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Executive Summary

This technical report presents threain outcomesof the LoFloMeuse project, developed under the
Memorandum of Understanding (MoU) between the Dutch Ministry of Infrastructure and Water
Management and IHE Delft. The projests developed incollaboration between IHE Delft,
Rijkswaterstaat (RWS), and Deltares, &oclised oninvestigatng the potential of Naturebased
Solutions (NbS) tmitigate low flows in theMeuse River Basifthis work builds on recent initiatives
such as the Meuse Extreme Drought Habkat(Mes et al., 2024ih Sepember2024, where experts

from across the basin discussed the impacts of severe drought and possible mitigation strategies.
One key conclusion was the recognition of NbS as promising measungsrtve waterresiliencen

the Meuse Basin

The LoFloMeuse project contributes to this effort by providing a scientific assessment of NbS
potential. To achieve this, thprojectcombineal streamflow data analysis, hydrological modelling and
stakeholderengagemento understand lowflow conditions, theinfluence ofhuman activities, and

the opportunities toimprove water retention through measures such as reforestation, wetland
restoration, and improvea@griculturemanagement.

A joint modelling framework was developed for the project, with Deltares leading the hydrological
modelling using th&VFLOWSBMmodel.Different NbS measures were simulatetoth individually

and in combinatiom across sukareas in the basin to assess their effectiveness in increasing
discharge during dry periods, particularly the critical fibow seasor(JulySeptember)

Results show that NbS have a meaningful potential in mitigating low flows in the Meuse Besin

G1 AIKSad LRGSYOGAFf¢ adaNrGdS3Iexr oKAOK | LILJNledSa i
G2 Fy I @SNF3IS Ay ONBI a8t BorghareRTha Sesohd\sH&egy@agedob dh P H 0
stakeholderpreferences NXB adzZ 6 SR Ay | avYlff SN odzi adAff
interventions, such as improved reservoir operations and raising water levels in lock reaches, were
also found to be fective(+15 m3/s) presentinga broader range of possible solutiotnderstanding

these options supports informed decisiomaking to strengthen lovilow resiliencen the basin.

This study provides solid foundation foraddressindow flowsin the transboundaryMeuse Basin. It
shows thatNbScan help increase river flows durirgtical dryperiods By combining data analysis,
modelling, and stakeholder input, we identified which measures are most effectivesbatare the
potential areas for implementatianThese findings can help guide more practical and coordinated
strategies to manage low flows across the basin.
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1 Introduction

Increasingly frequent and intense drouglilse tothe changing and intensifying climate, is in many
parts of world leading to an increased occurrence of periods of extreme low flows (hydrological
drought) in rivergVan Loon, 2015The reduced availability of freshwater leads to significant impacts
on a range of sectors that depend on the availability of freshwater of sufficient quantity and quality
(Mosley, 2015)Sectors affected include agriculture (e.g., through water available for irrigation), but
also water supply (domestic and industrial), ecosystems, navigation, energy, recreation, etc
Historically, lowflow events have been a concern in regions already prone to drought, but they are
now becoming more common in NorWestern Europe, including the Meuse River b@Bia Wit et

al., 2007) This transboundary river, covering France, Belgium, Luxembourg, Germany, and the
Netherlands is increasingly experiencing {tbow conditions that affect downstream riparian
countries such as the Netherlands.

To mitigate the intensity and duration of leflow eventsand, by extension, the socieconomic and
ecological impacts they caugbere is a growing need for innovative, basiide water management
strategies.Oneapproach is to work with the natural capacity of river basins to store water during
wetter periods,that can thenbe gradually released during dry periods. This strategy not only
supports lowflow resilience but also provides dxenefits for flood mitigation, water quality
improvement, and ecoldgal restoration, contributing to broader environmental, social, and
economic sustainabilityn this contextNature-based Solution@NbS)lay a crucial role in increasing
or sustaining natural water storage in river baqislden et al., 2022However, to fullyexplorethe
potential of NbS, it is essential to understand the dominant hydrological processes goviemiing
flow eventsand assess how NDbS interact with existing water management strategies

This research aim$o improve the understanding of low flows in the Meuse Basin and identify
opportunities for increasing the capacity of the basin to buffer low flow periods (through NbS and
other measures)The project is divided into (1) a scoping phase, which focuses on a diagnosis of the
occurrence of low flow periods in the Meuse (occurrence evolution, propagation, and human
influences), as well as the identification of potential measures that can hgdpoira the storage
potential of the basin. In the (2) assessmehape, a selected number of strategies are developed to
maximise the storage potential in the basin. These strategies are then evaluated on their
effectiveness using a modelling framework.

This report covers the fupiroject, including both the scoping and assessment phases. While these
phases reflect the project timeline, the report is structured by methods and results rathebtiag

split intotwo separate parts. It includes the analysis of {fbew conditions, identification of potential
measures, and the modelling and evaluation of selected strategies
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2 Case study The Meuse River Basin

The Meuse River bas(frigurel) is a transboundary catchment covering an area of approximately
36.000kmz. It spans five countries: France, Luxembourg, Belgium, Germany and the Netherlands.
The river flows northwards from its source in France through Belgium and the Netherlands before
reaching the North Sea.

