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Abstract

The paper aims to outline the climate impacts induced and transferred by water and the socio-economic factors that
exacerbate them. It also seeks to provide a common and integrated policy framework for climate change adaptation and
water management. The climatic and non-climate drivers, the risk chains and options for policy integration are assessed
in four complex thematic areas: (i) ecosystem services, (ii) food supply chain: agriculture, food processing industry, food
safety; (iii) industrial and service activities, energy and water supply, infrastructure, built environment, and (iv) human
health and well-being, social justice. In these complex thematic areas, we examine the risk cascade chain, the current
state of impacts and expected future challenges within a coherent framework and then make concrete proposals for pos-
sible specific areas of policy integration. Finally, in the conclusions, we present municipal-level good practices in water-
resilient climate adaptation and formulate the horizontal actions needed to implement integrated climate-water policy.
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Az integralt klimavaltozas- és vizpolitika perspektivai Magyarorszagon

Kivonat

A tanulmany célja az, hogy felvazolja a viz altal kivaltott és kozvetitett éghajlati hatasokat, valamint az ezeket sulyosbitd
tarsadalmi-gazdasagi tényezoket, tovabba, hogy kozos és integralt politikai keretet biztositson az éghajlatvaltozashoz
valé alkalmazkodashoz és a vizgazdalkodashoz. Az éghajlati és nem éghajlati tényezoket, a kockazati lancokat és a
politikai integracio lehetdségeit négy dsszetett tematikus teriileten értékelik: (i) 6koszisztéma-szolgaltatasok, (ii) élelmi-
szer-ellatasi lanc; mezdgazdasag, élelmiszer-feldolgozo ipar, €lelmiszer-biztonsag; (iii) ipari és szolgaltatasi tevékeny-
ségek, energia- és vizellatas, infrastruktara, épitett kdrnyezet és (iv) emberi egészség és jolét, tarsadalmi igazsagossag.
Ezeken az Osszetett tematikus teriileteken koherens keretek kozott vizsgaljuk a kockazati kaszkadlancot, a hatasok jelen-
legi allapotat és a varhato jovobeli kihivasokat, majd konkrét javaslatokat tesziink a szakpolitikai integracio lehetséges
konkrét teriileteire. Végiil a kovetkeztetésekben bemutatjuk a vizekkel kapcsolatos klimaalkalmazkodas 6nkormanyzati
szintll jo gyakorlatait, és megfogalmazzuk az integralt klima-viz politika megvalositasahoz sziikséges horizontalis intéz-
kedéseket.

Kulcsszavak
Vizzel kapcsolatos éghajlati alkalmazkodas, integralt éghajlat- és vizpolitikak, éghajlati és nem éghajlati tényezok, kockézati lanc, a
viz stratégiai integralasa az agazati politikakba.

INTRODUCTION

The water cycle is the nexus between planetary systems
and ecosystems, as well as through water uses and social
and economic systems. Water is not only a bearer of cli-
mate impacts but also a transmitter and multiplier of them.
In the Carpathian Basin, the problem of “too much water,
insufficient (not enough) water” (MTA 2011) caused by
climate change has become more acute in recent times and
is likely to become even more so in the future. The impact
of climate change does not occur but mainly through mul-
tiple interactions of climatic and non-climatic drivers. In
this context, climate change can be seen as an "accelerator
factor" of the non-climatic drivers, with consequences af-
fecting almost all socio-economic performance and secu-
rity levels. According to an analysis by the European En-
vironment Agency (EEA 2024), economic losses related to

these damage events in Hungary averaged €210 million
per year from 1980-2022. If the damage costs are com-
pared to GDP, Hungary is in the most vulnerable quarter
of EU Member States.

In the Carpathian Basin, the highest risks of climate
change are related to water and manifest through the de-
cline of water as an ecosystem service and natural resource
with socio-economic relevance. The consequences of cli-
mate change will be exacerbated by water, resulting in
complex security and competitiveness challenges for,
among others, crop production, livestock production, in-
dustrial security of water-intensive technologies, infra-
structure systems, water utility services, biodiversity and
ecosystem services, as well as human health and well-be-
ing. This cross-sectoral, socio-economic impact chain re-
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quires complex and holistic responses. This article outlines
the framework for a joint and coordinated climate and wa-
ter policy, with a particular focus on the options at the re-
gional and municipal levels. First, an overview of the main
climatic and non-climatic drivers is provided, with a typol-
ogy of drivers that can be grouped and analyzed in a com-
mon framework. We then analyze risks and consider op-
tions for policy integration in four complex thematic areas:

1. Ecosystem services

2. Food supply chain: agriculture, food processing in-
dustry, food safety

3. Industrial and service activities, energy and water
supply, infrastructure, built environment

4. Human health and well-being, social justice

In these complex thematic areas, we examine the risk
cascade chain, the current state of impacts and expected
future challenges within a coherent framework and then
make concrete proposals for possible specific areas of pol-
icy integration. Finally, in the conclusions, we present mu-
nicipal-level good practices in water-resilient climate ad-
aptation and formulate the horizontal actions needed to im-
plement integrated climate-water policy.

GENERAL TYPOLOGY OF WATER-RELATED
CLIMATE RISKS AND DRIVERS

The climate of the Carpathian Basin is warming at a rate
considerably higher than global warming (ITM 2020).
Since the eighties of the 20th century, the intensity and fre-
quency of extreme precipitation events have increased sig-
nificantly, the seasonality of precipitation patterns has
changed, increasing in the winter-spring and decreasing in
the summer-autumn half of the year (Jdnosi et al. 2023).
Melt floods of lowland rivers are shifted earlier, rainfall-
induced floods become more frequent, and their peak
flows may increase. Flash floods in local catchment areas
will become more frequent. The water balance of the lakes
will decline, and persistent low flows will become more
frequent (RBMP 2021). The accelerated water cycle and
increased evaporation will reduce infiltration, and precipi-
tation will not be sufficient to recharge groundwater. De-
teriorating soil moisture content will increase drought vul-
nerability (Toreti et al. 2022), increasing the frequency of
drought years and the potential for drought to spread over
a larger area than today. The low water levels of regulated
rivers also divert residual quantities of groundwater during
the summer. The persistent phenomenon of groundwater
depletion, especially in areas east of the Danube, is one of
Hungary's most adverse hydrological consequences of cli-
mate change (RBMP 2021). The groundwater situation is
further exacerbated by increasing industrial water de-
mands and illegal water abstraction (Bednar-Friedl et al.
2022). The main impact categories of the risks transmitted
by water are as follows:

