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Abstract

Recent impactful hydrometeorological events, on both the extreme wet and dry side of the
spectrum, remind policymakers and citizens that climate change is a reality and that a shift in
watermanagement solutions is required. A selection of policy-shaping events in theNetherlands
shows that both floods and droughts have occurred historically and continue to occur, causing
significant impacts and challenges for water resources management. For decades, water man-
agement in the Netherlands has focused on implementing flood prevention policies, mostly
prompted by specific events. The occurrence of droughts did not lead to comparable significant
transitions in water management. The bias toward adaptation measures on the wet part of the
spectrum (i.e., floods), increases vulnerability to dry extremes (i.e., droughts) as experienced in
2018–2020 and 2022. A required long-term, integral vision to rethink the existing water
management system is challenging as droughts and floods act on different time scales. Further-
more, there is a fierce competition for land use and water use functions. ‘Transformation
pathways’, applied across the full flood–drought spectrum, could provide a valuable framework
in the development toward a sustainablemanagement of water resources, involving stakeholders
for just and equitable transitions and translating long-term visions into pathways for action.

Impact statement

Hydrometeorological extreme events, that is, floods and droughts, have major impacts on
ecosystems and sectoral water uses such as shipping, agriculture, industry, energy, and drinking
water. From looking back on a selection of historical events in the Netherlands, we learn that
significant changes in policy and measures have been implemented in response to extreme
hydrological events, especially with regards to floods. However, from recent extreme drought
(2018–2020, 2022) and flood conditions (2021) and future climate projections, it has become
clear that optimization of the current water management system will not suffice. A transform-
ation is needed to deal with future hydrological extremes, requiring modifications in water
system, water management, water use, and governance. We need to design, manage, and use the
water system in a way that resilience to both floods and droughts is increased. This requires
methods and tools to stress-test the system for both extremes, and knowledge of measures that
reduce both risks. In regional adaptation strategies, the full flood–drought spectrum should be
managed in a balanced way. A transformation of the current water system and water manage-
ment will not always and at all locations be beneficial for all sectors. Stakeholder interactions are
needed for just and equitable transitions and for translating long-term visions into concrete
pathways for action.

Introduction

The European summers of 2018, 2019, and 2020were characterized by lowprecipitation and high
temperatures, which caused large-scale and intense droughts (Philip et al., 2020; Zscheischler and
Fischer, 2020; Turner et al., 2021). These events, by some sectors felt as one multi-year drought,
set a new benchmark in Europe (Rakovec et al., 2022), and sparked societal and scientific interest
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in the nature of drought and event-specific climate projections (van
der Wiel et al., 2021, 2022; Aalbers et al., 2022; Blauhut et al., 2022;
Gessner et al., 2022). With these droughts on our minds, the
contrast to the 2021 summer floods in the Ahr, Erft, Meuse, and
its tributaries in Belgium, Germany, and the Netherlands was large.
These floods were caused by 2 days of extreme rainfall on hilly
terrain and led tomore than 200 fatalities and severe infrastructural
damage (Kreienkamp et al., 2021; Faranda et al., 2022; Lehmkuhl
et al., 2022). This string of very impactful hydrometeorological
events, on both sides of the flood–drought spectrum, reminded
policymakers and citizens that climate change is a reality and that
increases in both droughts and floods require a shift in water
management solutions. Additionally, climate change projections
for the region (KNMI, 2021; Masson-Delmotte et al., 2021) show
strong decreases in mean summer precipitation, increasing winter
precipitation, increased rainfall variability, more intense drought
events (Cook et al., 2020; Ukkola et al., 2020), and more intense
short convective rainfall events (Fowler et al., 2021). This shows
that a more anticipatory and adaptive approach to water manage-
ment will be needed to, on the one hand, prepare for short-term
climate-related shocks and, on the other hand, continuously evalu-
ate long-term water management practices.

Hydrometeorological extreme events have major impacts on
both terrestrial and aquatic ecosystems (Bartholomeus et al.,
2011; Witte et al., 2012; Reyer et al., 2013; Kløve et al., 2014),
infrastructure (Vardon, 2015), buildings (Sanders and Phillipson,
2003), greenhouse gas emissions (Stirling et al., 2020) as well as
multiple sectoral water uses (Wlostowski et al., 2022). For instance,
shipping is hampered by low water levels (Christodoulou et al.,
2020; Vinke et al., 2022). Agricultural production is reduced under
too wet or dry conditions or due to high salinity (Kroes and Supit,
2011; Hack-ten Broeke et al., 2016; Harkness et al., 2020; Shahzad
et al., 2021; deWit et al., 2022). Industrial and energy water uses are
constrained due to low (summer) flow and increased water tem-
perature under droughts and heatwaves (van Vliet et al., 2013;
Behrens et al., 2017; Tobin et al., 2018; Moazami et al., 2019).
The drinking water sector is challenged by higher water demands
during warm summers, increased salinization, and higher concen-
trations of various chemicals (Delpla et al., 2009; Bonte and
Zwolsman, 2010; Koop and van Leeuwen, 2017; Sjerps et al.,
2017; Garnier and Holman, 2019; van den Brink et al., 2019; Wolff
and van Vliet, 2021). Also, floods affect drinking water supply, by
deteriorating water quality and destroying water supply infrastruc-
ture (Khan et al., 2015). Overall, sectors depend on both sufficient
water availability and suitable water quality (Lissner et al., 2014; van
Vliet et al., 2017). When sectoral water demands are not met, this
can have major economic impacts (Naumann et al., 2021).

In this short review, we provide our perspective on how the
Netherlands and other countries in river deltas couldmanage water
across the flood–drought spectrum for the next century, both from
a water management and water governance perspective. Many
countries in river deltas are highly engineered and managed
(Renaud et al., 2013); the Netherlands is no exception. These
countries are densely populated and have intensive agriculture.
Because of their location, river delta countries strongly depend on
water management and activities in upstream-located countries.

Traditionally, water managers and water utilities in the Nether-
lands focus on preventing floods, whereas they will also need to
anticipate drought (Kabat et al., 2005; Philip et al., 2020; Pronk
et al., 2021; Brakkee et al., 2022; Brockhoff et al., 2022; Mens et al.,
2022). The Netherlands is a low-lying country, partly below sea
level, in the delta of the rivers Rhine and Meuse (Figure 1A).

Low-lying regions face challenges such as soil subsidence and
salinization (Querner et al., 2012; Raats, 2015). However, there
are also free-draining regions in the east and south of the Nether-
lands (Figure 1B) where droughts impact water availability for
nature, agriculture, industry, and drinking water supply
(Hendriks et al., 2014).

We will first provide an overview of selected events across the
flood–drought spectrum in the Netherlands over the last century
that led to significant adaptation measures and associated govern-
ance arrangements. We then provide insight into recent (2018
onwards) and future drought and flood events and associated water
management implications. Based on this exploration of historical
events and future extremes, we provide our perspective on future
watermanagement and water governance across the flood–drought
spectrum for deltas like the Netherlands.

Floods and droughts in the Netherlands

Policy-shaping events leading to the current water
(governance) system

Over the last century, several extreme hydrological events and
transformative changes in Dutch water management and water
governance occurred. A historical, but not exhaustive, timeline of
important events and changes is displayed in Figure 2 and Table 1.
First of all, the overview shows that wet (e.g., 1953 flood, Table 1,
III) and dry (e.g., drought of 1976, Table 1, V) extremes are not new.
For some events, impacts led to the implementation of effective
technological measures (e.g., pretreatment and infiltration of river
water in dune areas for drinking water production, Table 1, IV) or
new governance arrangements (e.g., the Dutch Delta program to
prevent floods and safeguard freshwater supply, Table 1, VI).

