rugalmat-

lanná válhatnak adaptív és részvételi kapacitások nélkül, míg a programalapú platformok nehezen kezelik a nagy téttel bíró elosztási 

konfliktusokat hiteles jogi szabályozás és vitarendezési mechanizmusok nélkül. 

A tanulmány arra a következtetésre jut, hogy a békéből származó előnyök attól függenek, hogy sikerül-e ötvözni a szabályalapú 

stabilitást a korlátozott rugalmassággal, az átlátható tudásrendszerekkel és a legitimációt erősítő részvétellel, mindezt úgy, hogy a 

külső szereplők támogatása összhangban marad a folyóparti államok tulajdonosi szerepével, anélkül, hogy aláásná azt. 

Kulcsszavak 
Környezeti béketeremtés, vízdiplomácia, határon átnyúló vízkormányzás, Indus-vízegyezmény, Állandó Indus Bizottság, Nílus-

medence Kezdeményezés, hidrohegemónia, vitarendezés, intézményi tervezés. 
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INTRODUCTION 

Freshwater basins frequently cut across political borders, 

turning water into a collective-action problem in which 

upstream decisions often generate downstream externali-

ties and uncertainty. In policy discourse, this interde-

pendence is regularly framed as an opportunity: negotiat-

ed rules and joint institutions can create predictability, 

reduce conflict risks, and secure cross-sector benefits 

(Conca and Dabelko 2002, Sadoff and Grey 2002). Yet, 

the “water for peace” narrative sits alongside two persis-

tent doubts. First, cooperation is common, but peace 

outcomes are not automatic; many river basins have 

agreements while still experiencing intense securitized 

bargaining. Second, cooperation can coexist with, or even 

legitimize, durable inequalities, especially where power is 

asymmetric and knowledge is politicized (Zeitoun and 

Warner 2006, Mirumachi 2015). 

This article addresses these doubts by reframing the 
research problem from “Does cooperation create peace?” 
to “Which institutional functions plausibly contribute to 
peace, through what mechanisms, and under what condi-
tions?” The argument is that peacebuilding effects depend 
less on whether states cooperate in general and more on 
the specific institutional pathways that cooperation cre-
ates. These include monitoring and transparency regimes; 
regularized communication; credible compliance man-
agement; adaptive operating rules; and participation and 
accountability arrangements that shape perceived legiti-
macy (Giordano et al. 2014, Pahl-Wostl 2015). These 
pathways can produce two analytically distinct, though 
related, forms of peacebuilding: 

• Negative peace functions: preventing escalation

and containing disputes (Galtung 1969). 

• Positive peace functions: building legitimate, in-

clusive and resilient governance that can accommodate 

change and distributional claims (Pahl-Wostl 2015, 

Richmond 2014). 

The study applies a comparative empirical strategy. 
The Permanent Indus Commission (PIC) and the Nile 
Basin Initiative (NBI) are prominent and unusually well-
documented institutions that embody contrasting design 
philosophies. The PIC is a treaty-mandated bilateral 
commission embedded in a dense legal-technical rule 
system and a formal dispute-settlement ladder. The NBI 
is a multi-riparian, transitional platform centred on pro-
gramme delivery, shared knowledge and capacity build-
ing, historically underpinned by substantial donor financ-
ing and only recently moving toward a more formal legal-
institutional order via the Nile Cooperative Framework 
Agreement (CFA). Both institutions operate under pro-
nounced power asymmetries and high hydropolitical 
salience, making them suitable “stress tests” for institu-
tional performance under rivalry. 

This article argues that the peacebuilding potential of 

transboundary water cooperation depends not primarily 

on the existence of institutions, but on the specific func-

tions those institutions perform. It identifies five institu-

tional functions – transparency, predictability, compli-

ance management, adaptive learning and legitimacy – 

that mediate the relationship between cooperation and 

peace outcomes. Through a structured comparison of the 

Indus and Nile basins, it shows that different institutional 

designs produce distinct bundles of these functions. Du-

rable peacebuilding is most likely when these functions 

are combined rather than treated as substitutes. 

ENVIRONMENTAL PEACEBUILDING AND 

INSTITUTIONAL DESIGN: CONCEPTS AND 

EXPECTATIONS 

Environmental peacebuilding and the “contingen-

cy” problem 

Environmental peacebuilding examines how envi-

ronmental interdependence can be leveraged to mitigate 

conflict risks and promote cooperative relations (Conca 

and Dabelko 2002, Ide 2018). Early environmental secu-

rity debates often assumed a direct link between resource 

scarcity and violent conflict. Subsequent research has 

largely rejected deterministic claims, instead emphasizing 

that scarcity and variability operate as risk multipliers 

filtered through institutions, governance capacity and 

political contestation. 

The central theoretical challenge is contingency: insti-

tutions can enable cooperation but can also fail or suc-

ceed in narrow ways that do not translate into broader 

peace. Liberal institutionalist accounts emphasize how 

legalization (precision, monitoring, adjudication) reduces 

transaction costs and creates credible commitments (Keo-

hane 1984, Abbott et al. 2000). Adaptive governance 

scholarship highlights that rigid rules can become mala-

daptive under climatic uncertainty and socio-technical 

change; institutions must therefore combine predictability 

with bounded flexibility and learning (Cosens et al. 2014, 

Pahl-Wostl 2015). Political ecology and hydro-hegemony 

critiques argue that cooperation may reflect and repro-

duce power, shaping “whose knowledge counts” and how 

costs and benefits are distributed (Zeitoun and Warner 

2006, Cascão 2009). From this perspective, peacebuild-

ing hinges on legitimacy: whether affected actors per-

ceive outcomes as fair and procedures as accountable. 

Water diplomacy, institutions and peace-relevant 

functions 

Water diplomacy refers to the use of negotiation and 

institutional design to prevent, manage and resolve dis-

putes over shared waters while enabling equitable and 

sustainable use (Sadoff and Grey 2002). With regard to 

peacebuilding, the relevant question is not merely wheth-

er institutions exist, but which functions they reliably 

deliver. This article focuses on five peace-relevant insti-

tutional functions, each linked to observable mechanisms: 

(1) Transparency and shared facts: joint monitoring, 

standardized datasets and information-sharing routines 

reduce uncertainty and rumour-driven escalation 

(Giordano et al. 2014). 

(2) Predictability and expectation management: clear 

rights and obligations, time-bound procedures and regular 

meetings stabilize behaviour even when trust is low (Ab-

bott et al. 2000). 



52 JOURNAL OF THE HUNGARIAN HYDROLOGICAL SOCIETY • VOL. 106, ISSUE 1EN • 2026 

(3) Credible compliance management: escalation lad-
ders and third-party processes provide authoritative inter-
pretations and reduce incentives to “test” the other side 
through unilateral action (Brochmann and Hensel 2009). 

(4) Bounded flexibility and learning: review clauses, 
standing technical groups and iterative joint studies allow 
adaptation to shocks without compromising predictability 
(Cosens et al. 2014). 

(5) Legitimacy and inclusion: participation, public 
transparency and attention to distributional fairness re-
duce contestation and strengthen domestic buy-in for 
cooperation (Derman and Ferguson 2003). 

These functions map imperfectly onto negative and 

positive peace. Transparency, predictability, and compli-

ance management are most directly linked to negative 

peace (containment). Learning, inclusion, and fairness are 

central to positive peace (legitimacy and resilience), 

though they also reduce escalation risks by lowering 

grievance intensity. 

The following diagram (Figure 1) summarizes the ar-

ticle’s conceptual framework, linking institutional design 

to peace-relevant functions and outcomes: 

Figure 1. Conceptual framework (own work) 

1. ábra. Fogalmi keretrendszer (saját szerkesztés)

Testable expectations 

The framework yields four hypotheses, treated as proba-

bilistic rather than deterministic factors: 

• H1 (Transparency–stability): credible monitoring

and accessible information correlate with fewer/shorter 

crises over water operations (Giordano et al. 2014). 

• H2 (Flexibility–resilience): institutions that combine

clear rules with bounded flexibility sustain cooperation 

better during climatic or political shocks (Cosens et al. 

2014). 

• H3 (Inclusion–legitimacy): formal mechanisms for

stakeholder participation and accountability increase 

perceived fairness and reduce contestation (Derman and 

Ferguson 2003, Pahl-Wostl 2015). 

• H4 (External support–durability): aligned external

finance and facilitation strengthen institutions when em-

bedded in local ownership and sensitive to sovereignty 

(Paisley and Henshaw 2020). 

METHODS AND COMPARATIVE FRAMEWORK 

Research design and evidence base 

The analysis employs a qualitative, structured, and fo-

cused comparison (George and Bennett 2005). It com-

bines (i) document analysis of treaty texts, institutional 

reports, and third-party records; (ii) indicator-based as-

sessment to structure cross-case comparison; and (iii) 

process tracing of selected episodes to identify causal 

mechanisms linking institutional practices to peace-

relevant outcomes (Beach and Pedersen 2013). 

The unit of analysis is the institutional regime at the 

basin scale: the Indus Waters Treaty/Permanent Indus 

Commission regime and the Nile Basin Initiative regime, 

including its current transition towards a permanent 

commission under the Cooperative Framework Agree-

ment (CFA). The empirical focus is primarily on the 

period since the late 1990s, when both basins faced inten-

sified infrastructure development and climate-related 

variability. 

The Indus and Nile cases constitute a most-different 

institutional design comparison. The Indus regime repre-

sents a highly legalized bilateral treaty with detailed rules 

and a formalized dispute-resolution ladder. The Nile 

Basin Initiative represents a programmatic multilateral 

platform emphasizing joint projects, knowledge produc-

tion, and gradual institutionalization. Despite these insti-

tutional differences, both basins exhibit similar structural 

challenges – power asymmetry, infrastructure expansion, 

and recurrent political tension – making them suitable 

comparative stress tests for assessing how institutional 

design conditions peace-relevant functions. 

Comparative indicators 

To compare different institutional forms, the frame-

work operationalizes peace-relevant performance across 

the following dimensions: 

A. Cooperation capacity: precision and adaptability of 

rules, operational coordination, data exchange, and moni-

toring. 

B. Conflict management: early-warning and shock-

response protocols, dispute-settlement design and use, 

and crisis performance. 

C. Participation and accountability: stakeholder voice, 

transparency, and distributional fairness signals. 

D. External influences: donor engagement, geopolitics, 

and third-party facilitation. 

Indicators are scored on an ordinal 0–3 scale (absent 

to strong/embedded) based on observable evidence. The 
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purpose is not to produce a definitive ranking but to pro-

vide a comparison, highlight consistent strengths and 

gaps, and guide process tracing toward mechanisms ra-

ther than outcomes alone. 

HISTORICAL, TECHNICAL AND WATER-

RELATED CONFLICT DIMENSIONS OF THE 

INDUS AND NILE BASINS 

The preceding framework links institutional design to 

peace-relevant functions. That link becomes clearer if 

the Indus and Nile cases are presented as historically 

layered and technically specific water conflicts instead 

of merely generic examples of cooperation under scarci-

ty. In both basins, disputes over institutional form are 

inseparable from earlier state-building projects, inherit-

ed legal claims, contested hydraulic infrastructures, and 

uncertainty over future hydrology. This chapter, there-

fore, supplements the comparative analysis by specify-

ing the historical, technical, and water-related dimen-

sions that activate the five institutional functions identi-

fied above. 

The analytical point is that historical narratives shape 

what riparian states regard as legitimate, while technical 

design choices determine how much discretion infrastruc-

ture operators possess and how easily suspicions can lead 

to concerns over national security. Water-related risks 

such as floods, droughts, storage operations, sedimenta-

tion, environmental flows, and seasonal variability then 

determine whether institutions merely process paperwork 

or provide useful risk-reduction capacity. The chapter 

thus treats the two basins as hydropolitical systems char-

acterized by the interaction of legal rules, engineering 

choices, and political attitudes. 

Indus: partitioned hydraulic space and low-trust 

engineering 
The Indus conflict is rooted in the abrupt political par-

tition of an already integrated irrigation system. Colonial 

Punjab had been transformed through canals, barrages, 

and command areas, the logic of which followed gradi-

ents, soils, and headworks rather than later international 

borders. The 1947 partition divided this system between 

India and Pakistan, leaving several important headworks 

upstream in India while major canal-dependent command 

areas lay downstream in Pakistan. The resulting 1948 

canal-water crisis converted a technical problem of irriga-

tion continuity into an existential concern for the new 

Pakistani state (Alam 2002, Zawahri 2009). 

The 1960 Indus Waters Treaty stabilized this conflict 

by replacing joint basin development with a territorialized 

allocation of rivers. India obtained use of the Eastern 

Rivers (Ravi, Beas, and Sutlej), while Pakistan obtained 

the main use of the Western Rivers (Indus, Jhelum and 

Chenab), subject to limited Indian non-consumptive, 

agricultural, and run-of-river hydropower uses under the 

Treaty and its annexures (UNTS 1960). The bargain 

worked because it reduced day-to-day bargaining over 

volumes, but it also locked the parties into a compart-

mentalized form of cooperation. It can be described as 

peace-preserving arrangement rather than a basin-

planning arrangement. 

The political setting made this design especially sig-

nificant. The headwaters and several hydropower sites 

lie in or near Jammu and Kashmir, a territory central to 

the India-Pakistan rivalry. Water disputes, therefore, 

become easily entangled with sovereignty, territorial 

security, and national identity. Even when disagree-

ments are of a technical nature, they are rarely interpret-

ed as pure technicalities in domestic debate. This ex-

plains why the PIC can keep communication open with-

out necessarily improving broader political trust. It also 

explains why India’s April 2025 decision to hold the 

Treaty “in abeyance” had hydropolitical significance 

beyond its immediate hydrological effects; the move 

signalled that the water regime itself could become an 

instrument of political pressure during security crises 

(Singh and Shahid 2025, von Lossow 2025). 

Technically, contemporary Indus disputes concentrate 

on the design and operation of Indian run-of-the-river 

hydropower projects on the Western Rivers. The central 

question is not simply whether India may build such 

projects – the Treaty permits them within limits – but 

how design features affect the possibility of flow manipu-

lation. Spillway gates, low-level outlets, pondage, draw-

down flushing, sediment management, intake elevations, 

and dead storage are, therefore, politically sensitive engi-

neering parameters. They define the margin between 

legitimate hydropower generation and perceived up-

stream control. 

The Baglihar proceedings, closed in 2007, illustrate 

this pattern. Pakistan challenged design features of the 

Baglihar plant on the Chenab, especially matters linked to 

gated spillways, pondage, power intake levels, and flood 

design. The Neutral Expert accepted some of India’s 

engineering arguments but required modifications and 

emphasized that Treaty interpretation had to take account 

of contemporary engineering standards as well as the 

Treaty text (Salman 2008). The episode demonstrates that 

technical modernization can be incorporated through 

adjudication, but also that in the absence of agreed updat-

ing mechanisms, each new project can reopen questions 

embedded in the 1960 design logic. 