a) General risks of ,insufficient water” include
droughts and water scarcity. The persistent and increas-
ingly frequent droughts are a combined " coincident " of
heat waves and rainfall shortages. Droughts increase the
vulnerability of water-dependent ecosystems and socioec-
onomic systems (Buzdsi et al. 2021) and cause severe eco-
nomic damage in many sectors. Water supply risks are in-

creasing for domestic, industrial and mainly agricultural
water needs. The droughts of the last decade have caused
significant crop losses in central and southern Europe and
damage to the health of forests and other ecosystems (Bed-
nar-Friedl et al. 2022). Persistent drought conditions in-
crease the risk of forest fires, facilitate the spread of some
epidemic diseases, and may hinder water transport on the
Danube and other inland waterways. Water scarcity and
rising water temperatures lead to a deterioration in water
quality, which threatens aquatic ecosystems (EEA 2017),
negatively affects recreational water uses (e.g., fishing
lakes), and poses a risk to water-based tourism. Increased
water temperatures impair the efficiency of power plants
through cooling water use, and in extreme cases, cooling
water shortages may occur. Some non-climatic factors,
such as land use, urbanization, degradation of agricultural
soils, and loss of semi-natural floodplains, amplify the ad-
verse risks and vulnerabilities associated with droughts.

b)  General risks of “too much water”: floods. Ac-

cording to a Study (MultiContact 2023), in 2011-2020,
municipal vis maior events typically included extreme pre-
cipitation events and their consequences (storm damage,
flash floods). In the last decade, almost 42% of the coun-
try's municipalities have been affected by damage caused
by extreme hydrological events (Figure 1).

The severity of droughts and floods and the resulting
human, social and economic losses are also significantly
influenced by certain non-climatic factors (e.g., land use,
infrastructure and settlement structure). Based on the
above general risks, the following typology of drivers can
be identified (Figure 2).

The spill-over cascade effects include:

- Imbalance between water demand and water
availability (especially in the Alfsld): exploitable surface
and groundwater resources are shrinking, while water de-
mand for domestic, industrial and agricultural uses is ris-
ing. Droughts are causing some minor watercourses to be-
come intermittent and lakes increasingly dry. A seasonal
shift in the water balance is expected, with the winter run-
off more likely to increase and the summer runoff to drop.
Increasing local water conflicts are expected: navigation
conditions on our major rivers are deteriorating, and the
water level and quality conditions of small lakes with wel-
fare purposes are deteriorating.

- Water-based ecosystem services are weaken-
ing. Global warming is expected to increase water temper-
atures, increase the frequency of adverse water quality
conditions, reduce natural self-regulating capacity, reduce
the resilience of watercourses, and increase adverse eco-
logical impacts. Increased frequency and intensity of pro-
longed dry periods will lead to more frequent, persistent,
and severe soil moisture shortages. Deteriorating soil
moisture availability may increase drought stress, and re-
duced infiltration will also reduce groundwater's natural
recharge, thereby reducing drinking water's availability as
an ecosystem service. Both climatic and non-climatic ef-
fects (increased extraction of groundwater, afforestation,
increased use of groundwater for irrigation) may have
played a role in groundwater depletion,
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- The challenges to water security are steadily  quency and intensity. Increasing water damage is expected,
increasing. The risk, severity and frequency of significant  and the risk of flooding (e.g., industrial sludge ponds, sew-
floods are increasing, and flash floods are growing in fre-  age treatment plants, landfills) is also expected to increase.
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Figure 1. Municipalities affected by "vis maior" events (cloudburst, storm surge, flash flood) in the period 2011-2020
(MultiContact 2023)
Note: the different colors in the figure are only used to distinguish the administrative boundaries of the settlements

1. dbra. “Vis maior” kdrbejelentéssel rendelkezd telepiilések (felhdszakadds, viharkar, villaimdrviz) a 2011-2020 kozotti idészakban
(MultiContact 2023)

Megjegyzés: az abran szerepld kiilonbozé szinek csak a telepiilések kozigazgatasi hatarainak megkiilonboztetésére szolgalnak

Climate drivers Non-climatic drivers
¢  Heatwaves ¢ land use
¢ Cold waves +  ecological conditions
¢ Droughts e technological and technical conditions (existing
¢ Wildfires infrastructure, utilities, flood protections)
s  Large-scale flooding (River floods) “ ¢  environmental loads (untreated wastewater)
¢ Local flash floods by extreme *  economic dimensions, re-industrializations, water-
precipitation events based tourism (recreation
o  Windstorms . social dimensions: urbanization, urban sprawl,

household water demands

e  mindset: water consciousness, lifestyle, public
needs for safety (water, foods, natural disasters
etc.)

e  institutions: governance, capacities, strategic, legal
and partnership mechanism

¥ ¥

Water-related general impacts
* ,Not enough water”: droughts, water scarcity
¢ “Too much water”: floods

\ 4

Water-related complex consequences

¢  disturbed water balance

*  weakening water-based ecosystem

+  increasing water security challenges and water
conflicts

Figure 2. Typology of water-related climate risks and drivers (own edition)
2. abra. A vizzel kapcsolatos éghajlati kockazatok és tényezok tipologidja (sajat szerkesztés)
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ECOSYSTEM SERVICES

One manifestation of water-related climate impacts is the
degradation of ecosystem services. In particular, the bio-
diversity of water-related ecosystems (wetlands, aquatic
ecosystems, freshwater habitats of lakes and rivers) are
under threat. However, forests, natural grasslands and ur-
ban green spaces are also adversely affected. Climate-
water-biodiversity-nexus requires a coherent, risk-based
strategic response.