Important to note is that measures can contribute to the adap-
tation to both extremes (reduce flood risk and drought risk). The
Dutch water management system shows many examples where the
system is optimized for the combination of flood protection and
freshwater supply, although often with negative ecological conse-
quences. For example, the IJssel Lake (IJsselmeer Area, Figure 1A)
is controlled on lower water levels in winter and higher water levels
during summer, the opposite of natural water level dynamics for
freshwater ecosystems. Similarly, in the low-lying part of the Neth-
erlands, the (ground)water levels are highly controlled, to both
avoid flooding in winter and water level decline in summer. One
reason for the latter is that peat dikes could dry out and fail, as
happened in 2003 (e.g., Bottema et al., 2021). In fact, the main
reason to supply water to low-lying areas during summer is to
reduce peat oxidation, to reduce both subsidence and greenhouse
gas emissions in view of the climate mitigation goals. Adaptation
measures to one extreme could, however, also increase the hazard
or vulnerability of the extreme at the other side of the spectrum. An
example is the dense drainage system to provide optimal farming
conditions in the free-draining higher areas (Figure 1B). The drain-
age system, designed based on extensive drainage research (Feddes,
1988), discharges water quickly, lowering groundwater levels in
early spring and reducing waterlogging, which extends the growing
season. The lower groundwater levels increase the impact of
drought on, for example, agriculture and nature. Additionally,
when cost-effective, farmers use groundwater for irrigation to
overcome drought events later in summer (van Oort et al., 2023),
resulting in a further decline of groundwater levels. Adaptation
measures, like drainage and irrigation, could thus contribute to
desiccation of groundwater-dependent ecosystems.
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Adaptation measures were especially successful in the preven-
tion of floods and to deal with extreme precipitation events. Neither
the occurrence of droughts in previous decades nor the measures to
deal with droughts led to comparable significant changes in water
management. The bias toward adaptation measures on the wet
spectrum of the extremes, makes the Netherlands more vulnerable
to the amplifying dry extremes experienced from 2018 onwards. As
described in the introduction: these might be the benchmark for
future conditions.

Amplifying hydrometeorological risks: Hydrological effects,
management, and policy actions of recent extreme events

The summers of 2018–2020 were characterized by extreme drought
conditions that challenged the Dutch water management. While
the events are considered rare in the current climate, it is expected
that future climate change will make similar events more frequent
and intense (Philip et al., 2020; KNMI, 2021; van der Wiel et al.,
2021; Aalbers et al., 2022). In addition, there is an increased
probability that drought events will become multi-year events

Figure 1.Hydrological map of the Netherlands (adapted fromRijkswaterstaat (2019)), includingmain rivers Rhine andMeuse (see inset), the IJsselmeer area (green) and the South-
west Delta (dark blue). B. Free-draining higher grounds in the east and south (orange) andwater-level regulated areas in thewestern and northern part of the country (adapted from
de Wit et al. (2022), CC BY 4.0).

Figure 2. Timeline of selected events of both wet and dry extremes in the Netherlands over the last century and, where applicable, important management or governance changes.
The events are further described in Table 1.
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Table 1. Description of the events mentioned in Figure 2

Nr Description Literature

I After the First World War, land consolidation was supported to make the economy more self-sufficient (Land
Consolidation Act, 1924). Drainage was intensified and land was brought into cultivation (with major
reconstructions in 1950s and 1960s), resulting in lower groundwater tables and an increase in crop
production. Standard drainage norms were made available in a handbook. Over the past decades, however,
excessive drainage contributed to desiccation, impacting groundwater-dependent ecosystems

Cultuurtechnische Vereniging, 1988; van den Bergh, 2004; Knotters and Jansen, 2005; van den
Brink and Molema, 2008; Stańczuk-Gałwiaczek et al., 2018; Witte et al., 2019; de Wit et al., 2022

II In 1932, the former Zuiderzeewas closed off from the sea by the Afsluitdijk to form the IJssel Lake (IJsselmeer
area Figure 1A). This turned this main inland saltwater body into the largest freshwater reservoir of the
Netherlands. While the main goal of the lake is to provide flood protection for the surrounding lands (by
storing river water during high tide and keepingwater levels low), it also acts as amajor source for freshwater,
supplying water to the North of the Netherlands during summer, especially in times of drought

Lammens et al., 2008

III In February 1953, the Netherlands was confronted with the largest natural disaster of the twentieth century.
Due to the combination of a persistent northwesterly storm and spring tide, the sea level rose to more than
threemeters above the normal high tide. Many of the low andweak dikes in the Southwest of the Netherlands
broke and 1836 people died. To prevent such flood disasters in the future, the Delta Commission was set up
and the Delta Works, comprising locks, storm surge barriers, and dams, were constructed (South-west Delta
Figure 1A)

Gerritsen, 2005

IV Freshwater from the coastal sand dunes is used for drinking water production. To prevent overexploitation of
the freshwater reservoir, potentially leading to severe salinization due to the decline of groundwater tables,
artificial rechargewith pretreatedwater from the rivers Rhine andMeuse started in 1955. Water is transported
from the rivers to the dunes across 50–70 km through pipelines. River water is then pretreated to protect the
quality of groundwater and nature in the dunes. Next, water is infiltrated through open ponds or ditches and
deep well infiltration

Tielemans, 2007; Smeets et al., 2009; Stuyfzand, 2015

V The droughts in 1976 and 2003were both characterized by a combination of rainfall deficit, low river flow, and
heatwaves increasing sectoral water use. They impacted nature and agriculture, and electricity, navigation,
and water supply. These single-year and mostly summer droughts led to some awareness and emergency
measures, but led to limited changes in water management. The historic focus on preventing too wet
conditions stayed. Decreasing trends in groundwater levels were, however, an increasing problem. In 1990 the
‘desiccation policy’was introduced. This policy includedmeasures to prevent groundwater depletion but was
deemed unsuccessful at its evaluation in 2006 because of unclear goals, many stakeholders, unstable
funding, and lack of monitoring. In 2003, only 3% of the affected area had recovered, while the goal was 25%.
Since 2003, farmers implemented irrigation infrastructure to reduce drought impacts, which worked well
during the 2018 drought, but also aggravated ecological drought impacts. After the 2003 drought, the
‘verdringingsreeks’ (prioritization list for surface water supply) was developed which determines the order of
priority of different water users in case of water shortage

Witte et al., 2019; Kreibich et al., 2022
https://www.clo.nl/indicatoren/nl027904-verdroging-en-beleid

VI The Netherlands was confronted with two significant flood events in the 1990s. In 1993 the Meuse River
overflowed its banks after a period of persistent rain. During this event 12,000 peoplewere evacuated, an area
of over 17,000 ha was flooded with damage to 5,580 private homes. In 1995, 250,000 people were evacuated
and although the flooded area of 15,500 ha was similar to the flood of 1993, the damage was less (165
compared to 253 million Dutch guilders). The floods led to the start of the ‘Ruimte voor de Rivier’ (‘Room for
the River’) program. Based on extensive modeling the program implemented measures for deepening and
widening rivers and created predesignated spillover basin areas. Stewardship of the approach was organized
in the new Delta program that was focused on creating a safe Dutch Delta and on sufficient freshwater. The
program was institutionalized with a Delta Act in 2012, led by a Delta Commissioner that is appointed for
7 years and has an annual investment budget of over 1 billion euros. The Delta programhas a solid knowledge
component. Every 6 years, the key Delta Decisions for freshwater, flood riskmanagement, spatial adaptation,
the Rhine–Meuse Delta, and the IJssel Lake area are evaluated and revised if needed

Wind et al., 1999; Zevenbergen et al., 2015; Bloemen et al., 2019
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(van der Wiel et al., 2022). Following these events, there was an
increase in drought-related policy actions with several committees
and reports focused on combating drought impacts. Most notice-
able is the ‘Drought Policy Table’, which evaluated drought impacts
and formulated knowledge questions and policy actions following
the 2018 event (Ministry of Infrastructure and Environment and
Ministry of Economic Affairs and Climate Policy, 2019).

In July 2021, an extreme river flood event occurred in the regions
Ardennes, Eifel, and Limburg at the border of the Netherlands,
Germany, and Belgium when the Ahr, Erft, and Meuse rivers and
several tributaries flooded after a period of intense rainfall. It was
extreme because of the large precipitation amounts over a large
area, but also because of the timing of the flood, which occurred
during the summer low flow season.More than 200 people died and
critical infrastructure like roads and electricity transmission net-
work was seriously damaged. Because the event exceeded the
(regional) flood protection standards, Dutch citizens became more
aware of their vulnerability to extreme events. A governmental
evaluation committee (Ministry of Infrastructure and Water Man-
agement, 2022) concluded that extreme events cannot be avoided
entirely, and measures like land use change is needed to reduce
flood impacts. It also led to a debate on which measures could
reduce peak flows as well as increase groundwater storage to deal
with drought. Vice versa, the question arose whether recent
drought measures may have intensified the summer flood. Further-
more, the floods of 2021 called for an improved and better-aligned
transnational approach of river flooding and river management
(Lehmkuhl et al., 2022) andmore focus on regional small rivers that
are not protected by dikes. Additionally, it is important to mention
that theMeuse river itself did not flood – a success story of the flood
policy program ‘Room for the River’.