The Kishenganga arbitration of 2013 added an eco-

logical and diversion dimension. The Court of Arbitration 

allowed India to proceed with a hydropower diversion but 

required a minimum flow in the Kishenganga/Neelum 

River and clarified limits on drawdown flushing (PCA 

2013). The award is important because it shows how 

water-related conflict has expanded from allocation to the 

interaction of hydropower efficiency, environmental 

flows, sediment management, and downstream liveli-

hoods. In this sense, the Indus regime increasingly man-

ages technical externalities that were not central to the 

original partition bargain. 
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Hydrologically, the Indus Basin is exposed to season-

al and climatic uncertainty. Upper Indus flows depend on 

snowmelt, glacier melt, and monsoon rainfall, with sub-

stantial sub-basin variation. Glacier and snow processes 

buffer flows during dry periods, but climate change may 

alter the timing, variability, and reliability of that buffer-

ing effect (Lutz et al. 2014, Biemans et al. 2019). This 

matters for conflict because a delayed monsoon, extreme 

flood, rapid melt event, or low-flow season can turn rou-

tine dam operations into evidence for hostile narratives. 

The peace-relevant value of the PIC’s data exchange and 

inspection routines therefore lies not only in legal com-

pliance but in reducing misperceptions during hydrologi-

cal stress. 

The Indus case thus has a distinctive conflict struc-

ture. It is historically rooted existential dependence, tech-

nically precise but contested hydropower rules, and wa-

ter-related risks intensified by climatic variability. This 

combination explains why the PIC is strong at negative 

peace. It converts a dispute about possible upstream coer-

cion into a reviewable claim about design criteria, data, 

and procedure. However, the same structure also shows 

the limits of this form. Without a legitimate pathway for 

updating technical standards, sediment rules, environ-

mental flow practices, and extreme-event protocols, the 

Treaty may increasingly rely on litigation-like processes 

to solve adaptive problems. The basin-specific supple-

ment to the article's findings is, therefore, that Indus 

peacebuilding requires not only preserving the IWT’s 

dispute ladder but also modernizing its technical interface 

with climate, sediment, and ecological realities. 

Nile: historical rights, upstream development and 

reservoir coordination 

The Nile conflict is historically different from the In-

dus because it did not originate in a single territorial par-

tition of infrastructure. Instead, it developed from a long 

legal and diplomatic history in which downstream control 

and prior-use claims were privileged. In the past two 

centuries, a total of ten water-related agreements were 

concluded in the Nile basin, all of which favoured Egypt 

and failed to resolve conflict between countries (Azizi and 

Leandro 2025). The 1929 arrangements and the 1959 

Agreement between Egypt and Sudan entrenched down-

stream allocations and administrative understandings 

without the consent of most upstream riparian states. The 

latter agreement allocated 55.5 billion cubic metres annu-

ally to Egypt and 18.5 billion cubic metres to Sudan, 

measured at Aswan, while no quantitative share was 

allocated to Ethiopia or the equatorial riparian states 

(UAR and Sudan 1959, Waterbury 2002). 

This historical settlement became a legitimacy prob-

lem as upstream states gained capacity and sought space 

for development. Ethiopia, whose highlands contribute 

most of the Blue Nile flow, rejected the idea that colonial 

or bilateral agreements could permanently constrain its 

development options. The Nile Basin Initiative, launched 

in 1999, attempted to move beyond this legal deadlock by 

emphasizing a shared vision, technical studies, and coop-

erative investment preparation. Yet the underlying disa-

greement over historical rights versus equitable and rea-

sonable utilization remained unresolved (Cascão 2009, 

Salman 2013). 

The Cooperative Framework Agreement (CFA) repre-

sents an effort to transform that disagreement into a ba-

sin-wide legal framework. Its entry into force in October 

2024 among ratifying parties is therefore a major institu-

tional development. However, it is also a partial one 

because Egypt and Sudan have refused to join the settle-

ment. The transition from the NBI to a permanent Nile 

River Basin Commission thus occurs under a paradox: 

legal institutionalization is progressing, but not yet inclu-

sively enough to settle the most sensitive downstream-

upstream disputes (NBI 2024). 

Technically, the Nile dispute is centred on large res-

ervoir operation rather than on the detailed design criteria 

of many small or medium projects. The Grand Ethiopian 

Renaissance Dam (GERD) is the key infrastructural facil-

ity. Located on the Blue Nile near the Sudanese border, it 

has a reservoir volume of approximately 74 cubic kilome-

tres, roughly equivalent to more than one annual Blue 

Nile flow at key downstream gauges, depending on the 

hydrological baseline used (IHA n.d.). The dam is de-

signed primarily for hydropower generation, not con-

sumptive irrigation. Nevertheless, the timing of filling, 

drought-year releases, and coordination with Sudanese 

dams and Egypt's High Aswan Dam have major distribu-

tional consequences. 

The technical disagreement is therefore not reducible 

to whether Ethiopia may generate hydropower. It con-

cerns who bears hydrological risk during filling, pro-

longed drought, and multi-reservoir operation. From 

Ethiopia’s perspective, faster filling and flexible opera-

tion improve energy security and sovereign development. 

From Egypt’s perspective, however, the crucial issue is 

the reliability of downstream supply during low-flow 

sequences. Sudan’s position has been more ambivalent 

because the GERD can offer flood regulation, sediment 

reduction, and electricity benefits, while also creating 

operational risks if information and coordination are 

insufficient (Waterbury 2002, Wheeler et al. 2020). 

The water-related dimension is amplified by the 

Nile’s variability. The Blue Nile is highly seasonal, with 

the Ethiopian highlands providing a large share of annual 

flow during a concentrated wet season. Climate variabil-

ity affects both flood and drought risks, and future cli-

mate change may increase uncertainty around the fre-

quency and severity of extremes (Conway 2005, Swain 

2011). Under these conditions, a technically rational dam 

operation from one national perspective may be interpret-

ed as threatening from another if data, rules, and commu-

nication are inadequate. The peace-relevant challenge is, 

therefore, to transform hydrological uncertainty into 

jointly managed risk rather than politically exploitable 

suspicion. 
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Sediment and flood management also complicate the 

picture. The GERD can trap sediment and regulate flood 

peaks, creating benefits for hydropower operation and 

downstream infrastructure, but these benefits depend on 

coordinated reservoir rules, reliable seasonal forecasts, 

and a shared understanding of risk thresholds. Quantita-

tive modelling shows that coordinated operation and 

transparent drought-management rules can reduce risks 

for multiple parties, whereas unilateral operation increas-

es the probability of extreme hydrological conditions 

becoming political crises (Wheeler et al. 2020). 

The Nile case has a conflict structure built around 

contested legal history, a rebalancing of upstream devel-

opment capacity, and a technical need for multi-reservoir 

coordination under uncertainty. This explains why the 

NBI is strong at positive peace foundations but weaker at 

acute conflict containment. Shared tools, professional 

networks, and joint studies are valuable, but they do not 

themselves specify how much risk each party will bear 

during a prolonged drought or how release decisions will 

be verified. The basin-specific supplement to the article’s 

findings is, therefore, that Nile peacebuilding requires the 

programmatic gains of the NBI to be translated into mod-

ular, credible and inclusive operating rules for data ex-

change, drought triggers, emergency coordination, and 

long-term reservoir management. 

Comparative conflict profile 

Table 1. Historical, technical, and water-related conflict profile (own work) 

1. táblázat. A konfliktus történeti, műszaki és vízügyi profilja (saját szerkesztés)

Dimension Indus Basin Nile Basin 

Historical conflict 

driver 

Partition of an integrated irrigation sys-

tem; Kashmir-linked security rivalry; 

downstream dependence after upstream 

headworks remained in India. 

Colonial and bilateral downstream legal 

claims; upstream exclusion from earlier 

allocation arrangements; changing re-

gional power balances. 

Primary technical 

object 

Run-of-river hydropower design on 

Western Rivers: spillways, pondage, 

outlets, intake levels, sediment and diver-

sion impacts. 

Large-reservoir filling and operation: 

GERD coordination with Sudanese dams 

and High Aswan Dam, drought releases 

and flood regulation. 

Water-related risk Low-flow periods, monsoon floods, glac-

ier/snowmelt variability, project-specific 

flow manipulation fears and ecological 

flow impacts. 

Multi-year drought, high seasonal varia-

bility, flood-risk management, sediment 

trapping and distribution of storage bene-

fits and risks. 

Peace-relevant institu-

tional need 

Protect routine data exchange and dispute 

procedures while adding adaptive proto-

cols for modern hydropower, sediment, 

environmental flows and extremes. 

Preserve NBI knowledge systems while 

developing credible operating rules for 

data sharing, drought triggers, coordinat-

ed releases and inclusive CFA/NRBC 

transition. 

Cross-case implications for the analysis and con-

clusions 
Three cross-case implications can be drawn from the 

above. First, historical path dependence heavily influ-

ences the legitimacy of institutions. In the Indus, legiti-

macy rests on the Treaty as a substitute for trust after 

partition; in the Nile, legitimacy is contested because 

the inherited allocation order excluded many upstream 

riparian states. This means that similar institutional 

functions can have different political meanings. A dis-

pute-settlement procedure in the Indus may be viewed 

as protecting a hard-won bargain, while a legal frame-

work in the Nile may be viewed by non-parties as either 

a corrective to historical exclusion or as a new source of 

bloc politics. 

Second, technical specificity shapes the kind of 

peacebuilding that is possible. Indus disputes are often 

project-specific and can be translated into design criteria, 

measurements, and adjudicative questions. This favours 

legal-technical containment. Nile disputes are more sys-

tem-wide because GERD operation interacts with down-

stream reservoirs and drought management across the 

basin. This favours joint modelling, scenario planning, 

and operating rules, but also requires political agreement 

on risk sharing. The comparison, therefore, confirms that 

institutions do not perform peace functions in the ab-

stract; they perform them through the technical objects 

they are able to govern. 

Third, water-related risks are temporal. Conflict is not 

only about average annual allocation but also about tim-

ing: when water is stored, released, withheld, diverted, or 

forecast. Both basins show that peace-relevant institutions 

must be designed for hydrological sequences rather than 

static entitlements. In the Indus, project notifications and 

inspections must remain reliable during floods, droughts, 

and security crises. In the Nile, drought-year rules, sea-

sonal forecasts, and reservoir-operation transparency are 

more important for crisis prevention than general declara-

tions of cooperation. 

The practical implication is a modular reform agenda. 

For the Indus, priority modules would include updated 

technical guidance on contemporary hydropower design, 

sediment management, environmental flows, extreme-

event data exchange, and non-politicization of Commis-

sion contacts. For the Nile, priority modules would in-

clude real-time GERD data exchange, agreed drought 
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triggers, coordinated operation protocols, independent 

joint fact-finding, and pathways for non-parties to partic-

ipate in technical cooperation even where legal accession 

remains politically difficult. In both basins, peacebuilding 

through water cooperation depends on making historical 

grievances discussable, technical claims verifiable, and 

hydrological risks jointly manageable. 

CASE I: PERMANENT INDUS COMMISSION UN-

DER THE INDUS WATERS TREATY 

Institutional origins and design logic 

The Indus Waters Treaty of 1960, negotiated with 

World Bank involvement (UNTS 1960), is often cited as a 

durable example of water diplomacy between adversarial 

neighbours. Its central bargain is a geographical partition 

of rivers, coupled with a detailed operational-technical 

rule system. The Permanent Indus Commission was es-

tablished as the routine bilateral mechanism for treaty 

implementation in the Indus River basin. (See Figure 2 

for map.) It is mandated to exchange data, review planned 

measures, undertake inspections, and serve as the first 

forum for questions under the treaty. 

The IWT’s core bargain was a geographic partition of 

rivers: India received rights over the “Eastern Rivers” 

(Ravi, Beas, Sutlej), while Pakistan received rights over 

the “Western Rivers” (Indus, Jhelum, Chenab), subject to 

limited Indian “non-consumptive uses” (e.g., run-of-river 

hydropower) and agrarian transition on the Eastern sys-

tem (UNTS 1960, Arts. II–III). To enable Pakistan to 

replace irrigation supplies lost from the Eastern Rivers, 

the parties concluded, alongside the Treaty, the Indus 

Basin Development Fund Agreement (IBDF), mobilizing 

an unprecedented international financing package admin-

istered by the World Bank and contributed by Australia, 

Canada, Germany, New Zealand, the United Kingdom, 

the United States, India (via Treaty payments), and the 

Bank itself (IBDF 1960, WB 1960–1975). 

The IWT’s design reflects a “low-trust engineering” 

logic: instead of relying on broad principles and flexible 

bargaining, it encodes specific entitlements and con-

straints and provides procedures to test compliance. This 

is visible in its annexes governing hydropower and stor-

age design parameters and in its graduated dispute-

settlement ladder: the PIC addresses questions first; cer-

tain “differences” can proceed to a Neutral Expert; and 

specified “disputes” can proceed to a Court of Arbitra-

tion. The design aims to (I) reduce uncertainty, (ii) limit 

discretionary space, and (iii) ensure that disagreements 

are handled within bounded procedures rather than 

through coercive signalling. 

Figure 2. Map of the Indus River basin (URL1) 

2. ábra. Az Indus folyó vízgyűjtője (URL1)
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Peace-relevant practices: communication, data and 

bounded adjudication 

The Pick’s peace-relevant contributions arise from 

what can be described as routine-based, technical diplo-

macy. Regular meetings, systematic data exchange, and 

the possibility of joint inspections create repeated interac-

tion even when political relations deteriorate. This inter-

action does not eliminate rivalry, but it provides a pre-

dictable channel through which concerns can be ex-

pressed and clarified. 

The dispute-settlement ladder is central to compliance 

management. It lowers the temptation to respond to con-

tested infrastructure with retaliatory measures by provid-

ing a forum in which claims can be assessed against trea-

ty criteria and technical evidence. Two widely discussed 

episodes illustrate the mechanism. 

Baglihar (Neutral Expert, 2005–2007): Pakistan chal-

lenged aspects of an Indian hydropower project’s design 

on a western river, arguing that certain features could 

enable manipulation of flows. The Neutral Expert’s deci-

sion allowed particular design choices while requiring 

modifications, balancing treaty constraints with contem-

porary engineering considerations (Salman 2008). The 

peace-relevant mechanism lies in procedural contain-

ment. Rather than triggering retaliatory infrastructure 

development or broader diplomatic escalation, the Bagli-

har dispute was translated into a technical-legal process 

governed by the treaty’s dispute-settlement ladder. (The 

treaty established three-tiered dispute resolution system 

[PIC → Neutral Expert → Court of Arbitration] with 

specific technical annexures detailing design and opera-

tional parameters for Indian projects on the Western Riv-

ers (UNTS 1960, Arts. VII–IX; Annexures D–G). The 

Treaty has often been cited as a “gold standard” for hy-

dro-diplomacy because it has survived multiple wars 

[1965, 1971, 1999], territorial crises, and prolonged dip-

lomatic freezes while providing a continual venue for 

notification, data exchange, site inspections, and disa-

greement management (Zawahri 2009). The Neutral 

Expert’s decision clarified design parameters and re-

quired specific engineering modifications, allowing pro-

ject construction to proceed while addressing Pakistan’s 

concerns. The episode demonstrates how legalized proce-

dures can transform potentially escalatory infrastructure 

disputes into bounded technical disagreements subject to 

authoritative determination. 