Drivers and key risks

Disturbed water balances have multi-level ecological
impacts (Deitch et al. 2017), which can exceed sensitive
species' tolerance limits, weakening biodiversity. The loss
of biodiversity and ecosystem degradation is a significant
barrier to the sustainability transition in Hungary (NFFT
2023). The main climate risks affecting water-dependent
ecosystems include disrupting the food chain and metabo-
lism of flora and fauna, spreading invasive species, and de-
clining native species (sometimes extinction of individual
species, especially in freshwater ecosystems). Ecosystem
services are also threatened by increased risk of forest fires
due to higher temperatures and extended periods of
drought. Forest fires also lead to air pollution, soil destruc-
tion and habitat degradation.

The most severe impacts on ecosystem services are the
loss of soil biodiversity due to climate change (climate
drivers) and unsustainable land use and agro-technology
(non-climate drivers). Soil plays a pivotal role in nutrient
cycling, carbon storage and water pollution filtration, con-
tributing to climate change mitigation and flood and
drought prevention. Soil is also a habitat and an irreplace-
able resource in the food chain. Climate change impacts
soil through soil moisture deficit and erosion, potentially
leading to habitat loss. The quantitative and qualitative
degradation of soils weakens their water-retention capacity
and negatively affects groundwater quality, undermining
drought resilience. Soil is a common ‘ecosystem victim' of
climate change and unsustainable sectoral policies in agri-
culture, infrastructure development, land use and water
management. Simultaneously, the degradation of soil eco-
system services can spill over to other sectors, such as food
and water security, human health and well-being.

Present status and future impacts

In the case of wetlands and water-dependent terres-
trial and freshwater ecosystems in Hungary, climate
change has been shown to exacerbate adverse anthropo-
genic impacts (NFFT 2023). Similar processes are occur-
ring in forests, where forest health and resilience to cli-
mate change are steadily declining. In both fauna and
flora, we are witnessing the rapid expansion of less cli-
mate-sensitive invasive species, displacing native popu-
lations that often have significant conservation value.
Drought and flash floods lead to further habitat fragmen-
tation, thus weakening the resilience of ecosystem ser-
vices. Particularly dramatic changes are observed in wet-
land birdlife and pollinator insect viability.

Without nature-based solutions to water retention, the
increasing frequency and length of droughts could lead to
widespread and irreversible damage to water-dependent
ecosystems. Even in the short term, increases in tempera-
ture and evapotranspiration will cause further declines in
wetland habitats, affecting species complexity and the bi-
ological, physical and chemical processes of the wetland
ecosystem services (Loisel et al. 2021). Increasing organic
matter loading and residues of fertilizer spreading to sur-
face waters is expected to further degrade the water quality
of these water bodies (especially in smaller lakes), with
negative impacts on biodiversity and ecosystem functions
(Meerhoff et al. 2022). Increased extreme rainfall events
and flash floods also raise freshwater pollution risks from
overflowing wastewater treatment plants or mine and in-
dustrial ponds (Rosenzweig et al. 2019).

Climate change trends in the Carpathian Basin antic-
ipate further soil degradation, primarily if our policies
and measures related to land use, spatial development
and agrotechnics do not change. Restoring soil water bal-
ance benefits soil-related ecosystem services and sup-
ports integrated and sustainable water management by
making soil our largest and most cost-effective water-re-
taining natural resource.

Implications for integrated policies

Integrated policies should protect critical ecosystems (par-
ticularly soils, wetlands and water-dependent flora and
fauna) from large-scale degradation of biodiversity and
ecosystem services. A joint gap in current policies is that
they do not adequately address the spill-over effects of bi-
odiversity loss due to water imbalances, such as the decline
of specific biological and landscape values or the adverse
effects of rural farming and lifestyles. At the same time,
several good practices across Europe and Hungary demon-
strate that complex nature-based solutions can deliver mul-
tiple benefits, including socio-economic benefits and cli-
mate adaptation.

The integration needs of existing policies should be
fostered, particularly for soils, wetlands and water-depend-
ent ecosystems. Thus, the strategic and legal frameworks
for land use, spatial development, infrastructure develop-
ment, agricultural subsidies, tourism development, territo-
rial water management and climate adaptation should be
targeted. Planning a series of measures to improve soil wa-
ter retention in the short term is essential.

»FARMS-TO-FORKS” SYSTEM: AGRICULTURE
AND FOOD SUPPLY CHAIN

The characteristics of the climate-water-food nexus are de-
termined by the combination of natural water supply re-
sulting from climatic conditions and the land use pattern.
The local functionality of this interdependent system can
be sustained if land use patterns are adapted as closely as
possible to the natural landscape conditions (climate, soil,
topography, natural water supply). Agricultural land use
and the economic constraints that influence it are key bar-
riers to developing drought-resilient food systems.
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Hungary has an outstanding agroecological potential.
The composition and quality of Hungarian soils are excep-
tionally favorable, allowing the quality of agricultural
products to be above the European average. However,
warming temperatures and prolonged, more frequent and
severe droughts lead to unpredictable yield variations,
which, like in the Mediterranean, also affect a large part of
the Carpathian Basin (Ceglar et al. 2019).

The impact of climate change, effects of water man-
agement, agriculture and food supply are interlinked, with
mutually reinforcing negative effects that can only be
overcome through coordinated policies focusing on water-
retain land use and water-saving agricultural production.

Drivers and key risks

Agriculture can suffer severe damage and yield losses
due to extreme climatic events such as droughts, floods
and storms. Arable crops may be particularly vulnerable to
the negative impacts of climate change, but the horticul-
ture and fruit sector and livestock production (e.g., due to
new infectious diseases) are also particularly vulnerable to
climate change. In addition to climate impacts, the food
supply will be affected by land use change, loss of habitat
and forage areas, unsustainable water use, land use and ag-
ricultural support schemes. Intensive production systems,
which threaten the health of agricultural soils and pests and
diseases, all hurt the food supply chain.