In 2022, Europe was hit again by a severe drought episode with
significant impacts across the region, mostly related to low river
levels. The low flows during this drought had a significant impact on
shipping and the energy sector. Low river levels resulted in insuf-
ficient cooling water for (nuclear) power plants in parts of Europe
and constraints in the provision of some coal-fired power plants due
to low water levels. For most of Europe, climate change will further
decrease these low flows (Marx et al., 2018), and as a result, the
vulnerable infrastructure will be further under pressure. While this
can be partly managed by improved water management, there are
limitations to physical water management measures in rainfed
rivers where long periods of below-average precipitation will always
result in drought. The drought event of 2022 also severely impacted
agriculture and ecology and caused an increase in salinity levels of
surface water in the western part of the Netherlands. The severity
of the impact of this drought was also related to the perception of
drought as a risk for society (Blauhut et al., 2022).

In November 2022, the new policy ‘Water and soil leading in
land use planning’ was announced (Ministerie van Infrastructuur
en Waterstaat, 2022), an approach to make considerations about
soil and water quality and availability more prominent within
spatial planning. Instead of adapting land and water management
to the preferred uses, the use should be adapted to the (semi-)
natural land and water conditions, with the aim of making the
country more resilient against hydrological extremes. This means,
for example, no water-intensive farming in regions with a limited
water supply and no new building activities in areas where flood
prevention is too expensive or that are needed for water retention.
This is a paradigm shift toward a more nature-based water man-
agement. This vision is also supported by the National Delta
program that calls for a shift from ‘water management follows land

use’ to ‘land use follows natural water availability’ and that pushes a
‘water transition’. This transition calls for a significant redesign of
the land use-water system to provide a higher synergy between land
and water in relation to water use: a (semi-)natural water system
that can cope with drought and provide sufficient water of good
quality. The water transition is further stimulated by ongoing
policies like the national program for the Dutch rural areas (‘Natio-
naal Programma Landelijk Gebied (NPLG)’). A crucial role in
realizing the shift from water follows land use to land use and water
demand follows water availability is reserved for local and regional
integral spatial planning processes (‘Gebiedsprocessen’). Because
the water transition is intertwined with other sustainability chal-
lenges such as nitrogen pollution and biodiversity loss, a regional
integrated approach toward these issues is vital for connecting
different policy objectives and for building support for rural tran-
sitions.

Besides increased focus on ‘water and soil leading in land use
planning’, there is continuous development in technological solu-
tions to increase freshwater availability or reduce freshwater use.
Especially in the coastal zone, subsurface technologies are being
explored to increase freshwater storage in the brackish subsurface
(e.g., Zuurbier et al., 2017). More recently, a pilot study started in
which the exploitation of brackish water for drinking water
production is being investigated (https://www.dunea.nl/algem
een/life-freshman). In the urban environment, new ‘blue–green
infrastructure’ deals with multiple stresses and contributes to cli-
mate adaptation (Voskamp and Van de Ven, 2015). Blue–green
roofs, for example, contribute to flood prevention, water storage,
and cooling (Cirkel et al., 2018; Busker et al., 2022). Rainwater
ordinances are being introduced by multiple municipalities, like in
Amsterdam where it builds upon the local climate adaptation
network Amsterdam Rainproof (Willems and Giezen, 2022). Add-
itionally, ‘water in the circular economy’ (Morseletto et al., 2022)
and cross-sectoral approaches that integrate the municipal water
cycle and natural water system get more and more attention. For
example, the exploitation of unconventional water resources, that
is, other than groundwater or surface water, like treated wastewater
from industrial or domestic origin is currently being explored
(Rietveld et al., 2011; Dingemans et al., 2020; Narain-Ford et al.,
2020; Pronk et al., 2021; Narain-Ford et al., 2022). Especially for
drought management, the Netherlands could build upon experi-
ences in other countries, like Spain and England, which require
water boards and water supply companies to have drought man-
agement plans (Estrela and Sancho, 2016; Wendt et al., 2021).
Current scientific development in the field of drought and flood
evaluates these extreme events in a more holistic way. For example,
flood and drought impacts are analyzed using a risk framework,
considering not only the hazard but also exposure and vulnerabil-
ity, and impacts are evaluated in a multi-hazard and multi-sector
approach (Ward et al., 2022). The dynamic adaptive policy path-
ways (DAPP)method (Haasnoot et al., 2019) has been developed to
support decision-making under uncertain change, mainly regard-
ing sea level rise but also has value for water management in
general. And on a higher level, policymakers in the Netherlands
are following these scientific developments in dedicated science-
policy fora, such as the Expert Network on Freshwater andDrought
(‘Expertisenetwerk Zoetwater and Droogte’), coordinated by the
Ministry of Infrastructure and Water, and asked to provide scien-
tific answers to policy questions.

Finally, with regard to water quality the Netherlands will also face
an issue: in 2027 it will need tomeet thewater quality requirements of
the EU water framework directive (WFD). It is currently expected
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that the Netherlands will not be able to meet these goals, amongst
others due to nitrate pollution by the agricultural sector (Wuijts et al.,
2023). The water transition will require more fundamental choices
and transformative changes to existing land use and water systems
and a change of governmental policies (Wuijts et al., 2023).

Conclusions and future perspective

From the mentioned expected impacts of climate change and
increases in hydroclimatic extremes, it becomes clear that a water
management transition is needed to better deal with both flood and
drought risks. Such a transition will require modifications in water
management and governance (Albrecht and Hartmann, 2021).

The selection of historical events shows that both flooding and
drought have occurred in the Netherlands and will continue to
occur, causing significant impacts and challenges for water man-
agement. From looking back in history, we learn that significant
changes in policy andmeasures have been implemented in response
to extreme hydrometeorological events, especially with regards to
floods. The past shows that the Netherlands has been able to
develop transformative responses (Afsluitdijk, Delta Works, Room
for the River) to events such as the 1953 disaster and the river floods
in 1993 and 1995. Policies to deal with periods of drought were
successful in some cases. The IJssel Lake now serves as an important
freshwater reservoir for all freshwater users and surface water can
be actively transported to large parts of the country. And for specific
sectors, such as drinking water supply, large-scale technological
measures were taken (e.g., using infiltration), resulting in successful
recovery of the freshwater supply. However, where groundwater
management is involved and where functions and interests are
more closely intertwined, effective management and governance
arrangements seemed to be more difficult, especially because spe-
cific sectors, for example, agriculture, were served. For example, the
structural lowering of groundwater levels led to desiccation of
groundwater-dependent ecosystems and increased soil subsidence.
This makes multiple sectors more vulnerable to drought, as was
visible in the drought of 2018–2020. Only after the extreme drought
of 2018–2020 and flood of 2021, theDutch government developed a
vision to stimulate that water and soil become a more dominant
factor in spatial planning.

Developing long-term visions for regions to reduce the expos-
ure and vulnerability to floods and droughts can help to rethink
the existing water management system. However, such a vision is
challenging as droughts and floods act on different time scales: a
flood is a typical acute crisis whereas a drought is a creeping
hazard (Boin et al., 2020). Besides these different timescales,
measures implemented to minimize flood impacts often influence
drought risk, and vice versa (Ward et al., 2020). There are still
many questions on how this trade-off between flood and drought
adaptation plays out in the Netherlands and which measures
should be implemented where to be beneficial for both. These
research questions should be tackled in collaboration between
scientists (from various water-related disciplines) and water man-
agers. Furthermore, as the Netherlands is such a densely popu-
lated country, there is a fierce competition for land use and water
use functions. The Netherlands will, for example, need to build
1 million houses until 2030, while it also needs more space for
water-retention areas, buffer zones around nature areas and the
transition to more renewable energy resources. Securing land for
flooding and creating space for water storage may require a
change of governance (from decentralization to centralization

and from short-term responding to long-term preparing and
transforming), a change of land use (agricultural land will be
used for flood water storage, buffer zones around nature areas,
peat growth, houses, or renewable energy or different (salt-
tolerant) crops could be planted), and a change of policy instru-
ments and their usage (such as a more dominant and decisive
impact analysis of new spatial developments on the water system)
(Albrecht and Hartmann, 2021). Visions and policies to be
designed should be coproduced and arise from stakeholder dia-
logs about trade-offs and synergies between multiple challenges
and sustainability objectives. An example of multiple connected
environmental challenges in rural areas are the nitrogen crisis,
groundwater use, water quality, the energy transition and climate
change mitigation, and adaptation challenges.