Kishenganga (PCA 2013): Pakistan initiated arbitra-

tion concerning a hydropower diversion project. The 

tribunal permitted India to proceed with the diversion for 

hydropower but required a minimum environmental flow 

and placed limits on certain storage practices, thereby 

clarifying contested interpretations (PCA 2013). Again, 

even though both sides criticized aspects of the award, 

the process produced an authoritative reference point that 

enabled project continuation under constraints, reducing 

the likelihood of unilateral escalation. 

These episodes support the claim that legalized preci-

sion, combined with third-party procedures, can convert 

disputes into “bounded” technical-legal disagreements. 

This tends to contribute to negative peace by containing 

escalation and by maintaining communication under 

stress. 

Institutionalized routines as a channel of negative 

peace 

The PIC’s everyday work is mundane by design: ex-

changing hydrological and operational data, reviewing 

planned measures, organizing inspections, and producing 

annual reports. Yet this routine-based process is precisely 

what can matter for negative peace. In crises, the greatest 

escalation risks often arise from uncertainty and worst-

case assumptions, for example, fears that an upstream 

actor may be withholding water, manipulating reservoir 

releases, or using infrastructure as a coercive tool. Data 

exchange at regular intervals and the possibility of verifi-

cation through inspections reduce the plausibility of such 

claims and provide decision-makers with an alternative to 

public accusation. 

The durability of these routines is often emphasized in 

studies on the Indus regime because the treaty and com-

mission persisted through major interstate crises and 

wars. This persistence should not be overstated as evi-

dence of “friendship”, but it does indicate that both 

states historically perceived continued technical en-

gagement as instrumentally valuable, even when politi-

cal relations collapsed. From a peacebuilding perspec-

tive, the PIC therefore functions as an institutional 

“firebreak”: it does not resolve conflict, but it reduces 

the likelihood that water issues become accelerants 

during broader confrontations. 

Limits: brittleness, narrow scope and legitimacy 

constraints 

The PIC’s strengths are also its constraints. The IWT 

prioritizes allocation stability and dispute containment 

but provides limited scope for joint basin planning, bene-

fit, sharing or ecological governance. Environmental 

considerations are weakly embedded: participation is 

largely confined to state water bureaucracies; and trans-

parency to the public is limited, often mediated through 

national political narratives. From a positive peace per-

spective, the institutional model produces a “thin” form 

of cooperation whose legitimacy depends on state ac-

ceptance and performance rather than on broader societal 

accountability. 

A second limit is adaptability. The treaty’s detailed 

engineering provisions were designed for mid-

twentieth-century conditions. As infrastructure tech-

nologies evolve and climatic variability intensifies, 

these precise rules can become focal points of contes-

tation rather than stabilizers. Adjudication can substi-

tute for explicit flexibility to a point, but repeated 

litigation-like processes increase transaction costs and 

can politicize technical disagreements. 
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A third limit is the vulnerability of procedure to poli-

tics. Legalization only supports peacebuilding if parties 

continue to recognize the legitimacy of the process. When 

political leaders seek to renegotiate, suspend, or reinter-

pret commitments, or when parallel legal tracks create the 

possibility of conflicting outcomes, the very architecture 

meant to contain disputes can become a fault line. This 

highlights a general peacebuilding lesson: institutions that 

rely on procedure must be insulated from geopolitical 

shocks to preserve their stabilizing functions. 

Third parties and the politics of procedural credi-

bility 

Third-party roles are unusually prominent in the In-

dus regime and help explain its resilience. The World 

Bank’s involvement in the treaty’s formation and in the 

financing package that enabled Pakistan’s post-partition 

“replacement works” created reputational and material 

stakes in maintaining the agreement. More importantly 

for contemporary peacebuilding, the treaty assigns ex-

ternal appointment functions in the Neutral Expert and 

arbitration procedures. These functions are narrow, but 

they matter because they sustain a credible pathway 

when bilateral political relations stall. In institutional 

terms, third parties increase the credibility of commit-

ments by lowering the risk that one party can unilateral-

ly block dispute settlement. 

As a sign of severely deteriorating relations between 

the two countries, India announced the immediate unilat-

eral suspension of the IWT in April 2025 following a 

terrorist attack in Kashmir that claimed the lives of multi-

ple civilians. While deliberately falling short of formal 

withdrawal, the move reflected the growing inclination to 

use the IWT, and treaties in general, as instruments of 

political pressure (Zehra 2025). One year after India’s 

decision, it remains unclear whether it was a genuine 

break in cooperation or rather an episode of prolonged 

tactical manoeuvring. 

CASE II: NILE BASIN INITIATIVE AND THE CFA 

TRANSITION 

Institutional logic: shared vision, program delivery 

and gradual legalization 

The Nile Basin Initiative, launched in 1999, was de-

signed as a transitional platform to move the basin from 

fragmented arrangements toward cooperative, basin-wide 

planning in the Nile River basin (Figure 3). Its institu-

tional architecture includes a council of ministers (Nile-

COM), a technical advisory committee (Nile-TAC), and a 

secretariat (Nile-SEC), alongside sub-basin implementa-

tion centres in the Eastern Nile and the Nile Equatorial 

Lakes. Unlike the IWT, the NBI did not begin with a 

binding basin-wide allocation treaty. Its core instruments 

were programmatic: joint studies, capacity building, 

shared information systems, and cooperative investment 

preparation. Obviously, Egypt and Sudan would have 

strongly objected to an IWT-like treaty as they insist on 

historical rights and their bilateral water-sharing agree-

ment from 1959, which distributed the entire flow vol-

ume between the two countries. 

The NBI’s “shared vision” approach reflects a differ-

ent cooperation theory. In politically contested basins, 

sustained joint work on information and projects can 

build trust, professional networks, and shared problem 

definitions that later support legalization. This approach 

has been supported by extensive donor engagement, in-

cluding trust-fund financing and the involvement of de-

velopment banks, which enabled data systems and in-

vestment pipelines that many riparian states could not 

fund alone (NBI n.d.) 

Programmatic cooperation and the production of 

cooperative constituencies 

The NBI’s comparative strength lies in its capacity to 

generate what might be termed “cooperative constituen-

cies.” When basin initiatives produce tangible outputs – 

such as improved flood forecasting systems, regional 

power interconnections, or jointly prepared investment 

projects – state agencies, utilities and regional planners 

acquire practical interests in maintaining cooperation. 

These actors can act as stabilizing forces within national 

policy debates, advocating continued engagement with 

basin institutions even when interstate rhetoric becomes 

confrontational (Sadoff and Grey 2002). 

In practice, such constituencies are uneven across the 

Nile. They are strongest in the Nile Equatorial Lakes 

region, where cooperative power and infrastructure pro-

jects can be linked to regional integration agendas. They 

are weaker in the Eastern Nile, where dam operations and 

drought risk distribution dominate security narratives and 

where benefits and risks are perceived as concentrated. 

The NBI’s peacebuilding effects are therefore spatially 

differentiated: it can contribute to stabilization and inte-

gration in some sub-basins while remaining peripheral to 

the most securitized disputes in others. 

Peace-relevant practices: knowledge systems, early 

warning, and cooperative benefits 

The NBI’s peace-relevant contributions are most evi-

dent in mechanisms that reduce uncertainty and generate 

cooperative benefits. Basin-wide decision-support tools 

and scenario analysis strengthen the epistemic basis for 

planning and can reduce factual contestation. Flood fore-

casting and early warning in parts of the basin provide an 

applied form of risk management that can save lives and 

strengthen the perceived utility of cooperation. In the Nile 

Equatorial Lakes region, cooperative hydropower and 

electricity network interconnection projects create mate-

rial incentives for collaboration: shared infrastructure and 

cross-border power trade can broaden constituencies that 

benefit from stability. 

These practices align closely with the foundations 

of positive peace. They foster social learning and pro-

fessionalize interaction among riparian agencies; they 

can improve administrative capacity; and they can make  
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cooperation visible through tangible outputs. The NBI’s 

participatory architecture, though uneven, is also generally 

more developed than the PIC’s state-centric model: consul-

tations and stakeholder forums are used in several pro-

grammes to engage line ministries, utilities, and, at times, 

civil society and local actors (Paisley and Henshaw 2020). 

Figure 3. Map of the Nile River basin (URL2) 

3. ábra. A Nílus vízgyűjtője (URL2)

Limits: high-stakes distributive politics and the 

challenge of non-participation 

The NBI’s principal limitation is that programmatic 

cooperation does not necessarily resolve high-stakes 

distributive conflicts where sovereignty and national 

identity are salient. The construction and staged filling 

of the GERD on the Blue Nile and the unresolved nego-

tiations over long-term drought management and coor-

dinated operations illustrate this limitation. While the 

NBI has facilitated basin-wide dialogue and technical 

work, the most politically charged bargaining has often 

been handled in separate forums under the auspices of 

the African Union or through ad hoc negotiations. 

Where trust deficits are high and perceived risks are 

existential, cooperative projects and knowledge prod-

ucts may be insufficient to prevent securitized escala-

tion narratives unless paired with credible legal com-

mitments. Quantitative risk-modelling work suggests 

that coordinated reservoir operation and transparent 

rules could reduce drought-management risks for multi-

ple parties (Wheeler et al. 2020). 

A second limitation is fragmentation through non-

participation. Egypt and Sudan have remained outside the 

Cooperative Framework Agreement and contest aspects 

of its approach to “water security.” This constrains the 

prospect of a truly basin-wide legal-institutional settle-

ment and raises transition risks: the movement from a 

transitional initiative (NBI) to a permanent commission 

(Nile River Basin Commission, NRBC) must preserve 

existing knowledge systems and cooperation routines 

while creating incentives for non-parties to engage. The 

NBI experience therefore illustrates an important institu-

tional dilemma: inclusiveness in membership may be 

necessary for legitimacy, but achieving inclusive legaliza-

tion can be politically difficult, and partial legalization 

may harden bloc politics if not managed carefully. 

The 2024 CFA entry into force: opportunity and 

stress test 

The CFA’s entry into force in October 2024 repre-

sents a significant step towards formalizing basin-wide 

cooperation among ratifying parties. In principle, it ena-

bles a shift from donor-dependent programme delivery to  
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a more permanent governance structure with clearer 

mandates. At the same time, because major downstream 

actors remain outside, the CFA’s institutionalization is 

also a stress test for whether partial legalization can coex-

ist with basin-wide functional cooperation. If the transi-

tion is perceived as exclusionary, it may reduce the NBI’s 

capacity to serve as a neutral platform; if it is managed as 

a flexible, open-ended framework that preserves technical 

cooperation and offers pathways for accession, it can 

strengthen both negative and positive peace functions 

over time (Muhumuza 2024). 

At the same time, third-party involvement also creates 

vulnerability in terms of legitimacy. When parties contest 

the competence of a tribunal or accuse external actors of 

bias, procedural credibility can erode, and water disputes 

can re-enter the arena of geopolitical signalling. The 

Indus experience therefore suggests that third-party roles 

must be carefully designed: they should be predictable, 

limited to clearly defined functions, and embedded in 

mutually accepted rules that reduce the scope for politi-

cized contestation. 

Financing, capacity and the donor-state bargain in 

the Nile 

External support has been central to the NBI’s institu-

tional development. Donor financing enabled the creation 

and maintenance of the NBI’s three-centre architecture 

(secretariat and sub-basin offices), supported basin-wide 

knowledge systems, and underwrote the preparation of 

cooperative investments. This support can be interpreted 

as a “donor-state bargain”: donors provided resources to a 

cooperative platform that promised regional benefits, 

while riparian states retained sovereignty by emphasizing 

that the NBI is not a supranational authority but an inter-

governmental partnership. 

The bargain has clear benefits for peacebuilding: it 

makes cooperation materially feasible, sustains regular 

interaction, and enables the production of visible coop-

erative goods. Yet it also generates a well-known risk: 

when core budgets and programme pipelines depend 

heavily on external finance, perceptions of donor-driven 

agendas may undermine ownership. The NBI’s trajectory 

therefore underscores H4’s caveat: external support 

strengthens durability when it is aligned with basin priori-

ties, transparent in accountability, and paired with gradual 

increases in member-state financing and political com-

mitment (NBI 2020). 

The CFA transition as institutional evolution 

The CFA’s entry into force offers a window into insti-

tutional evolution, e.g. how basins attempt to move from 

functional cooperation to a more formal legal order. This 

is of prime importance because different tasks incur dif-

ferent political costs. Data sharing, joint training and 

early warning can often be agreed upon earlier than allo-

cation rules; project-based cooperation can proceed under 

flexible understandings even when legal status is contest-

ed. Over time, successful delivery can create a climate 

within public opinion and professional networks that 

makes legalization more feasible. 

However, the order or ranking of the various 

measures can also fail. If legalization is pursued without 

sufficient political inclusion, it may create institutional 

fragmentation; if functional cooperation is pursued with-

out a credible pathway to address distributive disputes, it 

may be dismissed as technocratic “window dressing.” 

The NBI illustrates both possibilities. Its knowledge and 

project work have created cooperative capacity, but the 

most contentious allocation and dam-operation issues 

have not been settled within its framework. The CFA 

may strengthen the legal pathway for some riparian 

states, but its peacebuilding value will depend on whether 

it can remain open, preserve basin-wide technical cooper-

ation, and create incentives for eventual broader partici-

pation (Mohammed 2025). 

COMPARATIVE FINDINGS: HOW INSTITU-

TIONAL FORM INFLUENCES PEACE-

RELEVANT FUNCTIONS 

The following table provides a comparison of the peace-

relevant functions of both river basin regimes. 

Three core claims can be drawn from the comparison: 

• Legalized regimes are comparatively strong at

negative peace functions.

The PIC’s core design choice-detailed legalization 

combined with a dispute-settlement ladder-makes it well-

suited for containing disputes under low trust. Transpar-

ency is embedded through routine data exchange and noti-

fication; predictability arises from clear entitlements and 

time-bound procedures; and compliance management is 

supported by third-party adjudication. The Baglihar and 

Kishenganga episodes show how contentious infrastructure 

disputes were processed into implementable technical-legal 

outcomes rather than driving open-ended escalation. This 

pattern is consistent with findings that legalization and 

institutionalized river claims management correlate with a 

reduced risk of military conflict (Brochmann and Hensel 

2009, Wolf et al. 2003). 

• Programmatic platforms are comparatively

strong at positive peace foundations.

The NBI’s design – centred on shared knowledge, ca-

pacity building, and cooperative projects – is well suited 

for building professional networks, reducing factual un-

certainty, and producing visible cooperative gains. These 

mechanisms contribute to legitimacy and resilience by 

creating constituencies for cooperation and by improving 

the problem-solving capacity of basin institutions. The 

NBI’s participation practices, though uneven, generally 

exceed those of the PIC and better align with positive 

peace claims about inclusion and accountability (Pahl-

Wostl 2015, Paisley and Henshaw 2020). 

• The two forms are complementary rather than

substitutable.