Climate and non-climate drivers jointly lead to uncer-
tain yields, reduced competitiveness of food production,
increased dependence on food imports, and higher food
prices. The complex effects are unfavorable for vulnerable
social groups (e.g., low-income households and small
farmers). A decline in the production of higher value-
added agricultural and food products, such as horticulture
and livestock production, has characterized the agricul-
tural product structure in recent years. In contrast, the out-
put of crop sectors that are less resilient to climate change
has increased. The composition and complexity of the ag-
ricultural product structure are shrinking, and agricultural
productivity and efficiency are far below the EU average.
As a non-climate driver, this modernization deficit exacer-
bates the adverse effects of climate change on the food
supply chain.

Present status and future impacts

The heat stress and drought are already harming crop
production in Hungary, causing significant yield losses
and crop productivity reductions, affecting the entire food
supply chain. Climate change and non-climatic impacts
pose significant economic and social risks to farmers and
SMEs in the food processing industry. The livelihoods of
these vulnerable actors depend on food production and im-
ports of dumped, low-quality foods. Limited access to
healthy and affordable domestic food can lead to spill-over
socio-economic effects; for example, it can also affect hu-
man health and social well-being.

A further negative impact can be identified in water
pollution from agricultural sources. Nitrate pollution, bio-

cides and pesticide residues, unusable irrigation water and
low groundwater levels combine to exacerbate the poor
chemical status of soils and near-surface groundwater.
When looking at forestry activities, water imbalances ad-
versely affect tree growth and harvestable timber yields
and can, in combination with heat waves, weaken forest
health and even kill trees (Hartmann et al. 2022).

Finally, an indirect negative impact can be identified in
the international transport of agricultural products. The
Danube is an important transport route, with 23% of its
river transport output being agricultural and food products
(CCNR 2022). Drought periods (such as the droughts of
2018 and 2022) lead to low water level impacts, with se-
vere consequences for the commercial shipping of agricul-
tural products and foodstuffs.

Prolonged hot and dry conditions and soil degradation
can also increase the risk of desertification. The food sup-
ply chain, already vulnerable to climate change, could be
deeply affected by large-scale, severe, more intensive and
frequent droughts, leading to significant crop losses in the
Carpathian Basin. At the same time, not all crop produc-
tion sectors will be negatively affected by climate change
if water-saving practices and water-efficient irrigation can
be more widely applied. Yields of vegetables, fruit and
grapes could even increase, but the expected growing risk
of frost in spring and hail in summer will make yields un-
certain. At the same time, arable crops may be particularly
vulnerable to the adverse effects of climate change. Yields
of spring-sown crops, especially in the southern parts of
the country, could fall by more than 30%, while production
of water-intensive crops could even cease in Hungary
(ITM 2020). Livestock production could face new infec-
tious diseases and heat stress. Heatwaves, droughts and
complex hot-dry events are expected to be fundamental
drivers of risks to forest carbon sinks, directly reducing
forest productivity and growth but indirectly increasing
vulnerability to forest health (e.g., limited resilience to in-
sects and pathogens).

Implications for integrated policies

The changing climate significantly affects the entire
food supply chain, intensified by the non-climatic effects of
agricultural land use: 80% of the country's cultivated area is
under arable crops. Thus, in addition to climate change, the
main non-climatic policy drivers are land use legislation and
area-related payments to encourage arable farming. Other
policy gaps can also be identified in the context of unsus-
tainable agricultural practices (e.g., soil degradation, agro-
technology, drainage of agricultural land, etc.).

To mitigate drought vulnerability, landscape manage-
ment in cooperation with nature (“water in landscape" con-
cept) provides a near-natural solution (NBS) (IUCN 2018).
Ancient water and land use infrastructure that spreads wa-
ter transported by rivers and rainfall needs to be re-estab-
lished. A mosaic system of watercourses, floodplains, high
banks, wetlands, grasslands, plows, and field protection
forest strips, adapted to the natural topography, should be
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developed, especially in the lowlands. It is also essential to
develop a new technical and legal basis for water manage-
ment, allowing for water discharge in the event of flood
surpluses. This would also entail a significant change in
land use: lower-lying areas would be used primarily for
water retention, while elsewhere, a mosaic of cultivated ar-
eas and natural ecosystems (grasslands, wetlands, forest
fragments) would be maintained. This would also reduce
flood and inland water risks, reduce drought hazards and
improve biodiversity.

Transitioning to a "water in landscape™ system will re-
quire significant coordination and co-planning between
different sectors. The transformation will require a signif-
icant role in the spatial planning, water, agriculture, indus-
try, residential, nature conservation and tourism sectors.
The development of a climate-resilient food chain can only
be achieved by strategically integrating the "water in the
landscape™ concept.

Strengthening food sovereignty can be one of the key
policy drivers. If the agricultural and rural policy is strate-
gically focused on the triple bottom line of 'security of sup-
ply — competitiveness — sustainability, the ‘water in the
landscape' concept could be a high-priority implementa-
tion tool. This could be complemented by a more diversi-
fied product mix, with many small producers, and by in-
novative agrotechnologies that are environmentally
friendly and resource efficient. A food sovereignty policy,
deeply integrated into policies, would also reinforce the
climate resilience of ecosystem services (soils, pollinating
insects and biodiversity), thus mitigating the impact on
farmers' economic stability.

INFRASTRUCTURES, BUILT ENVIRONMENT,
INDUSTRIES, SERVICES

The consequences of climate change are not leaving infra-
structures or certain industrial and service activities un-
touched. Some public services (e.g. water and energy util-
ities), some water-intensive industrial activities and water-
side tourism are affected. Energy security, both in terms of
power generation, energy transport and distribution sys-
tems, is a particular area of concern. Relevant impacts and
responses can also be identified in the climate-water-urban
green infrastructure nexus.