We need to design and manage the system in a way that
resilience to both floods and droughts increases integrally. This
requires methods and tools to stress-test the system for both
extremes, and knowledge of measures that reduce both risks. In
regional adaptation strategies, both extremes should bemanaged in
a balanced way, considering the full flood–drought spectrum. Add-
itionally, it has become clear that optimization of the current water
system will not be enough. A transformation is needed to deal with
future hydrological extremes. In this transformation, trade-offs in
effects should be considered to evaluate the effectivity and desir-
ability of policies ormeasures. Sharp choices will have to bemade as
to which damage and trade-offs we accept andwhich we do not. For
example, the urgent need to reverse the decline of groundwater
levels and limit soil subsidence and greenhouse gas emissions,
requires a significant raising of groundwater levels, possiblymaking
current agricultural practices impossible in some areas. And neces-
sary restrictions on irrigation near nature areas will prevent damage
to nature, but potentially reduce crop yield. Tools that support a
structural evaluation of trade-offs are needed to identify what
alternative practices are possible in order to limit cascading of
damage to other functions and other policy issues. In addition,
transparency about the risk of flooding and limited water availabil-
ity must provide sectors with information for business decisions on
how to adapt to more wet and dry circumstances.

The transformation of the current water management will not
be easy andwill not everywhere be beneficial for all sectors involved.
Additionally, there will be no quick-fix solutions and no blueprint
of climate-resilient water management. The future strategy to deal
with floods and droughts will, however, need to combine changes in
the water system and water management (e.g., to retain and
recharge water), technological measures (to recharge, reuse, and
discharge water), risk-based solutions (reducing exposure and vul-
nerability), water use (economical and efficient water use), societal
changes (acceptance of damage and spreading of impacts), and
supporting governance arrangements (including stronger trans-
boundary cooperation to deal with river floods and low flows,
and coordination arrangements for connecting multiple transition
challenges). Although the future is uncertain, the principle of
so-called ‘transformation pathways’ (Van der Brugge et al., 2005;
Clarke et al., 2014), applied across the full flood–drought spectrum,
could provide a valuable framework in the development toward a
sustainable management of future water resources, by involving
stakeholders for just and equitable transitions and translating long-
term visions into concrete pathways for action (Nalau and Cobb,
2022).

Open peer review. To view the open peer review materials for this article,
please visit http://doi.org/10.1017/wat.2023.4.

6 Ruud P. Bartholomeus et al.

https://doi.org/10.1017/wat.2023.4 Published online by Cambridge University Press

http://doi.org/10.1017/wat.2023.4
https://doi.org/10.1017/wat.2023.4
karinvanderwiel
Highlight

karinvanderwiel
Highlight

karinvanderwiel
Highlight

karinvanderwiel
Highlight

karinvanderwiel
Highlight

karinvanderwiel
Highlight



Data availability statement. Data sharing are not applicable – no new data
are generated.

Author contribution. All authors contributed substantially to the conceptu-
alization and drafting of the manuscript.

Financial support. This research received no specific grant from any funding
agency, commercial, or not-for-profit sectors.

Competing interest. The authors declare none.

References

Aalbers EE, van Meijgaard E, Lenderink G, de Vries H and van den Hurk
BJJM (2022) The 2018 west-central European drought projected in a warmer
climate: How much drier can it get? EGUsphere 2022, 1–33. http://doi.org/
10.5194/egusphere-2022-954.

Albrecht J and Hartmann T (2021) Land for flood risk management—Instru-
ments and strategies of land management for polders and dike relocations in
Germany. Environmental Science & Policy 118, 36–44. https://doi.org/
10.1016/j.envsci.2020.12.008.

Bartholomeus RP, Witte J-PM, van Bodegom PM, van Dam JC and Aerts R
(2011) Climate change threatens endangered plant species by stronger and
interacting water-related stresses. Journal of Geophysical Research 116(G4),
G04023. http://doi.org/10.1029/2011jg001693.

Behrens P, van Vliet MTH, Nanninga T,Walsh B and Rodrigues JFD (2017)
Climate change and the vulnerability of electricity generation to water stress
in the European Union. Nature Energy 2(8), 17114. http://doi.org/10.1038/
nenergy.2017.114.

Blauhut V, Stoelzle M, Ahopelto L, Brunner MI, Teutschbein C,Wendt DE,
Akstinas V, Bakke SJ, Barker LJ, Bartošová L, Briede A, Cammalleri C,
Kalin KC, De Stefano L, Fendeková M, Finger DC, Huysmans M, Ivanov
M, Jaagus J, Jakubínský J, Krakovska S, Laaha G, Lakatos M,Manevski K,
Neumann Andersen M, Nikolova N, Osuch M, van Oel P, Radeva K,
Romanowicz RJ, Toth E, Trnka M, Urošev M, Urquijo Reguera J, Sauquet
E, Stevkov A, Tallaksen LM, Trofimova I, Van Loon AF, van Vliet MTH,
Vidal JP,Wanders N,WernerM,Willems P andŽivkovićN (2022) Lessons
from the 2018–2019 European droughts: A collective need for unifying
drought risk management. Natural Hazards and Earth System Sciences 22
(6), 2201–2217. http://doi.org/10.5194/nhess-22-2201-2022.

Bloemen P, Van Der Steen M and Van Der Wal Z (2019) Designing a century
ahead: Climate change adaptation in the Dutch Delta. Policy and Society 38
(1), 58–76.

Boin A, Ekengren M and Rhinard M (2020) Hiding in plain sight: Conceptu-
alizing the creeping crisis. Risk, Hazards & Crisis in Public Policy 11(2),
116–138. https://doi.org/10.1002/rhc3.12193.

Bonte M and Zwolsman JJG (2010) Climate change induced salinisation of
artificial lakes in the Netherlands and consequences for drinking water
production. Water Research 44(15), 4411–4424. https://doi.org/10.1016/
j.watres.2010.06.004.

Bottema M, Gunn N, Haastrecht B, Vonk B and Hemert H (2021) Managing
drought effects on levees in England and The Netherlands. In FLOODrisk
2020-4th European Conference on Flood Risk Management. Budapest: Buda-
pest University of Technology and Economics.

Brakkee E, van Huijgevoort MHJ and Bartholomeus RP (2022) Improved
understanding of regional groundwater drought development through time
series modelling: The 2018–2019 drought in the Netherlands.Hydrology and
Earth System Sciences 26(3), 551–569. http://doi.org/10.5194/hess-26-551-
2022.

Brockhoff RC, Biesbroek R and Van der Bolt B (2022) Drought governance in
transition: A case study of the Meuse River basin in the Netherlands. Water
Resources Management 36(8), 2623–2638. http://doi.org/10.1007/s11269-
022-03164-7.

Busker T, de Moel H, Haer T, Schmeits M, van den Hurk B,Myers K, Cirkel
DG and Aerts J (2022) Blue-green roofs with forecast-based operation to
reduce the impact of weather extremes. Journal of Environmental Manage-
ment 301, 113750.

Christodoulou A, Christidis P and Bisselink B (2020) Forecasting the impacts
of climate change on inland waterways. Transportation Research Part D:
Transport and Environment 82, 102159. https://doi.org/10.1016/
j.trd.2019.10.012.

Cirkel D, Voortman B, van Veen T and Bartholomeus R (2018) Evaporation
from (blue-)green roofs: Assessing the benefits of a storage and capillary
irrigation system based on measurements and modeling. Water 10, 1253.

Clarke LE, Jiang K, Akimoto K, Babiker M, Blanford GJ, Fisher-Vanden K,
Hourcade J-C, Krey V, Kriegler E and Loschel A (2014) Assessing trans-
formation pathways. In Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Richland, WA: Pacific North-
west National Laboratory (PNNL).