The Indus case shows that legalization can stabilize 

cooperation without delivering broad legitimacy or adap- 
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tive capacity. The Nile case shows that programmatic 

cooperation can build knowledge and benefits without 

being able to contain acute distributive disputes among 

pivotal actors. In other words, each form covers a differ-

ent subset of peace-relevant functions. The implication is 

“functional pluralism”: robust peacebuilding architectures 

combine rule-based containment with adaptive learning 

and legitimacy-building participation. 

Table 2. Peace-relevant institutional profile (diagnostic summary) 

2. táblázat. A békével kapcsolatos intézményi profil (diagnosztikai összefoglaló)

Function / design feature PIC (Indus) NBI (Nile) 

Rule precision and predictability Strong: detailed treaty annexes 

constrain discretion 

Moderate: guidance and pro-

grammes, limited binding allocation 

rules 

Routine communication Strong: mandated commissioner 

channel and regular meetings 

Moderate: ministerial/technical 

forums, intensity varies by sub-

basin 

Transparency and verification Moderate-strong internally; limited 

public transparency 

Moderate: growing data tools, une-

ven openness and coverage 

Dispute settlement / compliance Strong: Neutral Expert and arbitra-

tion ladder 

Weak-moderate: political forums 

and ad hoc negotiation, limited 

adjudication 

Flexibility and learning Moderate: adaptation mainly via 

adjudication 

Strong: iterative studies, tools and 

programme learning 

Participation and accountability Weak: state-centric technocratic 

model 

Moderate: stakeholder forums, 

consultations, uneven but more 

developed 

Material cooperative benefits Limited: treaty stabilizes entitle-

ments, few joint projects 

Stronger in some sub-basins: joint 

investments and capacity building 

Exposure to geopolitics High; procedures can buffer rivalry 

but are vulnerable to politicization 

High; programmatic cooperation 

persists but struggles in mega-

project politics 

Evidence relative to expectations (H1–H4) 

H1 (Transparency–stability) is broadly supported. In 

the Indus, transparency mechanisms are reinforced by 

adjudication, which makes information credible and ac-

tionable. In the Nile, transparency through shared tools 

and early warnings contributes to routine risk manage-

ment, but its stabilizing effect is more contingent because 

it lacks an accepted basin-wide adjudicative backstop. 

H2 (Flexibility–resilience) is partially supported and 

design-dependent. The NBI’s programmatic approach 

institutionalizes learning and can respond iteratively to 

new information and shocks. The Indus regime adapts to 

new challenges more slowly because its flexibility is 

largely “imported” through dispute settlement rather than 

through explicit review clauses or adaptive operating 

rules. Where political commitment to procedures weak-

ens, this pathway becomes fragile. 

H3 (Inclusiveness–legitimacy) is asymmetrically sup-

ported. The NBI’s stakeholder engagement practices 

more plausibly contribute to legitimacy and compliance, 

particularly in project-based cooperation. The PIC’s state-

centric design provides efficiency but limits societal 

voice; legitimacy is therefore more vulnerable to domes-

tic politicization and nationalist framing, especially dur-

ing crises. 

H4 (External support–durability) is supported with 

caveats. In both basins, third parties have been catalytic: 

they provided resources, convening power, and, in the 

Indus, procedural roles that strengthened credible com-

mitments. However, external engagement also carries 

risks: donor agendas can distort priorities, and perceived 

intrusion into sovereignty can trigger backlash. The dura-

ble support of peacebuilding therefore requires alignment 

with basin-defined priorities and transparent accountabil-

ity arrangements. 

Conflict mitigation versus conflict resolution 

A central lesson from both basins is the analytical dif-

ference between mitigating disputes and resolving under-

lying conflicts. The PIC is optimized for mitigation: it 

provides a routine for communication, predictable proce-

dures for “planned measures,” and a legal-technical lad-

der that can translate disagreements into decisions. This 

helps prevent water issues from becoming triggers in a 

wider security rivalry. Yet the PIC is not designed to 

resolve deeper distributive grievances, identity conflicts, 

or territorial disputes that shape India–Pakistan relations. 

Its contribution is therefore best described as a stabilizing 

“buffer” around a vital resource rather than a pathway to 

political reconciliation. 

The NBI illustrates the inverse pattern. Its program-

matic portfolio can contribute to conflict transformation 

in limited ways by building habits of cooperation, estab-

lishing linkages between technical communities and soci-

ety at large, and generating cross-border benefits. How-

ever, when core questions of entitlement and risk distri-

bution are securitized – as in debates over large dam 

operations and drought management – programmatic 

cooperation has limited leverage. In those moments, 
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conflict resolution requires a political settlement on rules, 

not only projects and studies. The implication is that 

claims to peacebuilding must be specified: institutions 

can generate negative peace (containment) without re-

solving political conflict, and they can generate positive 

peace foundations without guaranteeing settlement on 

allocation. 

Power asymmetry, hydro-hegemony, and the poli-

tics of knowledge 

Both cases also show that institutional design inter-

acts with power. In the Indus, India’s upstream posi-

tion on several tributaries and its larger economic and 

military capacity create bargaining advantages; Paki-

stan’s downstream dependence and security concerns 

encourage a defensive posture. The IWT’s precise 

rules and third-party procedures can be interpreted as 

“soft equalizers”: they narrow discretion and provide 

Pakistan with a procedurally legitimate channel to 

contest designs. At the same time, the treaty’s partition 

logic also reflects historical power and bargaining 

constraints; it stabilizes expectations but does not cre-

ate a joint developmental vision. 

In the Nile, historical hydro-hegemony has been as-

sociated with downstream influence, particularly by 

Egypt, anchored in diplomatic leverage and legacy 

agreements. Over the last decades, upstream states 

have increasingly mobilized finance, technology, and 

coalition-building to pursue hydropower and irrigation 

development, reshaping the dynamics of bargaining 

(Cascão 2009). The NBI’s shared-vision approach 

partly sought to depoliticize these contests by building 

a common knowledge base. Yet the politics of 

knowledge remains central: whose models are accept-

ed, which scenarios are emphasized, and how uncer-

tainty is communicated can all affect perceived legiti-

macy. In this sense, transparency is not only about 

releasing data but also about establishing trusted pro-

cesses for joint fact-finding and interpretation. Institu-

tions that neglect this risk seeing technical debates re-

securitized in the public sphere. 

A mechanism typology for peace-relevant water 

institutions 

Synthesizing across the two cases, the following mecha-

nisms appear especially important for negative peace and 

for positive peace, respectively. 

Negative peace mechanisms: 

(1) Proceduralized communication: predictable meet-

ings and notification routines keep channels open and 

reduce misperceptions during crises. 

(2) Verifiable transparency: data exchange tied to moni-

toring standards and inspections provides a shared evi-

dentiary base. 

(3) Bounded adjudication: time-bound escalation lad-

ders and third-party determinations reduce incentives for 

unilateral escalation. 

Positive peace mechanisms: 

(4) Social learning and epistemic community building: 

joint tools, models and studies generate shared problem 

definitions and professional norms. 

(5) Legitimization through inclusion and benefit visibil-

ity: participation and tangible cooperative outputs broad-

en constituencies that value stability. 

The PIC strongly instantiates (1)-(3) and only weakly 

(4)-(5). The NBI strongly instantiates (4) and, in part, (5), 

while (1)-(3) depend more on political conditions and 

remain uneven at the basin scale. The key theoretical 

implication is that different institutional forms can be 

functionally plural: they can deliver different bundles of 

peace-relevant mechanisms. This helps explain why em-

pirical claims about “water cooperation” often appear 

inconsistent; what matters is which mechanisms are pre-

sent and credible in a given institutional setting. 

Detailed case scores and justifications can be found in 

the Annex to this study. 

Limitations and scope conditions 

Two limitations constrain the findings. First, peace-

building outcomes such as trust and legitimacy are diffi-

cult to measure directly; the analysis therefore relies on 

observable proxies (institutional routines, dispute trajec-

tories, transparency practices, and participation architec-

tures). Second, the study focuses on interstate institutions 

and thus only indirectly captures subnational impacts. In 

both basins, domestic politics, centre–province relations, 

and national development narratives can override institu-

tional incentives. These factors do not negate institutional 

effects, but they shape their scope conditions: even well-

designed institutions cannot substitute for political will-

ingness to cooperate, and poorly designed domestic gov-

ernance can erode transboundary legitimacy. 

Future research can strengthen causal inference by 

combining comparative institutional analysis with micro-

level evidence on how affected communities perceive 

fairness and how national bureaucracies internalize trans-

boundary commitments. It can also examine how “modu-

lar” cooperation (data, forecasting, emergency rules, joint 

investments) may accumulate into more comprehensive 

legal settlements over time. 

Comparative profile in brief 

The indicator-based assessment can be summarized as 

a diagnostic profile rather than a scorecard. The PIC is 

strongest where legalization, verification, and escalation 

procedures matter, and weakest where legitimacy-

building transparency and inclusion are imperative. The 

NBI is strongest where knowledge production, project 

delivery, and stakeholder engagement matter, and weak-

est where binding basin-wide rules and enforcement 

would be required to contain distributional disputes. 

This profile helps clarify what it means to “strengthen 

cooperation.” For the Indus, strengthening is less about 

adding more rules and more about modernizing and legit-
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imizing existing ones. For the Nile, strengthening is less 

about producing additional studies and more about trans-

lating knowledge and programme experience into credi-

ble, inclusive rule systems for risk sharing-while keeping 

non-parties engaged. 

CONCLUSION  

Comparative evidence suggests that peacebuilding 

through water cooperation is most plausible when institu-

tions deliver a balanced portfolio of functions. The fol-

lowing implications can be drawn from the analysis: 

1. Pair legal precision with bounded flexibility.

Precise rights and obligations reduce uncertainty, but 

rigidity increases friction under change. Institutions 

should include review clauses, emergency operating 

rules, and standing technical groups that can update pro-

cedures without reopening fundamental bargains (Cosens 

et al. 2014). Where full treaty revision is politically infea-

sible, side protocols can specify drought/flood coordina-

tion, data standards, and technical design updates. 

2. Treat knowledge systems as peace infrastructure.

Shared models, interoperable datasets, and transparent 

forecasting reduce factual contestation and can de-

escalate rumours during crises (Giordano et al. 2014). 

Investments in data systems should include tiered public 

access to strengthen legitimacy while protecting sensitive 

security information. 

3. Maintain a credible, time-bound dispute pathway.

Dispute ladders contribute to negative peace by offer-

ing authoritative decisions and limiting forum shopping. 

Their credibility depends on clear rules of ranking, pre-

dictable timelines, and recognized gatekeeping. Where 

adjudication is politically contested, advisory joint fact-

finding or third-party technical panels can still lower 

uncertainty and provide face-saving options. 

4. Expand participation to strengthen domestic buy-in.

Transboundary institutions depend on domestic poli-

tics. Structured engagement with subnational authorities, 

user associations and affected communities can strength-

en legitimacy and reduce contestation (Derman and Fer-

guson 2003). Participation should be designed to be 

meaningful rather than symbolic consultations; e.g. feed-

back loops for consultations should be included. 

5. Focus on distributional legitimacy and risk-sharing.

Peace dividends are fragile when benefits and risks 

are perceived as imbalanced. Institutions should prioritize 

joint scenarios that make distributional effects explicit 

(especially under drought) and develop compensatory or 

benefit-sharing arrangements where feasible (Sadoff and 

Grey 2002). 

6. Align external support with ownership and ac-

countability. 

External finance and facilitation are most valuable 

when they enable long-term capacity building and rein-

force local priorities (Paisley and Henshaw 2020). Do-

nors should avoid designs that substitute for political 

commitment; instead, they can support monitoring infra-

structure, joint training, and the institutionalization of 

transparent budgeting and evaluation. 

7. Insulate technical cooperation from geopolitical

shocks. 

Where political relations deteriorate, technical chan-

nels and data exchange become even more valuable. 

Crisis-communication protocols, protected working-level 

contacts, and jointly agreed non-politicization norms can 

preserve cooperation during shocks. 

Basin-specific implications: Indus 

For the Indus, the key priority is to protect and mod-

ernize the containment functions that have historically 

reduced escalation risks. This implies safeguarding rou-

tine data exchange and meetings even when broader di-

plomacy deteriorates, because these routines are the insti-

tution’s core asset in terms of peacebuilding. Technical 

modernization should focus on reducing recurring design 

disputes by clarifying, through agreed technical protocols 

or updated annex guidance, how contemporary hydro-

power and sediment-management practices can remain 

consistent with treaty objectives. An explicit, jointly 

agreed “shock protocol” – for example, for extreme 

floods, drought years, or major infrastructure incidents – 

would provide bounded flexibility without reopening the 

treaty’s fundamental bargain. 

At the same time, strengthening legitimacy requires 

moving beyond a purely state-centric model. Without 

transforming the PIC into a broad stakeholder forum, 

incremental steps are feasible: more systematic publica-

tion of non-sensitive meeting summaries, clearer public 

communication of dispute procedures, and structured 

interfaces with affected subnational authorities and expert 

communities. Such measures can reduce rumour-driven 

politicization and help maintain domestic support for 

continued procedural engagement. 

Basin-specific implications: Nile 

For the Nile, the central challenge is to preserve the 

NBI’s functional cooperation while transitioning toward a 

more formal legal order. The impending creation of a 

permanent commission should not disrupt the knowledge 

systems, technical staffing, and project pipelines that the 

NBI has accumulated. A practical approach is to treat 

these systems as shared “basin public goods” and insulate 

them from political contestation over legal status. 

Because the most securitized disputes relate to dam 

operations and drought risk-sharing, modular agreements 

can provide a bridge where comprehensive settlement is 

politically infeasible. For example, riparian states could 

negotiate technical rules for data sharing on reservoir 

levels and planned releases, joint drought triggers, and 

principles for coordinated emergency response, without 

requiring immediate agreement on permanent allocations. 

Independent joint fact-finding panels – potentially sup-
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ported by regional organizations or mutually accepta-

ble third parties – can help establish trusted baselines 

for negotiation and reduce the incentives for public 

escalation. 

Cross-basin lesson: design for complementarity 

Across basins, institutional reform agendas should 

avoid copying a single “model.” Instead, reforms 

should diagnose which peace-relevant functions are 

missing and add design elements accordingly. Where 

legalization exists but is brittle, invest in adaptive 

capacity, participation, and trusted knowledge produc-

tion. Where programmatic cooperation exists without 

credible conflict containment, develop time-bound 

procedures for dispute management and modular legal 

commitments that can gradually expand. 

A checklist for practitioners 

Across both basins, the following questions provide a 

quick diagnostic for whether a cooperation arrangement 

is likely to generate peace-relevant effects: 

• Can parties verify key claims (flows, storage,

operations) through shared monitoring and

agreed data standards?

• Are there predictable meeting and notification

routines that persist during political downturns?

• Does the framework provide a credible and

time-bound pathway for moving disagreements

from technical consultation to a binding or au-

thoritative resolution?

• Do operating rules specify how risks are shared

during extremes (droughts, floods) and how

rules are reviewed?

• Are affected stakeholders able to contest and in-

form decisions through structured participation,

and are non-sensitive outputs publicly commu-

nicated?

• Are cooperative benefits visible enough to create

domestic constituencies that value stability?

• Is external support aligned with basin priorities

and designed to reinforce, not replace, owner-

ship?