Drivers and key risks

Climate change has a significant impact on public wa-
ter utilities. On the one hand, warming temperatures and
more frequent and prolonged droughts will increase do-
mestic water demand which may be further exacerbated
by some water-intensive industrial activities (e.g., battery
industry). Also negatively affected by the drinking water
supply is that higher water temperatures lead to the
spread of pathogens, limiting the use of reservoirs for
drinking water and recreation (EEA 2017). Wastewater
drainage is also challenged by potential water restrictions
during severe droughts, leading to sedimentation and
clogging of sewer drainage infrastructure networks. Fur-
ther negative impact chains can be identified in urban

stormwater drainage infrastructure. The frequency of ur-
ban fast-running floods increases, and unseparated
stormwater drainage systems increase the amount of pol-
lution entering the sewers. The capacity of watercourses
receiving treated urban wastewater is also reduced during
prolonged water scarcity.

Significant climate drivers and risks can be identified
in the energy infrastructures. Thermal power plants (fos-
sil and nuclear) are sensitive to two factors through the
cooling water supply. On the one hand, higher cooling wa-
ter temperatures have a negative impact on the thermal ef-
ficiency of power plants, leading to business losses (Payet-
Burin et al. 2018). On the other hand, in the case of ex-
tremely high water temperatures, the discharge of used
cooling water into freshwater bodies must be suspended to
protect freshwater ecosystems, which, in extreme cases,
may lead to restrictions in the regular operation of power
plants. Deficient water levels may also lead to shutdowns
if other sources cannot meet cooling water demand. Bio-
mass power plants are indirectly affected by climate
change. Droughts and possible wildfires in forest areas
that supply firewood present a significant yield hazard
and, thus, an economic risk. Finally, it should be men-
tioned that climate change also presents new drivers for
energy networks. Electricity grids may be disrupted in ar-
eas at risk of flash floods, but forest fires may also pose a
higher risk. Storms, droughts and heat waves can damage
information and communication technology (ICT) infra-
structure, affecting telecommunications as critical infra-
structure (Dale and Frank 2017).

Among industrial activities, climate change directly
affects industries with high water demand, notably chem-
icals, food and battery manufacturing (Gasbarro et al.
2019). Reducing water demand in these sectors through
transitioning to circular water use could be a positive
driver. Production in just-in-time logistics systems is in-
directly affected by the impact of climate change on
transport infrastructure, particularly the climate vulnera-
bility of roads and railways. The building stock is at risk
from flooding and events leading to higher groundwater
levels, especially for outdated detached houses without
adequate underlayment and waterproofing. These risks
are further compounded by inadequate or outdated storm-
water infrastructure that does not provide adequate drain-
age capacity.

Urban green areas, as well as water and waterside eco-
systems (urban green infrastructure), provide a range of
environmental, social and economic benefits and are mul-
tifunctional resources capable of providing multiple eco-
system services. However, green infrastructure is vulnera-
ble to droughts and temperature extremes and is also af-
fected by air pollution, fires, invasive species and disease
as non-climatic drivers. The decline in soil moisture af-
fects vegetation health and reduces the aesthetic attractive-
ness and recreational value of green spaces and water bod-
ies. The overall status of infrastructure vulnerability is pre-
sented in Table 1.
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Table 1. Vulnerability of the infrastructures to climate drivers (own edition, based on EEA 2017)
1. tablazat. Az infrastrukturak éghajlati tényezokkel szembeni sebezhetdsége (sajat szerkesztés, EEA 2017 alapjan)

Sector Infrastructure Heat- | Droughts | Wild- River- Storms,
waves fires floods | flash-
floods
Power plants (fossil, nu- + . N . .
clear)
Power plants (biomass) ++ +++ +++ ++ ++
Energy Solar power plants (PV) - - + + +
Wind turbines - - + + ++
Electricity grid + - +4++ ++ T+t
Gas pipelines - - 44+ + -
Roads ++ - ++ ++ +
i . Railways ++ - ++ 4+ +
Built enw_ronment, Inland waterways + +++ + ++ ++
transport infrastructure -
Alirports - - + ¥ -
BUiIdingS - - + ++ S
National heritages + - - + T+
Chemical industry + + + + ++
Industry ——
Food processing industry ++ +++ + + ++
. Utilities (water and waste) ++ +++ + ++ +++
Services -
Tourism +++ ++ + + ++
Urban land use Urban green infrastructure ++ +++ + + ++

Legend: +++: high vulnerability, ++: medium vulnerability, +: low vulnerability, -: no vulnerability
Jelolés: +++: erdsen sériilékeny , ++: kozepesen sériilékeny, +: kissé sériilékeny -: nem sériilékeny

Present status and future impacts

Across Europe, cities and their agglomerations are in-
creasingly vulnerable to water scarcity (Caretta et al.
2022), and negative trends are already evident in Hungary.
Urbanization, aging infrastructure and disrupted water bal-
ances, combined with increasing water demands, are inten-
sifying competition for water and exacerbating local water
conflicts (Xanke and Liesch 2022). The modernization def-
icit of water utilities also represents a persistent lock-in ef-
fect and weakens the potential for climate change adapta-
tion. New, innovative "green industries" (e.g., battery pro-
duction, hydrogen industry) are a positive trend for sus-
tainable energy management. However, they also repre-
sent significant additional water demands that may also in-
tensify local water conflicts.

Extreme precipitation in the Carpathian Basin will
likely increase, so the frequency and magnitude of plu-
vial floods are expected to increase (Kundzewicz and
Pinskwar 2022). Extreme peak flows exceeding the 100-
year return period are projected to increase across Europe
(Alfieri et al. 2017). Considering the expected infrastruc-
ture impacts of the "too much water" problem, it is essen-
tial to note that although the increasing flood risk has cli-
mate-related causes, flood damage to the built environ-
ment is, to a significant extent, not a consequence of cli-
mate impacts. On our major rivers, flood damage is
caused by deficiencies in the appropriate flood defenses,
on small watercourses by the sprawl of settlements
(sometimes illegal developments) and the general obso-
lescence of buildings and roads.

Socio-economic conditions, particularly those accom-
panied by social vulnerability and/or an aging population,
adversely affect the ability to recover from floods. Cru-
cially, water damage to housing and property also creates
social problems (UNDRR 2019).

Implications for integrated policies

An integrated policy response to floods should be
based on three equally important pillars: (i) technical and
technological development of flood protection, (ii) early
warning, raising flood awareness in society and among
stakeholders, and (iii) integration of nature-based solu-
tions.