CookBI,Mankin JS,Marvel K,WilliamsAP, Smerdon JE andAnchukaitis KJ
(2020) Twenty-first century drought projections in the CMIP6 forcing
scenarios. Earth’s Future 8(6), e2019EF001461. https://doi.org/10.1029/
2019EF001461.

Cultuurtechnische Vereniging (1988) Cultuur technisch vademecum. Cultuur-
technische Vereniging. Utrecht, The Netherlands: Rijkskantorengebouw
Westraven.

de Wit JA, Ritsema CJ, van Dam JC, van den Eertwegh GAPH and Bartho-
lomeus RP (2022) Development of subsurface drainage systems: Discharge –
Retention – Recharge. Agricultural Water Management 269, 107677. https://
doi.org/10.1016/j.agwat.2022.107677.

Delpla I, Jung AV, Baures E, Clement M and Thomas O (2009) Impacts of
climate change on surface water quality in relation to drinking water pro-
duction. Environment International 35(8), 1225–1233. https://doi.org/
10.1016/j.envint.2009.07.001.

Dingemans MM, Smeets PW, Medema G, Frijns J, Raat KJ, Wezel AP and
Bartholomeus RP (2020) Responsible water reuse needs an interdisciplinary
approach to balance risks and benefits. Water 12, 1264.

Estrela T and SanchoTA (2016)Droughtmanagement policies in Spain and the
European Union: From traditional emergency actions to drought manage-
ment plans. Water Policy 18(S2), 153–176.

Faranda D, Bourdin S,Ginesta M,KroumaM,Noyelle R, Pons F, Yiou P and
Messori G (2022) A climate-change attribution retrospective of some
impactful weather extremes of 2021. Weather and Climate Dynamics 3(4),
1311–1340. http://doi.org/10.5194/wcd-3-1311-2022.

Feddes RA (1988) Effects of drainage on crops and farm management. Agri-
culturalWaterManagement 14(1), 3–18. https://doi.org/10.1016/0378-3774(
88)90055-8.

Fowler HJ, Lenderink G, Prein AF, Westra S, Allan RP, Ban N, Barbero R,
Berg P, Blenkinsop S, Do HX, Guerreiro S,Haerter JO, Kendon EJ, Lewis
E, Schaer C, Sharma A, Villarini G, Wasko C and Zhang X (2021)
Anthropogenic intensification of short-duration rainfall extremes. Nature
Reviews Earth & Environment 2(2), 107–122. http://doi.org/10.1038/s43017-
020-00128-6.

Garnier M and Holman I (2019) Critical review of adaptation measures to
reduce the vulnerability of European drinking water resources to the pres-
sures of climate change. Environmental Management 64(2), 138–153. http://
doi.org/10.1007/s00267-019-01184-5.

GerritsenH (2005)What happened in 1953? The big flood in theNetherlands in
retrospect. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences 363(1831), 1271–1291. http://doi.org/
10.1098/rsta.2005.1568.

Gessner C, Fischer EM, Beyerle U and Knutti R (2022) Multi-year drought
storylines for Europe andNorth America from an iteratively perturbed global
climate model. Weather and Climate Extremes 38, 100512. https://doi.org/
10.1016/j.wace.2022.100512.

Haasnoot M, Warren A and Kwakkel JH (2019) Dynamic adaptive policy
pathways (DAPP). In Marchau VAWJ, Walker WE, Bloemen PJTM and
Popper SW (eds.), Decision Making under Deep Uncertainty: From Theory to
Practice. Cham: Springer International Publishing, pp. 71–92. http://doi.org/
10.1007/978-3-030-05252-2_4.

Hack-ten Broeke MJD, Kroes JG, Bartholomeus RP, van Dam JC, de Wit
AJW, Supit I, Walvoort DJJ, van Bakel PJT and Ruijtenberg R (2016)
Quantification of the impact of hydrology on agricultural production as a

Cambridge Prisms: Water 7

https://doi.org/10.1017/wat.2023.4 Published online by Cambridge University Press

http://doi.org/10.5194/egusphere-2022-954
http://doi.org/10.5194/egusphere-2022-954
https://doi.org/10.1016/j.envsci.2020.12.008
https://doi.org/10.1016/j.envsci.2020.12.008
http://doi.org/10.1029/2011jg001693
http://doi.org/10.1038/nenergy.2017.114
http://doi.org/10.1038/nenergy.2017.114
http://doi.org/10.5194/nhess-22-2201-2022
https://doi.org/10.1002/rhc3.12193
https://doi.org/10.1016/j.watres.2010.06.004
https://doi.org/10.1016/j.watres.2010.06.004
http://doi.org/10.5194/hess-26-551-2022
http://doi.org/10.5194/hess-26-551-2022
http://doi.org/10.1007/s11269-022-03164-7
http://doi.org/10.1007/s11269-022-03164-7
https://doi.org/10.1016/j.trd.2019.10.012
https://doi.org/10.1016/j.trd.2019.10.012
https://doi.org/10.1029/2019EF001461
https://doi.org/10.1029/2019EF001461
https://doi.org/10.1016/j.agwat.2022.107677
https://doi.org/10.1016/j.agwat.2022.107677
https://doi.org/10.1016/j.envint.2009.07.001
https://doi.org/10.1016/j.envint.2009.07.001
http://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.1016/0378-3774(88)90055-8
https://doi.org/10.1016/0378-3774(88)90055-8
http://doi.org/10.1038/s43017-020-00128-6
http://doi.org/10.1038/s43017-020-00128-6
http://doi.org/10.1007/s00267-019-01184-5
http://doi.org/10.1007/s00267-019-01184-5
http://doi.org/10.1098/rsta.2005.1568
http://doi.org/10.1098/rsta.2005.1568
https://doi.org/10.1016/j.wace.2022.100512
https://doi.org/10.1016/j.wace.2022.100512
http://doi.org/10.1007/978-3-030-05252-2_4
http://doi.org/10.1007/978-3-030-05252-2_4
https://doi.org/10.1017/wat.2023.4


result of too dry, too wet or too saline conditions. The Soil 2(3), 391–402.
http://doi.org/10.5194/soil-2-391-2016.

Harkness C, SemenovMA,Areal F, Senapati N, Trnka M, Balek J and Bishop
J (2020) Adverse weather conditions for UK wheat production under climate
change. Agricultural and Forest Meteorology 282–283, 107862. https://
doi.org/10.1016/j.agrformet.2019.107862.

Hendriks DMD, Kuijper MJM and van Ek R (2014) Groundwater impact on
environmental flowneeds of streams in sandy catchments in theNetherlands.
Hydrological Sciences Journal 59(3–4), 562–577. http://doi.org/10.1080/
02626667.2014.892601.

Kabat P, van Vierssen W, Veraart J, Vellinga P and Aerts J (2005) Climate
proofing the Netherlands. Nature 438(7066), 283–284. http://doi.org/
10.1038/438283a.

Khan SJ,DeereD, Leusch FDL,Humpage A, JenkinsM andCunliffe D (2015)
Extreme weather events: Should drinking water quality management systems
adapt to changing risk profiles?Water Research 85, 124–136. https://doi.org/
10.1016/j.watres.2015.08.018.

Kløve B, Ala-Aho P, Bertrand G, Gurdak JJ, Kupfersberger H, Kværner J,
Muotka T, Mykrä H, Preda E, Rossi P, Uvo CB, Velasco E and Pulido-
VelazquezM (2014) Climate change impacts on groundwater and dependent
ecosystems. Journal of Hydrology 518, 250–266. https://doi.org/10.1016/j.jhy
drol.2013.06.037.

KNMI (2021) KNMI Klimaatsignaal’21 Hoe het klimaat in Nederland snel
verandert. De Bilt: KNMI.

Knotters M and Jansen PC (2005) Honderd jaar verdroging in kaart. Stromin-
gen: vakblad voor hydrologen 11(4), 19–32.

Koop SHA and van Leeuwen CJ (2017) The challenges of water, waste and
climate change in cities. Environment, Development and Sustainability 19(2),
385–418. http://doi.org/10.1007/s10668-016-9760-4.