If several answers are “no,” cooperation may still exist, 

but its claims of contributing to peacebuilding should be 

treated cautiously. 

The comparison of the PIC and the NBI shows that 

water cooperation can contribute to peacebuilding, but 

not automatically and not uniformly. Effects emerge 

when design features, practices, and context align to 

generate transparency, predictability, reciprocity, learn-

ing, and legitimate risk sharing. In an era of climatic 

variability and infrastructure expansion, durable coopera-

tion is more likely when stability-oriented legal proce-

dures are coupled with adaptive and inclusive program-

matic capacities, supported by external actors in ways 

that reinforce rather than replace basin ownership. The 

comparison suggests that peacebuilding through water 

cooperation should be understood as contingent institu-

tionalism: institutions contribute to peace not by their 

mere existence but by the specific functions they perform. 

In practice, stable cooperation emerges when rule-based 

containment mechanisms are complemented by institu-

tions that generate shared knowledge, adaptive capacity, 

and broader constituencies for cooperation. 

The APPENDIX (attached in a separate file: Évf. 106 

szám EN1 (2026) | Hidrológiai Közlöny) documents the 

indicator codebook, scoring rules, and case-specific justi-

fications used in the thesis’s comparative analysis. It is 

designed to maximize transparency and replicability. The 

framework contains four dimensions (A–D), each with 

three indicators (1–3). Each indicator is scored on a 0–3 

scale. Scores are justified for both cases: the Permanent 

Indus Commission (PIC, Indus Basin) and the Nile Basin 

Initiative / Nile River Basin Commission (NBI/NRBC, 

Nile Basin). Three worked examples per basin illustrate 

the coding procedure and evidence trace  
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Abstract 
Madagascar's concurrent crises of energy poverty (33.7% electrification), acute food insecurity (1.63 million people in Integrated Food 

Security Phase Classification (IPC) Phase 3+ in 2024), and watershed degradation (4.85 million hectares of forest lost since 2000) are 

structurally interdependent, yet are governed in institutional silos with no cross-sectoral coordination mechanism. This paper maps 

the Water-Energy-Food (WEF) nexus dynamics of Madagascar, tests the hypothesis that institutional fragmentation –   not physical 

resource scarcity – is the binding constraint on nexus performance, and proposes an evidence-based integrated governance framework. 

A sequential mixed-methods design integrates systematic secondary data synthesis with qualitative institutional analysis following a 

governance audit framework and the FAO three-systems nexus model. Five quantified nexus feedback loops are identified, the most 

critical being a biomass-deforestation-hydropower cascade that simultaneously impairs energy supply, watershed function, and food 

system productivity. Despite the per capita renewable freshwater endowments of ~12,000 m³/year due to climatic heterogeneity, this 

resource is distributed unevenly across the country; while this is double the Sub-Saharan African average, only 14% of the population 

accesses safely managed water, and 85% of primary energy derives from biomass. A 96% agricultural water withdrawal share, 47% 

child stunting rate, and projected temperature increases of 3–5 °C by 2100 compound these structural deficits. Madagascar's nexus 

failures are governance failures. To address the identified governance and resource management challenges, this study proposes three 

high-leverage policy measures. First, establish a National Water-Energy-Food (WEF) Nexus Coordination Secretariat to strengthen a 

cross-sectorial coordination and policy coherence. Second, implement nexus-aware investment screening anchored in the 2024 ECA-

WFP geospatial initiative to ensure that public and private investments account for WEF interdependencies. Third, expand off-grid 

renewable energy, like solar deployment linked to productive agricultural use requirements, to improve energy access while enhancing 

agricultural productivity and water-use efficiency. 

Keywords 
Water-Energy-Food (WEF) Nexus, Madagascar, Food Security, Governance, Hydropower, Sustainable Development. 

A víz-energia-élelmiszer összefüggés Madagaszkáron: Kölcsönös függőségek, kaszkádszerű 

kudarcok és egy integrált irányítási keretrendszer 

Kivonat 
Madagaszkár egyidejű válságai, mint például az energiaszegénység (33,7%-os villamosítás), az akut élelmiszer-bizonytalanság (1,63 

millió ember az Integrált Élelmiszerbiztonsági Fázisbesorolás (IPC) 3+ fázisába került 2024-ben) és a vízgyűjtők degradációja (4,85 

millió hektár erdő veszett el 2000 óta) strukturálisan egymástól függenek, mégis intézményi silókban, ágazatközi koordinációs mecha-

nizmus nélkül irányítják őket. Ez a tanulmány feltérképezi Madagaszkár víz-energia-élelmiszer (WEF) nexus dinamikáját, teszteli azt 

a hipotézist, hogy az intézményi fragmentáció – nem a fizikai erőforrások szűkössége – korlátozza a nexus teljesítményét, majd bizo-

nyítékokon alapuló integrált irányítási keretet javasol. A szekvenciális vegyes módszerű tervezés integrálja a szisztematikus másod-

lagos adatszintézist a kvalitatív intézményi elemzéssel, egy irányítási audit keretrendszert és a FAO háromosztatú nexus modelljét 

követve. Öt számszerűsített nexus visszacsatolási hurkot azonosít, amelyek közül a legkritikusabb a biomassza-erdőirtás-vízenergia 

kaszkád, amely egyszerre rontja az energiaellátást, a vízgyűjtő működését és az élelmiszerrendszer termelékenységét. Annak ellenére, 

hogy az egy főre jutó megújuló édesvízkészlet ~12 000 m³/év – ami a szubszaharai afrikai átlag kétszerese –, a lakosságnak csak 14%-

a fér hozzá biztonságosan kezelt vízhez, és az elsődleges energia 85%-a biomasszából származik. A mezőgazdasági vízkivétel 96%-

os aránya, a gyermekkori fejlődés elmaradásának 47%-os, valamint a 2100-ra előrejelzett 3–5 °C-os hőmérséklet-emelkedés súlyos-

bítja ezeket a strukturális hiányosságokat. Madagaszkár nexus hibái kormányzási hibák. Először is létre kell hozni egy Nemzeti Víz–

Energia–Élelmiszer (WEF) Összefüggés-koordinációs Titkárságot a szektorok közötti koordináció és a politikai koherencia erősítése 

érdekében. Másodszor, a 2024-es ECA–WFP térinformatikai kezdeményezésen alapuló, a nexust figyelembe vevő beruházásszűrést 

kell bevezetni annak biztosítására, hogy az állami és magánberuházások figyelembe vegyék a víz, az energia és az élelmiszer közötti 

kölcsönös függőségeket. Harmadszor, ki kell bővíteni a hálózaton kívüli megújuló energiaforrások, például a napenergia felhasználá-

sát, összekapcsolva azt a termelői mezőgazdasági igényekkel, az energiaellátás javítása mellett a mezőgazdasági termelékenység és a 

vízfelhasználás hatékonyságának növelése érdekében.  

Kulcsszavak 
Víz-Energia-Élelmiszer (WEF) nexus, Madagaszkár, élelmiszerbiztonság, irányítás, vízenergia, fenntartható fejlődés. 
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INTRODUCTION 

Madagascar presents a paradox that challenges conven-

tional resource-scarcity narratives: it possesses extraordi-

nary natural capital–337 billion m³ of renewable freshwa-

ter, 7,800 MW of unexploited hydropower potential, and 

solar irradiation averaging 5.5 kWh/m²/day–yet consist-

ently records among the worst water, energy, and food 

security outcomes globally. As of 2024, only 33.7% of 

Malagasy citizens had access to electricity (World Bank 

2023); 1.63 million people faced IPC Phase 3 or worse 

food insecurity conditions (IPC 2024); and 4.85 million 

hectares of forest cover had been lost since 2000, releas-

ing an estimated 2.52 GtCO₂e (Andriamparany et al. 

2023). This configuration – abundant resources, cata-

strophic outcomes – is the defining problem that moti-

vates the present analysis. 

These aggregate figures, however, obscure a spatial 

asymmetry that is analytically decisive for the Water-En-

ergy-Food (WEF) nexus. Madagascar’s orographic struc-

ture concentrates the large majority of annual precipita-

tion on the steep eastern escarpment (Figure 1), where 

short, high-gradient rivers discharge into the Indian 

Ocean before any significant water capture is possible. 

The same eastern corridor that generates the 7 800 MW 

hydropower potential –the energy pillar of the nexus – is 

thus hydrologically decoupled from the arid south and 

west, where food insecurity is most acute and where an-

nual rainfall can fall below 400 mm. The result is that the 

three nexus dimensions are not merely underperforming 

in parallel: they are spatially misaligned at the outset, so 

that expanding hydropower on eastern rivers does not au-

tomatically relieve water or food stress in the regions that 

need it most. Understanding this structural disconnection 

is a precondition for interpreting both the governance 

failures and the policy interventions analysed in the sec-

tions that follow. 

Existing research on Madagascar's development chal-

lenges addresses these sectors largely in isolation. Agricul-

tural studies focus on productivity constraints (Minten and 

Barrett, 2008); energy studies address electrification gaps 

(Nematchoua 2020); climate studies examine adaptive be-

havior among smallholder farmers (Barrett et al. 2025, 

Davies et al. 2024). The Water-Energy-Food (WEF) 

nexus, as applied by Nkiaka et al. (2023) across 54 African 

nations using the WEF Nexus Index, demonstrates that 

suboptimal performance in all three dimensions simultane-

ously is the norm in Sub-Saharan Africa, and that the dom-

inant constraint is institutional rather than physical. Yet 

Madagascar receives no country-specific nexus treatment 

in this or any comparable analysis. This is the research gap 

this paper addresses. 

The underperformance of Madagascar's WEF nexus is 

primarily attributable to institutional fragmentation and 

governance failures, not to physical resource scarcity, and 

an integrated cross-sectoral governance framework would 

produce measurably superior outcomes across all three 

nexus dimensions. 

This hypothesis raises the following four interrelated 

Research Questions (RQ): 

• RQ1: What is the current state of Madagascar's wa-

ter, energy, and food systems relative to regional bench-

marks, and where do the most acute deficits lie? 

• RQ2: What are the principal WEF nexus feedback

mechanisms, what are their quantified magnitudes, and 

which feedback loops are most damaging? 

• RQ3: How does observed and projected climate

change modulate the nexus interdependencies, and which 

pathways are most critical for policy attention? 

• RQ4: What governance architecture would most ef-

fectively address Madagascar's identified nexus failure 

modes, and what evidence-based institutional reforms are 

recommended? 

LITERATURE REVIEW AND THEORETICAL 

FRAMEWORK 

The WEF nexus concept, introduced by Hoff (2011) at 

the Bonn 2011 Conference, posits that water, energy, and 

food are governed as separate systems despite exhibiting 

deep physical interdependencies. Food and Agriculture 

Organization of the United Nations (FAO 2014) elabo-

rated this insight into a three-pillar planning model em-

phasizing resource trade-offs and co-management syner-

gies. Bizikova et al. (2013) extended this into a practical 

investment risk framework showing that siloed sectoral 

investments regularly generate negative externalities 

across nexus boundaries. 

Leck et al. (2015) identified a translation deficit be-

tween nexus theory and actionable governance: the frame-

work diagnoses interdependencies well but rarely pro-

duces institutional prescriptions. Rasul (2016) addressed 

this in a South Asian context, demonstrating that nexus 

performance is mediated by trade regimes, fiscal architec-

ture, and institutional coordination capacity. Herrera-

Franco et al. (2024), in a systematic review linking the 

WEF nexus to clean energy transitions, found that renew-

able energy deployment consistently generates cross-sys-

tem co-benefits when planned with nexus – awareness – a 

finding directly relevant to Madagascar's off-grid solar op-

portunity. 

Nkiaka et al. (2023) applied the WEF Nexus Index to 

all 54 African nations, finding that sub-Saharan countries 

cluster around a pattern of simultaneous water-energy-

food insecurity in which governance capacity, not physical 

endowment, predicts performance variation. Authier et al. 

(2024), in the most methodologically proximate study to 

the present paper, applied a combined Geographic Infor-

mation System (GIS) and optimization model to the Wa-

ter-Energy-Food (WEF) nexus of Réunion Island – a com-

parable small island in the Indian Ocean context – demon-

strating that land use competition between food, water, and 

energy systems can be quantified and mitigated through 

integrated spatial planning. Their finding that dietary be-

haviours are closely interlinked with land use competition 

is directly applicable to Madagascar’s tavy-rice culture. 
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(Tavy is the Malagasy term for slash-and-burn agriculture 

– the practice of clearing forest by fire to create temporary

cultivation plots, predominantly for upland rice. The tavy-

rice manner thus refers to the structural interdependence 

between this deforestation-driven cultivation system and 

Madagascar’s broader food, water, and energy dynamics: 

tavy provides subsistence food security to millions of 

smallholders while simultaneously driving the deforesta-

tion, watershed degradation, and soil erosion that under-

mine long-term agricultural and hydropower viability.) 

Chagwiza et al. (2025), in a global systematic review of 

117 empirical nexus studies, found that the most recent re-

search direction extends the WEF nexus to incorporate soil 

and biodiversity resources whose degradation in Madagas-

car directly drives nexus failure. 

For Madagascar specifically, Barrett et al. (2025) doc-

umented that annual precipitation declined at 14 of 15 

long-term weather stations between 1961 and 2017, with 

temperatures projected to rise 3-5 °C by 2100, directly 

threatening rice productivity and river discharge for hydro-

power. Davies et al. (2024) found that gendered-related 

constraints on agricultural adaptation-lower asset owner-

ship and, less extension access-disproportionately expose 

female smallholders to climate-nexus shocks. The Interna-

tional Monetary Fund (IMF 2023) integrated the Water-

Energy-Food (WEF) nexus explicitly into Madagascar's 

macroeconomic framework, identifying the energy-water-

food triad as the primary structural constraint on growth. 

This paper positions itself within the governance-fo-

cused strand of nexus literature, building on the methodo-

logical approach of Authier et al. (2024) and the continen-

tal analytical framework of Nkiaka et al. (2023) to provide 

the first comprehensive Water-Energy-Food (WEF) nexus 

analysis for Madagascar at a national scale. 

METHODS 

Research Design 

A sequential mixed-methods design was employed in 

four analytical stages: (i) systematic resource characteriza-

tion, (ii) quantified nexus interdependency mapping, (iii) 

climate stress modulation analysis, and (iv) governance as-

sessment and recommendation synthesis. The design fol-

lows Bizikova et al. (2013) for practical nexus planning 

and Leck et al.'s (2015) governance audit framework for 

the institutional dimension. 