In addition to the traditionally high performance of
flood protection measures in Hungarian water policy, pro-
gress is needed to ensure that infrastructure planning
also considers climate risks. It is an appropriate initial step
to make climate change adaptation assessment mandatory
for some infrastructure developments. However, this does
not cover priority investments and is not adequately inte-
grated into the permitting processes. In this respect, it is
essential that the standards used in the engineering design,
the best available techniques reference documents, and cli-
mate risks are considered more explicitly for new infra-
structure and substantial renovation projects. Public pro-
curement policies can also be important in integrating cli-
mate risks into infrastructure design and construction.

It would also be essential to carry out complex hazard
assessments and stress tests for specific sectors or in-
frastructure networks (e.g., water utilities, electricity and
telecommunication networks, transport infrastructures) at
fine spatial resolution (Leon-Mateos et al. 2021). The haz-
ard assessments for investments should assess whether wa-
ter saving, and water retention considerations are ad-
dressed and whether implementing the investment will not
create new water conflicts. This information should be in-
cluded in the licensing processes. Similarly, spatial and
municipal development plans should integrate resilient in-
frastructure requirements, including water-retaining
stormwater management, flood-resilient buildings and in-
tegrated green space development to enhance the overall
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climate resilience of settlements. These plans should pri-
oritize improving the built environment's resilience, focus-
ing on deteriorated and obsolete housing and historic mon-
uments.

At the global and EU levels, the issue of early warning
and partnership for preparedness s is also receiving con-
siderable attention (UN). In recent years, several extreme
precipitation events across Europe, including severe dam-
age and loss of life, have demonstrated the public and eco-
nomic stakeholders' lack of awareness and preparedness
(Cunge and Erlich 2014). In this respect, it is essential to
strengthen the state's public information and alert func-
tions (e.g., water authorities, disaster management) and
municipalities through developments based on innovative
applications of data integration and analysis, forecasting
and communication (e.g., big data, artificial intelligence).
Two target groups should be given particular attention in
preparedness for extreme weather events. Firstly, training
and networking of property operators and facility manag-
ers should be promoted. On the other hand, architects, de-
signers, building services engineers, and experts in build-
ing automation (BIM) can consider preparedness for ex-
treme events during the planning phase.

Finally, the resilience of the built environment can be
improved by nature-based solutions integrated into flood
protection. The starting point is that the restoration of wet-
lands, old river channels and floodplains, the creation of
water retention areas or, for example, the installation of
micro-reservoirs and green roofs in cities can contribute to
preparing for extreme rainfall events (Serup and Arnbjerg-
Nielsen 2021). Nature-based solutions address social, eco-
nomic and environmental challenges effectively and adap-
tively while delivering benefits for human well-being, eco-
system services, resilience and biodiversity.

HUMAN HEALTH, WELL-BEING AND SOCIAL
JUSTICE

Climate change impacts are also reflected in human health,
welfare and social equity dimensions. Climate drivers re-
lated to infectious and cardiovascular diseases may be in-
tensified by specific non-climate drivers, such as social
deprivation related to poverty and housing, health care,
food security and health awareness.

Drivers and key risks

The increase in the frequency and intensity of extreme
climatic events (floods, droughts) accelerates the spread
of various infectious diseases by increasing the survival,
reproduction and geographical spread of pathogens and
their vectors. Notably, climatic conditions are increas-
ingly favorable to spreading waterborne and foodborne
diseases such as Campylobacter and Salmonella. Water
also plays a pivotal role in this problem: disease-carrying
species (such as mosquitoes and birds), adapted to
shrinking surface water stocks, gather around remaining
water bodies, increasing the chances of transmitting dis-
eases such as Zika, malaria and dengue fever. In urban
areas, inadequate stormwater drainage during floods
caused by extreme rainfall can lead to sewage overflows,
increasing the risk of infectious diseases, especially in
children (Semenza et al. 2021).

Social, economic, cultural and lifestyle factors also in-
fluence people's vulnerability to disease. People with low
incomes, the elderly and people with chronic diseases are
likely to be at particular risk, and special attention should
be paid to improving their resilience.

Present status and future impacts

Current health status and age are key risk multipliers
for many climate-related health impacts (e.g., heat
waves as an associated health risk and vector-borne dis-
eases). It is expected that the vulnerability of pregnant
women, infants, young children and the elderly will be in-
creased, which may be exacerbated by social and housing
conditions (Van Daalen et al. 2022). Another area of
health impacts of climate change is through the food sup-
ply chain; water and food security are also closely linked.
The food supply chain (for example, through irrigation and
food processing) highly depends on the quantity and qual-
ity of available water, which can be adversely affected by
droughts and floods.

Climate change has significant implications for social
justice and equity. The adaptive capacity of low-income
households and marginalized communities is inherently
limited. However, they are also expected to be more vul-
nerable to increases in food and water prices resulting from
climate change (Breil et al. 2018). There may also be in-
creased vulnerability to climate change for some groups of
employees, e.g., outdoor workers in agriculture and con-
struction), but indirectly, those in the tourism sector may
also be more adversely affected.

Traditional, self-sufficient households depend heavily
on ecosystems and are also at risk. It can be expected that
the rural deprived regions with small villages and remote
farms may be more vulnerable to climate change, as these
communities are more dependent on local ecosystem ser-
vices that are being degraded by climate change.

A further negative social impact chain is that floods
(particularly flash floods) and their response can result in
new risks and associated inequalities. The information,
housing and lifestyle conditions of disadvantaged social
groups can compound their flood-related losses.

Implications for integrated policies

Hungary is at the forefront of research into the direct
health impacts of climate change, the deployment of
health-related climate change adaptation measures, and the
legal and policy framework to address them. However, fur-
ther integration is needed in some water-related areas, such
as early warning systems, awareness raising and
knowledge sharing on extreme weather events. Education
and training of health and social professionals is a priority
target group in this area. Climate adaptation for health also
requires coordination of public information activities in
the fields of water, disaster prevention and public health.