Kreibich H, Van Loon AF, Schröter K, Ward PJ, Mazzoleni M, Sairam N,
Abeshu GW, Agafonova S, AghaKouchak A, Aksoy H, Alvarez-Garreton
C, Aznar B, Balkhi L, Barendrecht MH, Biancamaria S, Bos-Burgering L,
Bradley C, Budiyono Y, Buytaert W, Capewell L, Carlson H, Cavus Y,
Couasnon A,Coxon G,Daliakopoulos I, de RuiterMC,Delus C, Erfurt M,
Esposito G, François D, Frappart F, Freer J, Frolova N,Gain AK,Grillakis
M,Grima JO,GuzmánDA,Huning LS, IonitaM,KharlamovM,KhoiDN,
Kieboom N,Kireeva M,Koutroulis A, Lavado-Casimiro W, Li H-Y, Llasat
MC, Macdonald D, Mård J, Mathew-Richards H, McKenzie A, Mejia A,
Mendiondo EM,MensM,Mobini S,Mohor GS,Nagavciuc V,Ngo-Duc T,
Thao Nguyen Huynh T, Nhi PTT, Petrucci O, Nguyen HQ, Quintana-
Seguí P, Razavi S, Ridolfi E, Riegel J, Sadik MS, Savelli E, Sazonov A,
Sharma S, Sörensen J,Arguello Souza FA, Stahl K, SteinhausenM, Stoelzle
M, Szalińska W, Tang Q, Tian F, Tokarczyk T, Tovar C, Tran TVT, Van
Huijgevoort MHJ, van Vliet MTH, Vorogushyn S, Wagener T, Wang Y,
Wendt DE,Wickham E, Yang L, Zambrano-Bigiarini M, Blöschl G and Di
Baldassarre G (2022) The challenge of unprecedented floods and droughts in
risk management. Nature 608(7921), 80–86. http://doi.org/10.1038/s41586-
022-04917-5.

Kreienkamp F, Philip SY, Tradowsky JS, Kew SF, Lorenz P, Arrighi J,
Belleflamme A, Bettmann T, Caluwaerts S and Chan SC (2021) Rapid
Attribution of Heavy Rainfall Events Leading to the Severe Flooding in
Western Europe during July 2021. World Weather Atribution.

Kroes JG and Supit I (2011) Impact analysis of drought, water excess and
salinity on grass production in the Netherlands using historical and future
climate data.Agriculture, Ecosystems&Environment 144(1), 370–381. http://
doi.org/10.1016/j.agee.2011.09.008.

Lammens E, van Luijn F, Wessels Y, Bouwhuis H, Noordhuis R, Portielje R
and van der Molen D (2008) Towards ecological goals for the heavily
modified lakes in the IJsselmeer area, the Netherlands. In Nõges T, Eckmann
R, Kangur K, Nõges P, Reinart Noorma A, Roll G, Simola H and Viljanen M
(eds), European Large Lakes Ecosystem Changes and their Ecological and
Socioeconomic Impacts. Dordrecht: Springer Netherlands, pp. 239–247.
http://doi.org/10.1007/978-1-4020-8379-2_28.

Lehmkuhl F, Schüttrumpf H, Schwarzbauer J,Brüll C,DietzeM, Letmathe P,
Völker C and Hollert H (2022) Assessment of the 2021 summer flood in
Central Europe. Environmental Sciences Europe 34(1), 107.

Lissner TK, Sullivan CA, Reusser DE and Kropp JP (2014) Determining
regional limits and sectoral constraints for water use. Hydrology and Earth

System Sciences 18(10), 4039–4052. http://doi.org/10.5194/hess-18-4039-
2014.

Marx A,Kumar R, Thober S, Rakovec O,Wanders N, ZinkM,Wood EF, Pan
M, Sheffield J and Samaniego L (2018) Climate change alters low flows in
Europe under global warming of 1.5, 2, and 3 C.Hydrology and Earth System
Sciences 22(2), 1017–1032.

Masson-Delmotte V,Zhai P,Pirani A,Connors SL,PéanC,Berger S,CaudN,
ChenY,Goldfarb L andGomisM (2021)Climate Change 2021: The Physical
Science Basis. Contribution ofWorking Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, 2.

Mens MJP, van Rhee G, Schasfoort F and Kielen N (2022) Integrated drought
risk assessment to support adaptive policymaking in the Netherlands. Nat-
ural Hazards and Earth System Sciences 22(5), 1763–1776. http://doi.org/
10.5194/nhess-22-1763-2022.

Ministerie van Infrastructuur en Waterstaat (2022) Water en Bodem sturend
(Waterstaat MLE, ed.). Den Haag.

Ministry of Infrastructure and Environment and Ministry of Economic
Affairs and Climate Policy (2019) Nederland Beter Weerbaar Tegen
Droogte-Eindrapportage Beleidstafel Droogte (the Netherlands more Resilient
to Drought; Final Report Policy Table Drought). TheNetherlands: TheHague.

Ministry of Infrastructure andWaterManagement (2022) Beleidstafel Water-
overlast en Hoogwater Achtergronddocumenten (Policy Table Flooding and
High Water). The Netherlands: The Hague.

Moazami A, Nik VM, Carlucci S and Geving S (2019) Impacts of future
weather data typology on building energy performance – Investigating
long-term patterns of climate change and extreme weather conditions.
Applied Energy 238, 696–720. https://doi.org/10.1016/j.ape
nergy.2019.01.085.

Morseletto P,Mooren CE andMunaretto S (2022) Circular economy of water:
definition, strategies and challenges. Circular Economy and Sustainability 2,
1463–1477.

Nalau J and Cobb G (2022) The strengths and weaknesses of future visioning
approaches for climate change adaptation: A review. Global Environmental
Change 74, 102527. https://doi.org/10.1016/j.gloenvcha.2022.102527.

Narain-Ford D, Bartholomeus R, Raterman B, van Zaanen I, ter Laak T, van
Wezel AP andDekker SC (2020) Shifting the imbalance: Intentional reuse of
Dutch sewage effluent in sub-surface irrigation. Science of the Total Envir-
onment 752, 142214. https://doi.org/10.1016/j.scitotenv.2020.142214.

Narain-Ford DM, van Wezel AP, Helmus R, Dekker SC and Bartholomeus
RP (2022) Soil self-cleaning capacity: Removal of organic compounds during
sub-surface irrigation with sewage effluent. Water Research 226, 119303.
https://doi.org/10.1016/j.watres.2022.119303.

Naumann G, Cammalleri C, Mentaschi L and Feyen L (2021) Increased
economic drought impacts in Europe with anthropogenic warming. Nature
Climate Change 11(6), 485–491. http://doi.org/10.1038/s41558-021-01044-
3.

Philip SY,Kew SF, van derWiel K,WandersN and vanOldenborghGJ (2020)
Regional differentiation in climate change induced drought trends in the
Netherlands. Environmental Research Letters 15(9), 094081.

Pronk G, Stofberg S, Van Dooren T, Dingemans M, Frijns J, Koeman-Stein
N, Smeets P andBartholomeus R (2021) Increasing water system robustness
in the Netherlands: Potential of cross-sectoral water reuse. Water Resources
Management 35, 1–15.

Querner EP, Jansen PC, van den Akker JJH and Kwakernaak C (2012)
Analysing water level strategies to reduce soil subsidence in Dutch peat
meadows. Journal of Hydrology 446–447, 59–69. https://doi.org/10.1016/
j.jhydrol.2012.04.029.

Raats PAC (2015) Salinitymanagement in the coastal region of theNetherlands:
A historical perspective.AgriculturalWaterManagement 157, 12–30. https://
doi.org/10.1016/j.agwat.2014.08.022.

RakovecO, Samaniego L,Hari V,Markonis Y,MoravecV,Thober S,HanelM
and Kumar R (2022) The 2018–2020 multi-year drought sets a new bench-
mark in Europe. Earth’s Future 10(3), e2021EF002394.

Renaud FG, Syvitski JPM, Sebesvari Z, Werners SE, Kremer H, Kuenzer C,
Ramesh R, Jeuken A and Friedrich J (2013) Tipping from the Holocene to
the Anthropocene: How threatened are major world deltas? Current Opinion
in Environmental Sustainability 5(6), 644–654. https://doi.org/10.1016/
j.cosust.2013.11.007.