Data Collection 

Secondary data were systematically retrieved from 

eight institutional databases, prioritizing 2018-2024 rec-

ords: FAO AQUASTAT (2022) (water withdrawals, irriga-

tion coverage), World Bank 2023 (electrification, poverty, 

arable land), International Energy Agency (IEA 2023) (en-

ergy mix, renewable potential), International Renewable 

Energy Agency (IRENA 2023a), Integrated Food Security 

Phase Classification (IPC 2024) (food insecurity phase 

classifications), United Nations International Children's 

Emergency Fund (UNICEF and WHO 2023), Water, San-

itation and Hygiene (WASH) indicators, Global Forest 

Watch (GWF 2024), Andriamparany et al. (2023) (Land-

sat analysis-deforestation), Sustainable Energy for All 

(United Nations initiative) (SE4All 2024) (geospatial en-

ergy access), and United Nations Economic Commission 

for Africa and World Food Programme (ECA and WFP 

2024) (nexus policy initiatives). Peer-reviewed literature 

was identified through searches in Web of Science, Sco-

pus, and PubMed using the Boolean string: ('water-energy-

food nexus' OR 'Water-Energy-Food (WEF) nexus') AND 

('Madagascar' OR 'island developing' OR 'Sub-Saharan Af-

rica') AND ('governance' OR 'food security' OR 'hydro-

power'). From 214 initial results, 40 studies met full inclu-

sion criteria (empirical nexus or Madagascar-specific focus; 

published 2011–2025; Web of Science/Scopus indexed). 

Analytical Approach 

Water-Energy-Food characterization benchmarks 

Madagascar's indicators against Sub-Saharan African av-

erages and Sustainable Development Goal (SDG) 2030 

targets (Table 1). Nexus interdependency analysis con-

structs and quantifies five principal feedback pathways by 

triangulating magnitude data from multiple sources (Table 

2). Climate stress analysis integrates Intergovernmental 

Panel on Climate Change (IPCC 2022) regional projec-

tions with station-level precipitation trend data from Bar-

rett et al. (2025). Governance assessment applies Leck et 

al.'s (2015) five-dimension audit (coordination, capacity, 

data, finance, accountability) to each sector and at the 

cross-sectoral level. Limitations include subnational WEF 

data available primarily for the Grand Sud and major river 

basins; no primary data collection; and the dynamic policy 

context post-2024 may not be fully captured. 

Figure 1 positions Madagascar within the full cross-

national distribution of the 54 Sub-Saharan African (SSA) 

nations covered by the WEF Nexus Index of Nkiaka et al. 

(2023): each data point is a single SSA country-level ob-

servation for one of the three nexus dimensions (water ac-

cess, energy access, food security), drawn from the same 

institutional databases listed above. Madagascar’s values 

are distinguished to show where the country sits relative to 

the regional spread. This methodological choice is not in-

cidental. The paper’s central hypothesis – that Madagas-

car’s nexus failures reflect institutional dysfunction rather 

than physical resource scarcity – can only be tested against 

a comparator group that shares broadly similar physical 

endowment levels. Plotting Madagascar within the SSA 

distribution allows the reader to verify directly whether its 

underperformance is a regional outlier or a structurally 

predictable outcome; if similarly endowed SSA peers 

achieve substantially better nexus scores, the institutional 

explanation gains empirical support. The figure therefore 

serves an evidentiary rather than illustrative function, and 

the data points are neither sub-national observations nor 

separate studies about Madagascar alone. 
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Figure 1. Spatial distribution of rainfall in Madagascar (Rabezanahary et al. 2025) 
1. ábra. A csapadék területi eloszlása Madagaszkáron (Rabezanahary és társai 2025)

RESULTS 

Water-Energy-Food Composite Stress Profile 

Table 1 presents Madagascar's position across 12 WEF 

indicators benchmarked against Sub-Saharan African (SSA) 

averages and SDG 2030 targets. The data reveal a consistent 

pattern: despite national-level hydrological abundance 

(12,000 m³ per capita more, than double the SSA average 

of 5,800 m³), access as well as management performance 

are systematically below regional norms. Only 14% of the 

pop-ulation has access to safely managed drinking water 

com-pared with the Sub-Saharan African average of 28%; 

agri-cultural water withdrawals account for 96% of total 

fresh-water use, substantially exceeding the regional 

average of approximately 70%, indicating limited water 

availability for domestic and industrial uses. While the 

SSA average, in-cludes countries with markedly different 

socioeconomic and water management contexts, 

including South Africa, Mada-gascar remains among the 

region’s poorest-performing 

countries on both indicators. The electrification deficit is 

equally stark: at 33.7% national and 6–10% rural rates, 

Madagascar trails the SSA average (48.4%) despite pos-

sessing 7,800 MW of hydropower potential, of which 

only 162 MW 2.1% is currently exploited. Biomass 

constitutes approximately 85% of primary energy, versus 

an SSA aver-age of 68%, confirming Madagascar as a 

high-end outlier on traditional energy dependence. In the 

food dimension, 1.63 million people (15% of the 

population analysed) faced IPC Phase 3 or above food 

insecurity between September and December 2024, with 

48,000 in Emergency (Phase 4); child stunting stands at 

47% one of the five highest rates globally and post-

harvest rice losses of 20-30% compound production 

deficits. Critically, the resource endowment col-umns 

(freshwater per capita, solar irradiation, hydropower 

potential) indicate that these outcomes are governance 

and infrastructure failures –  not scarcity failures a finding 

that directly supports the central hypothesis. 
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Table 1. WEF Composite Stress Profile: Madagascar vs. SSA Benchmarks and SDG 2030 Targets (author’ compilation based on 

cited databases) 

1. táblázat. Víz-Energia-Élelmiszer (WEF) összetett stresszprofil: Madagaszkár vs. Szubszaharai Afrikára vonatkozó referenciaérté-

kek és a 2030-as fenntartható fejlődési célok (a szerző szerkesztése a hivatkozott adatbázisok alapján) 

Indicator Madagascar SSA Average Target 2030 Source 

Freshwater per capita (m³/yr) 11,072 – 13,179 ~5,800 - FAO AQUASTAT (2022) 

Basic drinking water access (%) 53 – 55.8 70 100 UNICEF and WHO (2023) 

Safely managed water (%) 22 28 100 UNICEF and WHO (2023) 

Agricultural water share (%) 96 70 <85 FAO AQUASTAT (2022) 

National electrification rate (%) 36 48.4 70 ADB and World Bank (2023) 

Rural electrification rate (%) 5 - 7 28 70 ADB and IEA (2023) 

Traditional biomass share (primary energy) (%)  80 ~ 90 ~68 <50 IEA (2023) 

Hydropower exploited / potential 162 MW/7,800 MW n/a ≥2,000 MW IRENA (2023b) 

IPC Phase 3+ (Sep–Dec 2024) 1.63 M (15%) Variable < 5% IPC (2024) 

Child stunting (<5 yrs) 39 - 42 % ~35% <10% WBG and WFP (2024) 

Post-harvest food losses (rice) 11,4 % 15–20% <10% APHLIS and USAID (2020) 

Tree cover lost since 2000 4.85 Mha (25%) Varies Net zero loss Andriamparany et al. (2023) 

Nexus Interdependency Analysis 

Table 2 quantifies five principal nexus feedback path-

ways identified through data triangulation. The dominant 

cascade is the biomass-deforestation-hydropower loop: 

charcoal and fuelwood demand (85% of primary energy) 

drives forest clearance at approximately 260 000 ha/year 

(GFW 2024), stripping riparian catchment cover, elevating 

erosion rates, and increasing sediment loads in rivers that 

feed Madagascar's hydropower infrastructure. The 

Betsiboka River now carries sediment concentrations, 

which are among the highest recorded globally. In drought 

years, this sedimentation-weakened system faces addi-

tional stress: dry-season river discharge in western and 

central catchments can decline 70–80% from wet-season 

peaks, reducing hydropower output and triggering load-

shedding events of 12+ hours/day in Antananarivo, disa-

bling the irrigation pumps, cold storage systems, and mill-

ing equipment that food security depends upon. 

Table 2. Quantified Water-Energy-Food (WEF) nexus feedback pathways in Madagascar (author’ compilation based on cited refer-

ences) 

2. táblázat. Mennyiségileg meghatározott víz-energia-élelmiszer (WEF) nexus visszacsatolási útvonalak Madagaszkáron (a szerző

szerkesztése a hivatkozott hivatkozások alapján) 

Nexus Pathway Mechanism Quantified Impact (Madagascar) Key Reference 

Deforestation → Hydropower 

Sedimentation degrades reser-

voir capacity & turbine effi-

ciency. But it also increases 

mean runoff at the same time 

~260 kha natural forest lost/yr; dry-

season load-shedding ≥12 h/day in 

drought years 

GFW (2024) 

Andriamparany et al. (2023) 

Moran et al. (2018) 

Energy deficit → post-harvest 

loss 

No cold chain, no mechanical 

drying; rice sold at harvest-

trough prices 

20-30% rice post-harvest loss; 25-

40% reducible with village electrifi-

cation 

USAID (2020) 

IEA (2023) 

Deforestation + Drought → 

Hydropower → Food cascade 

 Deforestation increases runoff 

and flow variability while re-

ducing dry-season baseflow; 

combined with recurrent 

drought, dry season discharge 

↓70–80%; energy shortfall → 

pump failure → irrigation col-

lapse 

1.94 M people projected IPC ≥3 in 

lean season 2025; Grand Sud rain-

fall –5 to –10% by 2100 

IPC (2024)  

Barrett et al. (2025) 

Water-smart irrigation → 

Food security 

Irrigated rice yields 3–4× rain-

fed; SRI (System of Rice Inten-

sification) can increase yields 

50–100% 

60% of 1.5 Mha rice under irriga-

tion; Lac Alaotra basin = 15% of na-

tional rice output 

FAO AQUASTAT (2022) 

FAO (2021) 

Biomass demand → Defor-

estation → Water 

Charcoal harvesting strips ripar-

ian vegetation; accelerates ero-

sion and sedimentation 

85% primary energy from biomass; 

Betsiboka River sediment loads 

among highest globally 

IEA (2023) 

Scales (2012) 
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The second critical pathway is the energy-to-food 

value chain gap. Post-harvest losses of 20-30% of rice pro-

duction result directly from the absence of mechanical dry-

ing, milling, and cold storage, all of which require reliable 

electricity. IEA (2023) evidence from comparable Sub-Sa-

haran contexts suggests that village-level electrification re-

duces such losses by 25-40%, implying that the energy 

deficit is effectively destroying between 375 000 and 

750 000 tons of rice-equivalent output per year. The third 

pathway, smart irrigation represents the most tractable 

synergy: irrigated rice yields 3-4 times those of rain-fed 

cultivation, yet the Lac Alaotra basin, supplying 15% of 

national rice output, is experiencing documented reservoir 

capacity decline from sediment accumulation (Scales 

2012), and much of the south receives fewer than 400 mm 

of annual rainfall, making irrigation infrastructure – not 

water per se – the binding constraint. 

A gender dimension intersects all pathways. Davies et 

al. (2024) documented those female smallholders in Mad-

agascar face systematically lower adaptation capacity than 

male counterparts due to asset constraints, limited exten-

sion access, and higher labour burdens in water and bio-

mass collection. Since women manage approximately 70% 

of smallholder food production, these gender-nexus inter-

actions have first-order food security implications that uni-

form policy instruments will not adequately address. 

Climate Change Amplification 

Madagascar's climate trajectory compounds all five 

nexus pathways. Barrett et al. (2025) documented precip-

itation declines at 14 of 15 long-term weather stations be-

tween 1961 and 2017, with temperature increases observed 

at all locations. Northeast Madagascar a key agricultural 

zone faces projected annual rainfall declines of 5–10% and 

temperature increases of 3–5 °C by 2100 under RCP (Rep-

resentative Concentration Pathway) 4.5 and RCP 8.5 sce-

narios, respectively. These trends will alter the distribution 

of forested areas and reduce rice yields across the island's 

primary growing zones. For the Grand Sud, three consec-

utive years of below-average rainfall (2020-2023) pro-

duced the worst drought in 40 years, pushing 1.71 million 

people to IPC Phase 3+ at its peak and prompting UN 

agencies to describe it as a climate-attribution famine 

event-the first of its kind globally (FAO and WFP 2022). 

Cyclonic events constitute a second climate-nexus 

amplifier operating at an event scale. Cyclone Gamane 

(in 2024) affected approximately 535,000 people in 33 

flooded communes in northeast Madagascar, damaged 

approximately 1,700 hectares of rice cultivation, and dis-

rupted both energy infrastructure and water supply sys-

tems simultaneously (CRI 2024). This simultaneous 

cross-system disruption illustrates how climate shocks 

propagate through nexus linkages: crop loss increases 

food insecurity; infrastructure damage disables pumping 

and cold storage; and post-event recovery deforestation 

accelerates sediment loads. The IPCC (2022) projects in-

creased frequency and intensity of southern Indian Ocean 

tropical cyclones under higher emissions scenarios, 

meaning this event-scale nexus disruption will become 

more frequent. 

Evaluation of the Central Hypothesis 

As a result, Madagascar's per capita renewable fresh-

water endowment exceeds the global scarcity threshold by 

a factor of seven, yet safely managed water access stands 

at 14% – evidence that water poverty is a governance, in-

frastructure, and finance failure, not a supply failure. Hy-

dropower potential of 7 800 MW dwarfs current installed 

capacity of 162 MW; the binding constraint is not hydrol-

ogy but investment, regulatory capacity, and catchment 

management. Food production is constrained not by culti-

vable land area (3.0 million hectares of arable land exist) 

but by the combined failures of irrigation infrastructure, 

post-harvest energy, and transport connectivity, all of 

which are institutional. Nkiaka et al. (2023) reached an 

analogous conclusion for Sub-Saharan Africa broadly, 

finding governance capacity to be the dominant predictor 

of WEF nexus performance variation; the Madagascar-

specific data presented here provide a quantified case 

study confirming this pattern at national level. 

DISCUSSION 

Comparison with Island Nexus Literature 

Authier et al.'s (2024) GIS-optimization study of Réu-

nion Island-geographically comparable to Madagascar 

(both Indian Ocean islands, with similar rainfall asym-

metry between windward and leeward coasts) – found that 

WEF nexus land-use competition on small islands can be 

significantly reduced through integrated spatial planning 

that aligns renewable energy infrastructure locations with 

watershed protection and food production zones. Mada-

gascar shares the structural feature of concentrated re-

source pressure on a limited land area but operates at 15 

times Réunion's population scale with a fraction of its in-

stitutional capacity. The transferable insight is methodo-

logical: geospatial optimization at the commune level, as 

currently being developed through the ECA and WFP 

(2024) initiative, offers a tractable pathway to the kind of 

evidence-based nexus planning that Authier et al. (2024) 

demonstrate is feasible even in resource-limited island 

contexts. 

The Biomass Trap as a Policy Priority 

The biomass-deforestation-hydropower cascade iden-

tified in Table 2 is the highest-priority nexus intervention 

target because it is simultaneously the dominant energy 

pathway, the primary deforestation driver, the main source 

of hydrological degradation, and a major contributor to 

food security failures through irrigation and cold-chain im-

pairment. Herrera-Franco et al. (2024) demonstrated, in a 

systematic review linking the WEF nexus to clean energy 

transitions, that off-grid solar deployment consistently 

produces nexus co-benefits beyond the direct energy ac-

cess effect: by substituting for biomass cooking, it reduces 

deforestation pressure; by enabling agricultural productive 

use, it improves irrigation efficiency and reduces post-har-

vest losses; and by reducing the labour burden of biomass 

collection (which falls primarily on women), it improves 
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food production capacity. The Sahofika (205 MW) and 

Volobe (120 MW) hydropower projects, while transform-

ative for grid electricity supply, do not address the biomass 

trap for the 66.3% of the population without electricity ac-

cess. Off-grid solar, as SE4All (2024) confirmed through 

Madagascar's Integrated Energy Access Planning (IAP) 

process, is the cost-effective pathway for rural areas, but 

only if paired with productive use incentives and cold-

chain subsidies. 