Social policies mainly fail to consider the climate as-
pects of poverty (e.g., food poverty, housing crisis, hun-
ger). The combination of climatic and non-climatic drivers
increases social inequality. It leads to significant welfare
inequalities, and therefore, a support program for vulnera-
ble groups in deprived areas should be launched to reduce
their climate vulnerability.
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CONCLUSIONS

Climate change is adversely affecting water resources.
This negative impact is compounded by the increase in wa-
ter demand, which together increases competition for wa-
ter between water users and can raise conflicts in sharing
water resources. The persistent and worsening disruption
of the water balance, together with other non-climatic driv-
ers, will lead to spill-over effects in terms of ecosystem
services and socio-economic processes. Both the socio-
economic drivers and the policy responses have in com-
mon that they cannot be addressed within the strategic
framework of a single sector but require complex and in-
tegrated solutions. In the following, we present good prac-
tices of integrated responses in Hungary and summarize
the most critical aspects and areas of intervention for inte-
grated climate and water policy planning.

Best practices in policy integration

In Hungary, several implemented projects and good
practices support the feasibility and complex benefits (e.g.,
water management, biodiversity, and socio-economic de-
velopment) of climate-water policy integration, of which
two "flagship projects” are presented. It should also be
noted that project-based policy integration is in its initial
phase worldwide (Rogers et al, 2023), but success factors
and uncertainties can be identified. Success factors in-
clude, for example, a legal and regulatory environment that
facilitates integration, local political commitment, and the
existence of administrative and professional capacity. An-
other key issue is the organizational and governance cul-
ture and the involvement of local stakeholders in imple-
mentation. However, there are also considerable uncertain-
ties. For example, there is no universal method for meas-
uring outcomes (Singh et al, 2021), especially in the ab-
sence of longer empirical data series. There is also no clear
guarantee that the results can be replicated or scaled up
elsewhere.

Preparing for flash floods in Piispokszildagy:
Developing an integrated natural water retention
system.

Piispokszilagy is highly vulnerable to flash floods,
while droughts are frequent in summer, both of which
cause severe damage to the municipality. The LIFE-MI-
CACC project (2017-2021) (https://vizmegtarto-
megoldasok.bm.hu/hu/nwrm/5_pilotrol_reszletesen) aims
to address both problems through nature-based solutions.

The administrative area of Plispokszilagy is affected by
two small watercourses, the Gombas Stream and the Szil-
agyi Stream, which is more relevant for local water dam-
age control and affects the inland area. The Szilagyi stream
has a total length of 6.8 km, an average width of 1.3 km
and a catchment area of approximately 10 km?2. Before the
MICACC project, there were no reservoirs in the catch-
ment areas above the inner part of the municipality of
Piispokszilagy. The nearest reservoir is a stormwater res-
ervoir and groundwater pond located southeast of the set-
tlement, but their outlet canal is located below the inland
section of the Szilagyi stream. Due to its geographical lo-
cation, the lake system did not contribute to preventive
protection against fast-moving flash floods (Budai 2018).

Sloping agriculture is common on the surrounding
hills, which contributes to and accelerates the run-off of
water from the arable land above the settlement, which
may be accompanied by a significant amount of sediment
transport. The development of the settlement structure
has resulted in an increase in the extent of paved surfaces,
but the main surface stormwater drainage system in the
village, the Szilagyi stream and its associated drainage
network has not been developed. Due to these geograph-
ical and hydrological conditions, the most crucial surface
water body in the municipality of Piispdkszilagy is the
Szilagyi Stream, which has been subject to record flood-
ing every 2-3 years in recent decades. This leads to sig-
nificant soil erosion and damage to the building stock. At
the same time, in summer, the valley floor dries out com-
pletely, negatively impacting agriculture, the ecosystems
and the groundwater resources. Four wooden sediment
barriers (bottom thresholds) have been constructed in the
Szilagyi stream. The retained water ensures the water
supply of the higher-lying cultivated lands and forests. A
wetland and pond system will be created in a part of the
Szilagyi stream floodplain to capture and store floodwa-
ter and sediment to increase water retention capacity and
reduce drought risk.

Among the solutions implemented under the project,
the lateral reservoir will play a significant role in water re-
tention. At the inflow points of the reservoir, easily clean-
able sediment traps have been constructed to prevent the
reservoir from silting up. The reservoir was constructed on
meadow and pastureland, and efforts were made to balance
flood protection and nature conservation functions. The
ecological needs of the reservoir were met by ensuring wa-
ter flow, maintaining mosaicism, integrating wooded com-
munities and wetlands, and protecting natural values. A
complementary solution was to build seepage log dams on
the erosion ditches over the settlement, which flow into the
Szilagyi stream. During flash floods, the high water flows
and the resulting sediment and debris are retained above
the settlement, and the water is released slowly and in a
controlled manner through the gap between the logs, thus
flattening the flood peak. Another advantage is that they
are incredibly cheap, especially as they are built using lo-
cally harvested timber. The small-scale water retention so-
lutions (reservoir and log dam) implemented under the
project contribute to stabilizing groundwater levels, allow-
ing the use of retained water, helping preserve and enhance
biodiversity, resulting in a better microclimate, and thus
creating recreational opportunities.

Activities included raising awareness and acceptance
of nature-based solutions among local people. The central
"message™ was that the reservoir and the adjacent leisure
center would be used for recreational purposes. Another
co-benefit was to improve flash flood preparedness and to
involve the local community in the design of nature-based
solutions. Among the social impacts, the project's results
in raising the awareness of local stakeholders are essential.
The reservoir is also widely used for recreation by resi-
dents of the surrounding villages, hikers and groups visit-
ing the Recreation Centre next to the reservoir.
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Strengthening the climate change adaptation and

coordination capacity of local authorities

The LIFE LOGOS 4 WATERS project (2021-2025)
aims to improve the climate resilience of municipalities,
mainly through disseminating good practices of NWRM
(Natural Water Retention Measure) at the municipal and
river basin levels. The project will design and implement
complex integrated solutions based on natural water reten-
tion at the river basin level on a demonstration basis coor-
dinated by municipalities. Partnership groups have been set
up in 9 catchments in Hungary at risk of flash floods and
erosion, including the municipalities in the catchment, the
regional Water Management Directorate, the permitting au-
thorities, farmers, the National Parks, NGOs and local stake-
holders (https://lifelogos4waters.bm.hu/en/home/).