8 Ruud P. Bartholomeus et al.

https://doi.org/10.1017/wat.2023.4 Published online by Cambridge University Press

http://doi.org/10.5194/soil-2-391-2016
https://doi.org/10.1016/j.agrformet.2019.107862
https://doi.org/10.1016/j.agrformet.2019.107862
http://doi.org/10.1080/02626667.2014.892601
http://doi.org/10.1080/02626667.2014.892601
http://doi.org/10.1038/438283a
http://doi.org/10.1038/438283a
https://doi.org/10.1016/j.watres.2015.08.018
https://doi.org/10.1016/j.watres.2015.08.018
https://doi.org/10.1016/j.jhydrol.2013.06.037
https://doi.org/10.1016/j.jhydrol.2013.06.037
http://doi.org/10.1007/s10668-016-9760-4
http://doi.org/10.1038/s41586-022-04917-5
http://doi.org/10.1038/s41586-022-04917-5
http://doi.org/10.1016/j.agee.2011.09.008
http://doi.org/10.1016/j.agee.2011.09.008
http://doi.org/10.1007/978-1-4020-8379-2_28
http://doi.org/10.5194/hess-18-4039-2014
http://doi.org/10.5194/hess-18-4039-2014
http://doi.org/10.5194/nhess-22-1763-2022
http://doi.org/10.5194/nhess-22-1763-2022
https://doi.org/10.1016/j.apenergy.2019.01.085
https://doi.org/10.1016/j.apenergy.2019.01.085
https://doi.org/10.1016/j.gloenvcha.2022.102527
https://doi.org/10.1016/j.scitotenv.2020.142214
https://doi.org/10.1016/j.watres.2022.119303
http://doi.org/10.1038/s41558-021-01044-3
http://doi.org/10.1038/s41558-021-01044-3
https://doi.org/10.1016/j.jhydrol.2012.04.029
https://doi.org/10.1016/j.jhydrol.2012.04.029
https://doi.org/
https://doi.org/10.1016/j.agwat.2014.08.022
https://doi.org/10.1016/j.cosust.2013.11.007
https://doi.org/10.1016/j.cosust.2013.11.007
https://doi.org/10.1017/wat.2023.4


Reyer CPO, Leuzinger S, Rammig A,Wolf A, Bartholomeus RP, Bonfante A,
de Lorenzi F, Dury M, Gloning P, Abou Jaoudé R, Klein T, Kuster TM,
Martins M,Niedrist G, Riccardi M,Wohlfahrt G, de Angelis P, de Dato G,
François L, Menzel A and Pereira M (2013) A plant’s perspective of
extremes: Terrestrial plant responses to changing climatic variability. Global
Change Biology 19(1), 75–89. http://doi.org/10.1111/gcb.12023.

Rietveld LC, Norton-Brandão D, Shang R, van Agtmaal J and van Lier JB
(2011) Possibilities for reuse of treated domestic wastewater in the Nether-
lands. Water Science and Technology 64(7), 1540–1546. http://doi.org/
10.2166/wst.2011.037.

Rijkswaterstaat (2019) Water management in the Netherlands.
Sanders CH and Phillipson MC (2003) UK adaptation strategy and technical

measures: The impacts of climate change on buildings. Building Research &
Information 31(3–4), 210–221. http://doi.org/10.1080/
0961321032000097638.

Shahzad A,Ullah S,Dar AA, Sardar MF,Mehmood T, Tufail MA, Shakoor A
and Haris M (2021) Nexus on climate change: Agriculture and possible
solution to cope future climate change stresses. Environmental Science and
Pollution Research 28(12), 14211–14232. http://doi.org/10.1007/s11356-021-
12649-8.

Sjerps RMA, ter Laak TL and Zwolsman GJJG (2017) Projected impact of
climate change and chemical emissions on the water quality of the European
rivers Rhine and Meuse: A drinking water perspective. Science of the Total
Environment 601–602, 1682–1694. https://doi.org/10.1016/j.scito
tenv.2017.05.250.

Smeets PWMH,MedemaGJ and van Dijk JC (2009) The Dutch secret: How to
provide safe drinking water without chlorine in the Netherlands. Drinking
Water Engineering and Science 2(1), 1–14. http://doi.org/10.5194/dwes-2-1-
2009.

Stańczuk-Gałwiaczek M, Sobolewska-Mikulska K, Ritzema H and van Loon-
Steensma JM (2018) Integration of water management and land consolida-
tion in rural areas to adapt to climate change: Experiences from Poland and
the Netherlands. Land Use Policy 77, 498–511. https://doi.org/10.1016/j.land
usepol.2018.06.005.

Stirling E, Fitzpatrick RW andMosley LM (2020) Drought effects on wet soils
in inland wetlands and peatlands. Earth-Science Reviews 210, 103387. https://
doi.org/10.1016/j.earscirev.2020.103387.

Stuyfzand PJ (2015) Trace element patterns in Dutch coastal dunes after
50 years of artificial recharge with Rhine River water. Environmental Earth
Sciences 73(12), 7833–7849. http://doi.org/10.1007/s12665-014-3770-z.

TielemansMWM (2007) Artificial recharge of groundwater in the Netherlands.
Water Practice and Technology 2, 3. http://doi.org/10.2166/wpt.2007.064.

Tobin I, Greuell W, Jerez S, Ludwig F, Vautard R, van Vliet MTH and Bréon
FM (2018) Vulnerabilities and resilience of European power generation to
1.5 °C, 2 °C and 3 °Cwarming. Environmental Research Letters 13(4), 044024.
http://doi.org/10.1088/1748-9326/aab211.

Turner S, Barker LJ, Hannaford J, Muchan K, Parry S and Sefton C (2021)
The 2018/2019 drought in the UK: A hydrological appraisal.Weather 76(8),
248–253. https://doi.org/10.1002/wea.4003.

Ukkola AM, De Kauwe MG, Roderick ML, Abramowitz G and Pitman AJ
(2020) Robust future changes in meteorological drought in CMIP6 projec-
tions despite uncertainty in precipitation. Geophysical Research Letters 47
(11), e2020GL087820. https://doi.org/10.1029/2020GL087820.

van den Bergh S (2004) Verdeeld Land: de Geschiedenis van de Ruilverkaveling
in Nederland Vanuit Een Lokaal Perspectief, 1890–1985. Wageningen, The
Netherlands: Wageningen University and Research.

van den Brink M, Huismans Y, Blaas M and Zwolsman G (2019) Climate
change induced salinization of drinking water inlets along a tidal branch of
the Rhine River: Impact assessment and an adaptive strategy for water
resources management. Climate 7(4), 49.

van den Brink A andMolemaM (2008) The origins of Dutch rural planning: A
study of the early history of land consolidation in the Netherlands. Planning
Perspectives 23(4), 427–453. http://doi.org/10.1080/02665430802319005.

Van der Brugge R,Rotmans J and Loorbach D (2005) The transition in Dutch
water management. Regional Environmental Change 5(4), 164–176.

van der Wiel K, Batelaan TJ and Wanders N (2022) Large increases of multi-
year droughts in north-western Europe in a warmer climate.Climate Dynam-
ics 60, 1781–1800. http://doi.org/10.1007/s00382-022-06373-3.

van der Wiel K, Lenderink G and de Vries H (2021) Physical storylines of
future European drought events like 2018 based on ensemble climate mod-
elling. Weather and Climate Extremes 33, 100350. https://doi.org/10.1016/
j.wace.2021.100350.

van Oort PAJ, Timmermans BGH, Schils RLM and van Eekeren N (2023)
Recent weather extremes and their impact on crop yields of the Netherlands.
European Journal of Agronomy 142, 126662. https://doi.org/10.1016/
j.eja.2022.126662.

vanVlietMTH, FlörkeM andWada Y (2017) Quality matters for water scarcity.
Nature Geoscience 10(11), 800–802. http://doi.org/10.1038/ngeo3047.

van Vliet MTH, Vögele S and Rübbelke D (2013) Water constraints on
European power supply under climate change: Impacts on electricity prices.
Environmental Research Letters 8(3), 035010. http://doi.org/10.1088/1748-
9326/8/3/035010.

Vardon PJ (2015) Climatic influence on geotechnical infrastructure: A review.
Environmental Geotechnics 2(3), 166–174. http://doi.org/10.1680/
envgeo.13.00055.