Governance Architecture: What the Evidence Sup-

ports 

Three governance reforms are directly supported by the 

evidence. First, the ECA and WFP (2024) initiative 

demonstrates that cross-ministerial nexus coordination is 

feasible: the joint engagement of the Ministries of Agricul-

ture, Energy, and Hydrocarbons, and the National Map-

ping Agency under a shared geospatial analytical frame-

work constitutes a de facto nexus planning platform that 

requires only formalization and resourcing to become a 

standing coordination mechanism. Second, the Forest Car-

bon Partnership Programme FCPF (2024) targeting a 40% 

deforestation reduction with an 11.8 MtCO₂e emissions 

baseline and USD 50 million results-based payment pro-

vides an existing financial mechanism whose performance 

metrics could be expanded to capture downstream water 

and food security co-benefits, creating a results-based 

nexus finance instrument. Third, the World Bank (2024) 

(LEAD Project) model providing concessional household 

electricity connections at a 30% cost reduction demon-

strates that innovative access pricing can overcome the 

affordability barrier in urban and peri-urban areas, a 

model ADER could adapt for rural mini-grids with agri-

cultural productive-use requirements embedded in con-

cession design. 

CONCLUSION 

This paper has provided the first comprehensive, data-

grounded WEF nexus analysis of Madagascar, structured 

around an interrelated problem statement, testable hypoth-

esis, and four research questions. The central hypothesis – 

that institutional fragmentation, not physical resource scar-

city, is the binding constraint on Madagascar's WEF 

nexus performance is strongly supported by the evidence. 

Mad-agascar's water abundance (12 000 m³ per capita/

year) co-exists with 14% safely managed water access; its 

7 800 MW hydropower potential coexists with 66.3% 

energy poverty; and 3.0 million hectares of arable land 

coexist with a 47% child stunting rate.  

The five identified nexus feedback loops reveal that the 

biomass-deforestation-hydropower cascade is the sys-

temic linchpin: disrupting it through off-grid solar deploy-

ment, upstream catchment restoration paired with the Sa-

hofika and Volobe hydropower investments, and formali-

zation of the ECA-WFP cross-sectoral coordination plat-

form would simultaneously improve energy access, hydro-

logical stability, irrigation reliability, and post-harvest 

food chain performance. Climate change is accelerating all 

five feedback loops and concentrating the costs on the 

most food-insecure and climate-exposed communities in 

the Grand Sud. 

Three recommendations are directly evidence-sup-

ported: (i) formalize the ECA and WFP (2024) geospatial 

nexus initiative as a standing National Water-Energy-Food 

(WEF)  Coordination Secretariat; (ii) embed nexus co-ben-

efit metrics into the FCPF deforestation payment frame-

work to create an integrated water-food-energy finance in-

strument; and (iii) adopt productive-use requirements in 

ADER rural electrification concessions to ensure off-grid 

solar deployment, which in turn generates food security 

and water management co-benefits at scale. Future re-

search should prioritize commune-level nexus mapping 

using the SE4All geospatial platform, longitudinal evalua-

tion of the Sahofika and Volobe projects as natural exper-

iments, and gendered disaggregation of nexus outcomes. 
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Abstract 
This study investigates the bioaccumulation of metals in Water chestnut seed samples collected from different locations of Lake 

Tisza, Hungary. Aquatic macrophytes can absorb and accumulate pollutants from water and sediments, making them useful indica-

tors of environmental contamination. The aim of this research is to measure the concentrations of selected metals in the collected 

seeds. By analyzing the differences between sampling sites, the study also evaluates the distribution of metals within the lake eco-

system and the potential of aquatic plants as indicators of environmental pollution. 

Keywords 
Trapa natans, water chestnut, heavy metals, metals, bioaccumulation, Lake Tisza, ICP-MS. 

Sulyom (Trapa natans): az ókor tápláléka vagy a modern világ bioindikátora 

Kivonat 

A tanulmány a nehézfémek bioakkumulációját vizsgálja a Tisza-tó különböző helyszíneiről gyűjtött sulyom (Trapa natans) magjá-

nak mintáiban. A vízi makrofiták képesek abszorbeálni és felhalmozni a vízből és az üledékből származó szennyezőanyagokat, így 

hasznos indikátorai lehetnek a környezeti szennyezésnek. A kutatás célja a vizsgált fémek koncentrációjának mérése a gyűjtött 

sulyom magjában. A mintavételi helyek közötti különbségek elemzésével a tanulmány a nehézfémek eloszlását a tó ökoszisztémáján 

belül, valamint a vízinövények potenciálját a környezeti szennyezés indikátoraként is értékeli. 

Kulcsszavak 
Sulyom (Trapa natans), nehézfémek, fémek, bioakkumuláció, Tisza-tó, ICP–MS. 

INTRODUCTION 

Lake Tisza 

Lake Tisza is the second-largest lake in Hungary and 

is located in the eastern part of the country along the 

Tisza River. The lake is an artificial reservoir created in 

1973 after the construction of the Kisköre Dam and hy-

dropower plant. Its primary purposes include water level 

regulation, flood control, irrigation support, and hydroe-

lectric power generation. The lake covers an area of ap-

proximately 127 km². Lake Tisza consists of a highly 

diverse mosaic of habitats. In addition to open water 

surfaces, the area contains extensive reed beds, marshes, 

oxbow-like channels, and shallow wetlands, which pro-

vide suitable habitats for numerous plant and animal 

species. A large part of the lake belongs to the Hortobágy 

National Park, making it an internationally significant 

wetland area.  

The lake is well known for its rich aquatic vegetation, 

including several macrophyte species such as water 

chestnut (Trapa natans). These plants play an essential 

role in the functioning of the ecosystem, as they contrib-

ute to nutrient cycling, provide habitats for aquatic organ-

isms, and support natural water purification processes. 

Besides its ecological importance, Lake Tisza is also a 

valuable research site. Studies focusing on water, sedi-

ment, and aquatic vegetation can provide important in-

formation about environmental conditions and the distri-

bution of pollutants such as metals. 

Trapa natans 

Water chestnut (Trapa natans) is a floating-leaved 

aquatic plant widely distributed in freshwater habitats 

across Europe and Asia (Hummel and Kiviat 2004). In 

Hungary, it commonly occurs in slow-flowing rivers, 

lakes, oxbow lakes, and reservoirs. The plant forms a 

characteristic floating rosette of leaves on the water sur-

face, while its roots are anchored in the sediment. In 

many water bodies, the species can grow very densely, 

forming large stands that may hinder water use and navi-
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gation. For this reason, the plant is often mechanically 

removed or mowed, and the collected biomass is typically 

not utilized but treated as waste. 

However, the seeds of Trapa natans have considera-

ble nutritional value. The white seed inside the hard shell 

is rich in starch and is naturally gluten-free, which makes 

it suitable for producing flour. In several Asian countries, 

water chestnut flour has traditionally been used to prepare 

different foods such as bread, cakes, and noodles. There-

fore, the plant could represent a potential raw material for 

producing gluten-free food products (Jain et al. 2025). 

Bioaccumulation of Metals in Water Chestnut 

(Trapa natans) 

Aquatic plants play an important role in indicating 

and reducing environmental pollution in aquatic ecosys-

tems. Macrophytes are significant because they are capa-

ble of accumulating various metals in their tissues. Water 

chestnut (Trapa natans) is an aquatic plant that, accord-

ing to numerous studies, can absorb and store considera-

ble amounts of metal ions. Therefore, it may serve as a 

useful indicator of pollution in aquatic environments and 

can also be applied for phytoremediation purposes. 

Metals such as cadmium, lead, copper, zinc, and 

manganese can enter aquatic ecosystems through both 

natural and anthropogenic sources. Agricultural activities, 

industrial discharges, and municipal wastewater signifi-

cantly increase the concentration of these elements in 

water and sediments. Aquatic plants are able to absorb 

these elements through their root systems and tissues, 

where they may accumulate in different plant organs. 

Several studies have investigated the metal accumula-

tion capacity of Trapa natans. For example, an Indian 

study measured the concentrations of six heavy metals 

(Cd, Cr, Cu, Fe, Mn, and Zn) in pond water, sludge, and 

different parts of Trapa natans. The results showed that 

the highest concentrations of metals were found in the 

roots, followed by the shoots, while the lowest concentra-

tions were detected in the edible seeds. The order of met-

al accumulation in the plant was reported as follows: Cd 

< Cr < Cu < Zn < Mn < Fe (Rai and Sinha 2001). 

Another study examined the role of aquatic plants in 

the purification of contaminated water. During phytore-

mediation experiments using municipal wastewater, Tra-

pa natans significantly reduced several pollution parame-

ters of the water, including biochemical oxygen demand 

and dissolved salts, as well as the concentrations of sev-

eral metals. The results indicated that cadmium, copper, 

iron, manganese, and zinc were mainly accumulated in 

the leaves, while chromium and lead were predominantly 

concentrated in the roots (Kumar and Chopra 2018). 

The accumulation of metals in macrophytes is influ-

enced by several factors, such as the chemical composi-

tion of the water, the properties of the sediment, and the 

level of pollution in the habitat. A study conducted in a 

wetland ecosystem demonstrated that the concentration of 

metals may also vary seasonally. The highest concentra-

tions in water and sediment were observed during the 

winter season, whereas the plants accumulated the largest 

amounts of metals during summer (Taher at al. 2023). 

Water chestnut is therefore not only an ecologically 

important species but also plays a significant role in envi-

ronmental research. The plant can accumulate different 

metals while often maintaining lower concentrations in its 

edible parts. This is particularly important in regions 

where the plant is consumed as food. 

Based on the results of various studies, Trapa natans 

can be considered an effective indicator of metal pollu-

tion in aquatic environments (Elbagory et al. 2026). The 

examination of this plant provides valuable information 

about the condition of water and sediment, as well as the 

extent of environmental contamination. Consequently, the 

study of water chestnut may play an important role in the 

monitoring of aquatic ecosystems and environmental 

pollution. 

Hypothesis 

Our hypothesis is that in water bodies with higher en-

vironmental load or pollution, the concentration of metals 

in the seeds will be higher. This assumption is based on 

the idea that plants can absorb different metals from the 

water and the sediment, which may accumulate in their 

tissues, particularly in the seeds. 

Objective 

The aim of the research is to carry out an elemental 

analytical investigation of samples found in the different 

basins of Lake Tisza that have varying levels of environ-

mental load. The study focuses on the Tiszavalk, Sarud, 

Poroszló, and Abádszalók basins, as these areas of the 

lake are characterized by different degrees of pollution 

and human impact. During the analysis, we aim to deter-

mine the concentration of various metals present in the 

samples, especially in the seeds. The results of this re-

search may help determine whether the plant can be safe-

ly used for human consumption or whether it could rather 

play a role in phytoremediation, meaning the natural 

purification of polluted water bodies by plants. 

MATERIAL AND METHODS 

The sampling on which the study is based was carried out in 

August 2024 in different basins of Lake Tisza (Figure 1). 

The samples were collected by boat from areas where at 

least a 5 m3 continuous water chestnut (Trapa natans) popu-

lation was present (Figure 2). Within each plant patch, sam-

ples were taken from three randomly selected points. In 

total, samples were collected from 12 sampling sites. 

The collected seeds were first dried in the laboratory 

at 70 °C until constant weight was reached. After drying, 

the samples were ground into a fine powder. This grind-

ing step is important because inclusions and different 

parts of the plant tissues may accumulate metals differ-

ently; therefore, homogenization ensures more accurate 

and reliable analytical results. The elemental analysis of 

the samples was performed using ICP–MS (Inductively 

Coupled Plasma Mass Spectrometry), which allows the 

detection and precise quantification of metals even at 

very low concentrations. 



78 JOURNAL OF THE HUNGARIAN HYDROLOGICAL SOCIETY • VOL. 106, ISSUE 1EN • 2026 

Figure 1. Sampling locations along Lake Tisza. S1-S12 represent the exact sampling points 

1. ábra: Mintavételi helyszínek a Tisza-tó mentén. Az S1–S12 jelöli a pontos mintavételi pontokat

Figure 2. Trapa natans fruit 

2. ábra. A Trapa natans termése
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As part of the research, inorganic plant nutrient analy-

sis from water samples is also carried out in order to 

determine the amount of dissolved nutrients in the water 

that are available for plant uptake. 

In addition, the study aims to monitor abiotic and bio-

tic changes in the environment, meaning both the physi-

cal–chemical environmental factors and the changes 

related to living organisms. 

It is important to note that during the 2024 sampling, 

when the seeds were collected, sediment sampling was 

not carried out (3. Figure). However, in the following 

years of the research, sediment samples will also be col-

lected. These samples will be taken using a core-type 

sampling method, and the collected sediment will be 

dried and ground before further analysis. For the sedi-

ment samples, the organic matter content and calcium 

carbonate content will be determined using the loss-on-

ignition method. In this procedure, a measured amount of 

the sample is placed into a muffle furnace. In the first 

step, the sample is heated to 550 °C, during which vola-

tile organic materials are removed. The resulting mass 

loss allows the determination of the organic matter con-

tent. In the second step, the sample is reheated to 950 °C, 

where carbonate compounds decompose. The additional 

mass loss observed at this stage is used to determine the 

calcium carbonate content. 

RESULTS 

Results of the one-way ANOVA analysis 

The results indicate that there is a significant differ-

ence between the group means. Based on the results of 

the one-way analysis of variance, the group effect was 

very strong: F(30,341) = 291.7, p < 0.001 indicating that

the null hypothesis, that the group means are equal can be 

rejected. The effect size was also extremely large: (ω² = 

0.959), suggesting that most of the total variance is ex-

plained by differences between the groups (Table 1). 

Figure 3. The seed of Trapa natans without the seed coat 

3. ábra. A Trapa natans maghéj nélküli magja

Table 1. Test for equal means 

1. táblázat. Az egyenlő átlagok vizsgálata

Sum of sqrs df Mean square F p (sample) Critical F (p=0,05) 

Between groups 1.53072E06 30 51023.9 291.7 1,636E-223 1.143

Within groups 59645.5 341 174.914 Permutation p (n=99999) 

Total 1.59036E06 371 1,00E-05 

Since Levene’s test yielded a significant result, the as-

sumption of homogeneity of variances was violated; there-

fore, the results of the Welch test are also relevant. This 

procedure likewise showed a significant difference between 

the groups: F(30, 117.8) = 827.4, p < 0.001, confirming that 

the group means are not equal even when variances differ. 

The Bayes factor is also extremely large, providing 

decisive evidence in favour of differences between the 

group means. Overall, the results indicate that there are 

statistically and practically significant differences among 

the examined groups. 

The Kruskal–Wallis test also revealed a significant 

difference in the medians of the examined groups: H(χ²) 

= 358.3, p < 0.001. This suggests that at least one group’s 

distribution differs from the others, and that the central 

tendencies of the groups are not identical. 