The project is under implementation, and one of its
"early results" is the central role of municipalities in the
implementation and planning coordination of locally in-
tegrated climate-water policy actions. This coordination
may include developing and implementing local water
conservation strategies and raising community aware-
ness. Under the project, municipalities can carry out so-
cial and institutional coordination of river basin manage-
ment, as well as community involvement and awareness-
raising. In this way, the integrated implementation tools
contribute to flood protection and improve the quality of
community life.

Horizontal and holistic policy planning

Water policies, in general, have typically focused on
the direct risks but have largely not considered the sys-
temic and multiple hazards (often exacerbated by non-cli-
matic drivers) arising from climate change. Integrated pol-
icy planning is based on the recognition that the chains of
impacts presented in this paper are interlinked and cannot
be effectively addressed in 'sectoral silos.'

The common ground for integrated policy responses is
the ‘water in landscape' approach, which prioritizes the res-
toration of ecosystem services through the retention of wa-
ter in local areas. "Water in the landscape™ should focus on
ways of retaining water optimized for local conditions.
This may include water stored in soils, wetlands, recrea-
tional lakes, and reservoirs, as well as the circular reuse of
used water and the rational control of socio-economic wa-
ter needs. New options for flood protection include " mak-
ing more space for the river," widening the narrow flood-
plain, increasing the flood discharge capacity of the flood-
plain, and, in the case of major floods, diverting part of the
water to deep floodplains or reservoirs on the flood-shel-
tered side. Integrated water-related planning can also re-
solve conflicts over competing water uses based on rea-
sonable compromises.

Another common feature of integrated policy measures
is that they address socio-economic risks resulting from
climate change and non-climatic drivers in addition to the
hydrological and climatological dimensions.

The flexibility and spatial differentiation of integrated
responses are also required. Cross-sectoral climate adapta-
tion governance considers the geographical characteristics
of drivers and risks, as well as socio-economic and ecolog-
ical diversity (Pdlvélgyi and Reich 2024). This also means

that the policy solutions presented in this research need to
be 'tailored' and implemented in a spatially differentiated
manner, with an understanding of vulnerability and along
the lines of effectiveness (Pdlvélgyi and Kovdcs 2023).

The main horizontal, cross-sectoral priorities for in-
tegrated climate and water policies are:

- Achieving multifunctional land use and strengthening
ecosystem services, promoting soil restoration and im-
proving the resilience of water-dependent ecosystems.

- Implement a systemic, holistic planning framework, in-
cluding the establishment of local, cross-sectoral coordi-
nation organizations and consultative platforms

- Community development, strengthening local identity
and responsibility

- Developing a green economy and recreational opportuni-
ties, creating a healthy environment, improving well-being

Research and development, as well as awareness
raising and training, are two other priority horizontal areas
for integrated policy planning. Complex research on cli-
mate-water-sustainability nexus is an urgent priority. An
institutional framework and sustainable funding for this,
based on networking, must be developed ("VITUKI net-
work™). Research should be multidisciplinary and strongly
focused:

(a) strengthen the existing monitoring and modeling sys-
tems for forecasting and alerting to extreme climate
events with fine spatial and temporal resolution, in par-
ticular droughts and flash floods,

(b) socio-economic valuation of water-related ecosystem
services; costs of adaptation options and costs of non-
action; and quantitative integration of risks into public
service, governance and business decisions.

The effectiveness of integrated policy planning de-
pends essentially on the knowledge, expertise and percep-
tion of the wider stakeholders. In Hungary, there is consid-
erable experience and a well-developed institutional back-
ground for implementing environmental awareness-rais-
ing in public education. Existing infrastructures (forest
schools, visitor centers in National Parks, etc.), programs
(e.g., Student Work Programme, Borderless Programme,
TeSzedd Programme) and initiatives by local actors, initi-
atives and NGOs - with appropriate professional coordina-
tion - are suitable for increasing young people's knowledge
and attitudes towards climate adaptation concerning water.

At the same time, further action is needed in science
communication related to the topic. Knowledge transfer
channels outside schools (e.g. social media platforms) are
currently underused in awareness raising on the topic.

Another important target group for training and aware-
ness-raising related to integrated policy planning is experts
and decision-makers who implement development poli-
cies. A profession-specific, tailor-made water-related ad-
aptation training system should be developed, e.g., for all
target groups of development projects (decision-makers,
tender consultants, project developers, design engineers,
agricultural contractors, water management profession-
als). Cooperation between universities, professional cham-
bers and other public bodies is justified, for example, in
the following areas of competence:
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- environmental and nature conservation knowledge

- knowledge of sustainability and climate change

- water management and technical knowledge

- urban planning and landscape architecture

economic, financial and management skills

conflict resolution, partnership building and communi-
cation skills

Finally, the failure of the integrated climate and water
policies would set back our resilience in the face of adverse
effects of climate change. The climate-water-food nexus
poses complex climate security challenges to which only
integrated responses can be effective. The absence of
cross-sectoral climate and water policies can lead to mala-
daptation (Schipper 2020).

As stated in the National Water Strategy (NWS 2017),
“the complexity of water management and the proven val-
idation of synergies should be a prerequisite for the ap-
proval and financing of water management interventions
(...). Water management and water protection cannot be
treated in a separate way, and integrated water manage-
ment aspects should be mainstreamed into other sectoral
policies (agriculture, energy, transport).” Hence, the wa-
ter policy framework is open to policy integration, but the
need for this is not sufficiently reflected in sectoral strate-
gies. An important driver could be interdisciplinary and
cross-sectoral dialogue, for example through the institu-
tional forum of the Water Management Science Council.
Further "accelerator" of policy integration could be the
strengthening of cross-sectoral coordination of financial
resources and the opening of " silo-like" sectoral funding
mechanisms to shared objectives (e.g. area-based agricul-
tural support for water retention).
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