Vinke F, van Koningsveld M, van Dorsser C, Baart F, van Gelder P and
Vellinga T (2022) Cascading effects of sustained low water on inland
shipping. Climate Risk Management 35, 100400. https://doi.org/10.1016/
j.crm.2022.100400.

Voskamp IM and Van de Ven FHM (2015) Planning support system for
climate adaptation: Composing effective sets of blue-green measures to
reduce urban vulnerability to extreme weather events. Building and Envir-
onment 83, 159–167. https://doi.org/10.1016/j.buildenv.2014.07.018.

Ward PJ, Daniell J, Duncan M, Dunne A, Hananel C, Hochrainer-Stigler S,
Tijssen A, Torresan S, Ciurean R, Gill JC, Sillmann J, Couasnon A, Koks E,
Padrón-Fumero N, Tatman S, Tronstad Lund M, Adesiyun A, Aerts JCJH,
Alabaster A, Bulder B, Campillo Torres C, Critto A, Hernández-Martín R,
MachadoM,Mysiak J,OrthR, Palomino Antolín I, Petrescu EC,Reichstein
M, Tiggeloven T, Van Loon AF, Vuong Pham H and de Ruiter MC (2022)
Invited perspectives: A research agenda towards disaster risk management
pathways in multi-(hazard-)risk assessment. Natural Hazards and Earth Sys-
tem Sciences 22(4), 1487–1497. http://doi.org/10.5194/nhess-22-1487-2022.

Ward PJ, de Ruiter MC, Mård J, Schröter K, Van Loon A, Veldkamp T, von
Uexkull N,Wanders N,AghaKouchak A,Arnbjerg-Nielsen K, Capewell L,
Carmen LlasatM,DayR,Dewals B,DiBaldassarre G,Huning LS,Kreibich
H,MazzoleniM, Savelli E,TeutschbeinC, van denBergH, van derHeijden
A, Vincken JMR, Waterloo MJ and Wens M (2020) The need to integrate
flood and drought disaster risk reduction strategies. Water Security 11,
100070. https://doi.org/10.1016/j.wasec.2020.100070.

Wendt DE, Bloomfield JP, Van Loon AF, Garcia M, Heudorfer B, Larsen J
and Hannah DM (2021) Evaluating integrated water management strategies
to inform hydrological drought mitigation. Natural Hazards and Earth
System Sciences 21(10), 3113 –3139.

Willems JJ and Giezen M (2022) Understanding the institutional work of
boundary objects in climate-proofing cities: The case of Amsterdam rainproof.
Urban Climate 44, 101222. https://doi.org/10.1016/j.uclim.2022.101222.

Wind H, Nierop T, De Blois C and de Kok J-L (1999) Analysis of flood
damages from the 1993 and 1995 Meuse floods. Water Resources Research
35(11), 3459–3465.

Witte JPM, Runhaar J, van Ek R, van der Hoek DCJ, Bartholomeus RP,
Batelaan O, van BodegomPM,WassenMJ and van der Zee SEATM (2012)
An ecohydrological sketch of climate change impacts on water and natural
ecosystems for the Netherlands: Bridging the gap between science and
society. Hydrology and Earth System Sciences 16(11), 3945–3957. http://
doi.org/10.5194/hess-16-3945-2012.

Witte J-PM, Zaadnoordijk WJ and Buyse JJ (2019) Forensic hydrology reveals
why groundwater tables in the province of Noord Brabant (the Netherlands)
dropped more than expected. Water 11(3), 478.

Wlostowski AN, Jennings KS, Bash RE, Burkhardt J,Wobus CW and Aggett
G (2022) Dry landscapes and parched economies: A review of how drought
impacts nonagricultural socioeconomic sectors in the US intermountain
west. Wiley Interdisciplinary Reviews: Water 9(1), e1571.

Wolff E and van Vliet MTH (2021) Impact of the 2018 drought on pharma-
ceutical concentrations and general water quality of the Rhine and Meuse
rivers. Science of the Total Environment 778, 146182. https://doi.org/10.1016/
j.scitotenv.2021.146182.

Cambridge Prisms: Water 9

https://doi.org/10.1017/wat.2023.4 Published online by Cambridge University Press

http://doi.org/10.1111/gcb.12023
http://doi.org/10.2166/wst.2011.037
http://doi.org/10.2166/wst.2011.037
http://doi.org/10.1080/0961321032000097638
http://doi.org/10.1080/0961321032000097638
http://doi.org/10.1007/s11356-021-12649-8
http://doi.org/10.1007/s11356-021-12649-8
https://doi.org/10.1016/j.scitotenv.2017.05.250
https://doi.org/10.1016/j.scitotenv.2017.05.250
http://doi.org/10.5194/dwes-2-1-2009
http://doi.org/10.5194/dwes-2-1-2009
https://doi.org/10.1016/j.landusepol.2018.06.005
https://doi.org/10.1016/j.landusepol.2018.06.005
https://doi.org/10.1016/j.earscirev.2020.103387
https://doi.org/10.1016/j.earscirev.2020.103387
http://doi.org/10.1007/s12665-014-3770-z
http://doi.org/10.2166/wpt.2007.064
http://doi.org/10.1088/1748-9326/aab211
https://doi.org/10.1002/wea.4003
https://doi.org/10.1029/2020GL087820
http://doi.org/10.1080/02665430802319005
http://doi.org/10.1007/s00382-022-06373-3
https://doi.org/10.1016/j.wace.2021.100350
https://doi.org/10.1016/j.wace.2021.100350
https://doi.org/10.1016/j.eja.2022.126662
https://doi.org/10.1016/j.eja.2022.126662
http://doi.org/10.1038/ngeo3047
http://doi.org/10.1088/1748-9326/8/3/035010
http://doi.org/10.1088/1748-9326/8/3/035010
http://doi.org/10.1680/envgeo.13.00055
http://doi.org/10.1680/envgeo.13.00055
https://doi.org/10.1016/j.crm.2022.100400
https://doi.org/10.1016/j.crm.2022.100400
https://doi.org/10.1016/j.buildenv.2014.07.018
http://doi.org/10.5194/nhess-22-1487-2022
https://doi.org/10.1016/j.wasec.2020.100070
https://doi.org/10.1016/j.uclim.2022.101222
http://doi.org/10.5194/hess-16-3945-2012
http://doi.org/10.5194/hess-16-3945-2012
https://doi.org/10.1016/j.scitotenv.2021.146182
https://doi.org/10.1016/j.scitotenv.2021.146182
https://doi.org/10.1017/wat.2023.4


Wuijts S,VanRijswickHFMW,DriessenPPJ andRunhaarHAC (2023)Moving
forward to achieve the ambitions of the European water framework directive:
Lessons learned from the Netherlands. Journal of Environmental Management
333, 117424. https://doi.org/10.1016/j.jenvman.2023.117424.

Zevenbergen C,Rijke J,VanHerk S and Bloemen P (2015) Room for the river:
A stepping stone in adaptive delta management. International Journal of
Water Governance 3(3), 121–140.

Zscheischler J and Fischer EM (2020) The record-breaking compound hot and
dry 2018 growing season in Germany. Weather and Climate Extremes 29,
100270. https://doi.org/10.1016/j.wace.2020.100270.

Zuurbier KG, Raat KJ, Paalman M, Oosterhof AT and Stuyfzand PJ (2017)
How subsurface water technologies (SWT) can provide robust, effective, and
cost-efficient solutions for freshwater management in coastal zones. Water
Resources Management 31, 671–687.

10 Ruud P. Bartholomeus et al.

https://doi.org/10.1017/wat.2023.4 Published online by Cambridge University Press

https://doi.org/10.1016/j.jenvman.2023.117424
https://doi.org/10.1016/j.wace.2020.100270
https://doi.org/10.1017/wat.2023.4

	Managing water across the flood-drought spectrum: Experiences from and challenges for the Netherlands
	Impact statement
	Introduction
	Floods and droughts in the Netherlands
	Policy-shaping events leading to the current water (governance) system
	Amplifying hydrometeorological risks: Hydrological effects, management, and policy actions of recent extreme events

	Conclusions and future perspective
	Open peer review
	Data availability statement
	Author contribution
	Financial support
	Competing interest
	References