Standardized Data Evaluation 

The dataset was standardized prior to analysis, result-

ing in normalized values (z-scores) with a mean of zero 

and a standard deviation of one. This transformation 

allows for direct comparison between elements with 

different original scales and highlights relative differ-

ences between samples. 

Based on the standardized values, clear patterns can 

be observed across the samples. Positive values indicate 

above-average concentrations, while negative values 

represent below-average levels for a given element. 

Sample TN_12 shows consistently high positive val-

ues across multiple elements, including Ni, Mn, Pb, Cr, 

Ba, Fe, and Al. This indicates that TN_12 is one of the 

most enriched samples in the dataset. Similarly, TN_6 

also exhibits elevated values for several elements, partic-

ularly Ni, Mn, Cr, Ba, and Fe, suggesting a relatively 

high overall elemental concentration. 

In contrast, sample TN_11 displays strongly negative 

values across nearly all elements, indicating consistently 

low concentrations compared to the dataset average. This 

makes TN_11 the most depleted sample. 
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Sample TN_7 also shows predominantly negative 

values, although less extreme than TN_11, suggesting 

generally lower-than-average concentrations. 

Several samples, such as TN_5 and TN_9, show 

mixed behaviour, with both positive and negative de-

viations, indicating more balanced or moderate com-

positions. 

The standardized dataset also reveals potential covari-

ation patterns between elements. For instance, Ni, Mn, 

Cr, and Ba tend to increase together in samples such as 

TN_6 and TN_12, suggesting a possible common source 

or similar geochemical behaviour. Conversely, samples 

with low values in these elements tend to show consist-

ently negative deviations across multiple variables. 

The Maucha diagram constructed from these stand-

ardized values allows for a clear visual comparison of the 

samples. Samples such as TN_12 and TN_6 would exhib-

it large, outward-extending shapes, reflecting high rela-

tive concentrations, while TN_11 would appear as a 

compressed shape near the centre, indicating low values 

across most elements. 

Overall, the standardized data confirm strong hetero-

geneity among the samples and highlight distinct compo-

sitional groups, with enriched, depleted, and intermediate 

samples clearly distinguishable. 

Figure 4. Maucha-diagramm of the samples-TN_2 

4. ábra. A TN_2 minták Maucha diagramja

Figure 5. Maucha-diagramm of the samples-TN_6 

5. ábra. A TN_6 minták Maucha diagramja
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Figure 6. Maucha-diagramm of the samples-TN_8 

6. ábra. A TN_8 minták Maucha diagramja

Figure 7. Maucha-diagramm of the samples-TN_12 

7. ábra. A TN_11 minták Maucha diagramja

Metal and heavy metal content analysis 

In this study, the elemental composition of 12 samples 

(TN_1–TN_12) was analysed based on the concentrations 

of 15 elements (Zn, Cd, Sr, Cu, Ni, Mn, Pb, Cr, Ba, Na, 

Fe, Ca, K, Mg, Al). The two provided tables contain the 

same data in different formats: one is element-oriented 

(elements in rows), while the other is sample-oriented 

(Figure 6, Figure 7). 

Based on the data, substantial differences can be ob-

served in the concentrations of the elements and their 

distribution across the samples. Some elements show 

relatively low variability; for example, cadmium (Cd) 

ranges between 0.006 and 0.011 across all samples, indi-

cating minimal variation. In contrast, several elements 

exhibit considerable differences. 

Sodium (Na) shows particularly high variability, with 

values ranging from 7.38 to 60.08. Sample TN_11 has an 

exceptionally high Na concentration (60.08), which clear-

ly stands out from the rest. Similarly, iron (Fe) displays a 

wide range (4.57-59.28), with TN_12 having the highest 

value and TN_7 the lowest. 

Calcium (Ca) concentrations also vary significantly, 

ranging between 131.84 and 313.65. Sample TN_4 shows 

an outstandingly high Ca value (313.65), clearly distin-

guishing it from the other samples. 

Manganese (Mn) exhibits moderate variability (0.772-

2.375), while potassium (K), magnesium (Mg), and alu-

minum (Al) also show noticeable differences among the 

samples. Aluminum, in particular, spans a wide range 

(2.69-37.9), indicating substantial variation. 

Among the heavy metals, lead (Pb) includes one 

negative value (TN_4: -0.011), which may indicate 

measurement uncertainty or an extremely low concentra-

tion. The remaining Pb values are positive and fall within 

a relatively narrow range. 
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Table 2. Measured concentration of metalloids and heavy metals from the seed of Trapa natans 

2. táblázat. A Trapa natans magjában mért félfém- és nehézfém-koncentrációk

TN_1 TN_2 TN_3 TN_4 TN_5 TN_6 TN_7 TN_8 TN_9 TN_10 TN_11 TN_12 

(mg/100 g seed dry matter) 

Zn 0.413 0.357 0.396 1.061 0.254 0.523 0.516 0.398 0.285 0.511 0.287 0.501

Cd 0.007 0.007 0.007 0.008 0.006 0.009 0.01 0,011 0.008 0.01 0.007 0.008

Sr 0.393 0.344 0.431 0.615 0.352 0.6 0.447 0.448 0.299 0.417 0.384 0.425

Cu 0.172 0.112 0.169 0.207 0.153 0.172 0.203 0.188 0.123 0.622 0.133 0.177

Ni 0,082 0,03 0,05 0,049 0.029 0.062 0.029 0.066 0.055 0.079 0.056 0.111

Mn 2.176 1.061 1.499 1.352 0.772 1.797 0.772 1.486 1.338 1.737 1.713 2.375

Pb 0.024 0.011 0.02 -0.011 0.02 0.015 0.01 0.022 0.027 0.028 0.027 0.041

Cr 0.049 0.012 0.031 0.025 0.014 0.038 0.006 0.037 0.031 0.045 0.026 0.078

Ba 0.279 0.172 0.203 0.228 0.132 0.251 0.16 0.253 0.188 0.267 0.205 0.333

Na 9.28 7.38 16.34 13.63 12.72 13.98 13.08 10.82 12.41 15.11 60.08 25.43

Fe 40.36 9.71 21.22 19.99 12.5 30.01 4.57 27.23 27.51 34.37 20.64 5.28

Ca 180.99 136.06 191.72 313.65 152.64 260.1 213.1 212.09 131.84 201.29 144.27 169.84

K 29.99 17.24 37.99 35.99 32.66 35.27 40.47 33.37 29.56 36.04 25.74 24.99

Mg 45.61 38.37 41.61 48.06 27.37 57.61 47.55 45.1 34.45 44.73 34.19 46.01

Al 25.71 5.69 13.38 12.54 7.42 19.82 2.69 17.71 15.7 22.67 11.88 37.9

By comparing the samples, it can be observed that 

certain samples consistently show higher concentrations 

across multiple elements. For instance, TN_4, TN_6, 

TN_10, and TN_12 belong to the higher-value group for 

several components (Figure 5). In contrast, TN_2, TN_5, 

and TN_7 tend to have lower concentrations across mul-

tiple elements (Figure 4). 

Based on the observed patterns, potential covariations 

between elements can be identified. Calcium (Ca), mag-

nesium (Mg), and potassium (K) often follow similar 

trends across samples, while iron (Fe) and aluminum (Al) 

also tend to be high or low together. In contrast, sodium 

(Na) often behaves differently from the other elements 

(Table 2). 

Overall, the tables indicate that the elemental compo-

sition of the samples varies considerably, with concentra-

tions spanning wide ranges. This suggests a heterogene-

ous system in which clear differences can be observed 

between the samples. 

Results of the Principal component analysis (PCA) 

Figure 8 presents a PCA biplot, which simultaneously 

displays the sampling sites and the measured variables. 

The arrows represent the variables, and their direction 

and length indicate their contribution to the principal 

components. Several elements, such as Fe, Mn, Cr, and 

Ni, point in similar directions, suggesting a common 

pattern or co-variation, while others (e.g., Na) show dif-

ferent orientations, indicating distinct behaviour. The 

sampling sites are clearly separated along the compo-

nents, with TN_12 and TN_6 positioned on the positive 

side, indicating higher relative concentrations, whereas 

TN_11 is located on the opposite side, reflecting lower 

overall values. 

Results of the non-metrical multidimensional scal-

ing (NMDS) 

The Figure 9 shows an ordination plot illustrating the 

relative similarity between the sampling sites. The distanc-

es between points represent differences in their multivari-

ate composition: sites that are closer together are more 

similar, while those farther apart are more distinct. For 

example, TN_2, TN_5, and TN_9 appear relatively close 

to each other, suggesting similar characteristics, whereas 

TN_11 is clearly separated from the others, indicating a 

distinct composition. This visualization supports the pres-

ence of heterogeneity among the sampling sites. 

DISCUSSION 

The results of the present study are partly consistent with 

previous findings reported in the literature, while also 

revealing several notable differences. 

According to earlier studies, Trapa natans is capable 

of accumulating significant amounts of metals, with the 

highest concentrations typically found in the roots, fol-

lowed by the shoots, and the lowest levels detected in the 

edible parts of the plant (Rai and Sinha 2001). In the 

current research, only the seeds were analysed, and the 

results showed relatively low concentrations of heavy 

metals with limited variability, particularly in the case of 

cadmium (Cd: 0.006-0.011 mg/100 g seed dry matter). 

This observation supports the literature, suggesting that 

the edible parts of the plant tend to accumulate lower 

levels of heavy metals. 

However, in contrast to some previous findings, the pre-

sent study did not reveal consistently high accumulation 

levels across all examined elements in the seeds. This 

difference may be explained by the fact that heavy metals 

are primarily stored in other plant organs, such as roots 

and leaves, rather than in the seeds. 
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Figure 8. PCA biplot of the sampling sites and the measured variables 

8. ábra. A mintavételi helyszínek és a mért változók PCA-biplotja

Figure 9. Similarity between sampling sites on an NMDS 

9. ábra. A mintavételi helyszínek hasonlósága NMDS elemzés alapján

The results are also in agreement with the findings of 

Kumar and Chopra (2018), who reported that certain 

elements (e.g., Cd, Cu, Fe, Mn, and Zn) are mainly ac-

cumulated in the leaves, while others (e.g., Cr and Pb) are 

predominantly concentrated in the roots. The relatively 

moderate concentrations measured in the seeds in this 

study indirectly support this distribution pattern within 

the plant. 

Seasonal variation, as described by Taher et al. 

(2023), may also play an important role in explaining the 

observed results. Considerable differences were observed 

among the samples, indicating that local environmental 

conditions—such as water chemistry, sediment character-

istics, and pollution sources—have a strong influence on 

metal accumulation. 

One of the most important findings of this study is the 

pronounced heterogeneity among the samples. Statistical 

analyses, including one-way ANOVA and the Kruskal–

Wallis test, confirmed highly significant differences be-

tween the sampling sites (p <0.001). This result is con-
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sistent with previous studies, which emphasize that the 

distribution of heavy metals in aquatic ecosystems is 

strongly influenced by spatial variability and environ-

mental factors. 

Certain samples (e.g., TN_12 and TN_6) exhibited el-

evated concentrations across multiple elements, while 

others (e.g., TN_11) showed consistently lower values. 

This pattern suggests that some areas of the lake may be 

subject to a higher environmental load, partially support-

ing the initial hypothesis. 

However, the hypothesis was only partially con-

firmed. Although some samples showed higher metal 

concentrations, a clear and consistent relationship be-

tween the presumed pollution level and the metal content 

of the seeds could not be established. This indicates that 

metal accumulation is a complex process influenced not 

only by external environmental conditions but also by 

internal plant physiological mechanisms, including ele-

ment transport and storage. 

Overall, the findings of this study confirm that Trapa 

natans can serve as a useful bioindicator of heavy metal 

pollution in aquatic ecosystems. At the same time, the 

results highlight that analyzing only the seeds provides 

limited insight into the full extent of metal accumulation. 

Therefore, future studies should include the examination 

of roots, leaves, and sediments in order to obtain a more 

comprehensive understanding of the accumulation pro-

cesses. 

CONCLUSION 

The present study aimed to investigate in detail the ele-

mental composition and metal accumulation patterns of 

Trapa natans seeds collected from multiple basins of 

Lake Tisza. The analysis revealed a considerable degree 

of variability among the examined samples, clearly indi-

cating that the distribution of elements within the lake 

ecosystem is not uniform but rather spatially heterogene-

ous. This heterogeneity suggests that localized environ-

mental factors play a crucial role in shaping the chemical 

profile of aquatic plants. 

The statistical evaluation of the data further supported 

these observations, as significant differences were detect-

ed between the various sampling sites. These differences 

were found to be highly significant, emphasizing that 

site-specific environmental conditions – such as water 

chemistry, sediment composition, and potential pollution 

sources – strongly influence the accumulation of elements 

in Trapa natans. Among the samples, certain ones (nota-

bly TN_12 and TN_6) consistently exhibited elevated 

concentrations across multiple elements, while others, 

such as TN_11, showed distinctly lower values. This 

pattern highlights the uneven exposure of different lake 

regions to environmental stressors. 

The results partially confirm the initial hypothesis of 

the study. In some cases, samples originating from areas 

presumed to have higher environmental loads or pollution 

levels did indeed show increased concentrations of met-

als. However, this relationship was not consistent across 

all samples, indicating that the accumulation of metals in 

Trapa natans seeds cannot be explained solely by exter-

nal contamination levels. Instead, the uptake, transloca-

tion, and storage of these elements appear to be governed 

by a complex interplay of environmental conditions and 

intrinsic plant physiological mechanisms, including selec-

tive absorption and detoxification processes. 

Consistent with findings reported in previous studies, 

the current results suggest that the edible parts of the 

plant (specifically the seeds) generally contain lower 

concentrations of metals compared to other plant organs, 

such as roots or leaves. This observation is particularly 

important from a food safety perspective, as it indicates a 

potentially lower risk associated with the consumption of 

Trapa natans seeds. Nevertheless, despite these encour-

aging findings, further comprehensive investigations are 

required to fully evaluate possible health risks, especially 

under conditions of prolonged exposure or in more heavi-

ly contaminated environments. 

Overall, Trapa natans demonstrated considerable po-

tential as a bioindicator species for assessing environmen-

tal conditions in aquatic ecosystems. Its ability to reflect 

variations in elemental composition makes it a valuable 

tool for monitoring pollution. At the same time, the study 

also highlights an important limitation: the analysis of 

seeds alone provides only a partial understanding of met-

al accumulation processes. For a more complete and 

accurate assessment, future research should incorporate 

the examination of additional components, including 

roots, leaves, surrounding water, and sediment samples. 

Such an integrated approach would enable a more com-

prehensive evaluation of pollutant dynamics and path-

ways within the ecosystem. 

In conclusion, the findings of this study contribute to 

a deeper understanding of the role of aquatic macrophytes 

in environmental monitoring. They also emphasize the 

importance of adopting multidisciplinary and integrative 

methodologies when assessing ecosystem health and 

pollution levels, thereby supporting more effective envi-

ronmental management and conservation strategies. 

In the next phase of the research, the investigations 

will also include water and sediment pollution of Lake 

Tisza. 
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