Low flows in the Meuse typically occur betweapril and Septembemwhen precipitation idower,

and evapotranspiration rates are high These seasonalatterns can significantly reduce river
discharge, with impacts felt throughout the bagjmnd most notably in downstream countries such
as the NetherlandsSectors such as drinking water supply, energy production, agriculture, industry,
and ecosystems are particularly vulnerable during prolongedflow periods(Schasfoort et al.,
2024)

The basin can be subdivided into three main geological z@edVit et al., 2001 each with distinct
hydrological characteristics that can affect how water is stored and released during dry periods
(Chagas et al., 2024he Lotharingian Meuse, mainly located in France, is characterised by Mesozoic
sedimentary rocks; the Ardennes Meuse, where the river flows through the older Palaeozoic rocks of
the Ardennes Massif; the Lower Meuse, covering parts of Belgium and ther\ettis composed of
unconsolidated Cenozoic sediments found in the lowlands, where flatter topography and human
regulation play a larger role in influencing flow and storage dynamics.

The Meuse has several important tributaries contributing to its flow regime. Major tributaries
includng (from upstream to downstream}he Chiers, Sambre, Ourthe, Vesdre, Ambléve,
Geleenbeek, Geer, Rur, Chiers, Semuisoin, Sambre,Outhe, Ambleve, VesdreGeer, Gal,
Geleenbeelkand Rur (Figurel). These tributaries originate mliverse geological settings, soil types,
and land use areas, which contribute to the spatial variability offlow responses across the basin.

Given its transboundary nature, the Meuse basin is subjedhternationally coordinatedwater
governance. This governance structure is essential for the implementation of\waierstrategies

for low-flow management, particularly when considering the integration of NbS that may provide
local benefits with baskscale hydrological implicatiesnFigurel shows the international Meuse

basin, including its main tributaries and the delineation of basin authorities by co(inteynational

Meuse Commission, 202Z)hese authorities include France RNMeuse and France Artois Picardie

in France, Région Wallonne and Vlaams Gewest in Belgium, G.D. du Luxembourg, Deutschland in
Germany, and Nederland in the Netherlands.

Theinterplayof natural variability (geology, land ugepography and humarnnfluence(abstraction,
regulation, infrastructure) calls for an integrated approach to assess low flows, their propagation,
and interactions with water use and landscape characteristics. This complexity makes the Meuse
basin a valuable case for identifying whereldrow Naturebased Solutions (NbS) camprovewater
storage
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Figurel The Meuse River basin, showing the main tributaries and the administrative regions associated with the Meuse
authorities. The map illustrates kesibutaries contributing to the Meuse's flow regime, including tiers, Sambre,

Ourthe, Vesdre, Ambleve, Geleenbeek, Geer, Rur, Chiers, Semois, Viroin, Sambre, Outhe, Ambleve, Vesdre, Geer, Geul
Geleenbeek and RuAdministrative regions are coloured according to national or regional Meuse authorities involved in
water management. International boundaries are indicated with dashed lines.
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2.1 The Meuse areas and sabeas

For this study, the Meuse basin was divided into-avkas and grouped into three main regions: the
Upper Meuse, Middle Meuse, and Lower Meuddg(re 2). This grouping is not based on
international boundaries, but rather on similarities in landscape, hydrology, and main tributary
systems, and igh most caseslelimited by the locations of key gauge stations. The Upper Meuse
includestributaries such as the Chiers, Semois, and Viroin. The Middle Meuse includes the Lesse,
Sambre, Ourthe, Vesdre and Ambleve. The Lower Meuse includes the Rur, Geleenbeek, Geer, Geul
and the main downstream reach.

This structurevas chosen as ltelps to organise the analysis and supports the definition of strategies
in later phases of the project. It also allows for a clearer evaluation of how each region contributes
to flow volumes, supports local and regional water balances, and how measungsnfheence
discharge during lovilow periods.

A

Group areas
1 - The Upper Meuse
2 - The Middle Meuse
3 - The Lower Meuse
Sub areas
1.1 Upper Meuse
1.2 Upper Meuse, Viroin, Semois
1.3 Chiers
2.1 Sambre
2.2 Lesse, Middle Meuse
2.3 Ourthe, Vesdre, Ambléve
3.1 Geer, Geleenbeek, Geul
3.2 Rur
3.3 Lower Meuse

0 10 20km
L1 1

Figure2 The Meuse group areas and sateas.
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3 Methods
3.1 Hydrology and low flows

Hydrological drought refers tolawer availability than normal afiater in hydrological systesnoften
manifesting as abnormally low river flows, lake levels, reservoir volumes, or groundwater storage
(Van Loon, 2015) ow flows can be considered a type of hydrological drought when river discharge
is particularly lowywhen compared to what would normally be expect@dhese can occur at any time

of the year when flows drop below a defined threshold.

In this study, lowflow periods are identified using a statistical thresholchsed on the available
hydrological dataThe 20% norexceedance flowyYevjevich, 19693 chosen as a threshold that is an
indicator of the low flow conditionThis threshold corresponds to the flow that is exceeded 80% of
the time. The threshold isdjusted seasonally to reflect naturséasonality of the Meuse Riverhis
approach supports lonterm analysis of drought frequency, duration, and severity using the theory
of runs(Yevjevich, 1969)n addition to statistical thresholds, impdgeased thresholdswhich are
defined by operational or sectoral needan also be used to identify critical lel@w conditions that
affect water supply, navigation, or ecosystem functioning in specific points of the.b@&sth
thresholds can be linked to impacts when these are crosketthis projectwe focuson statistical
hydrological low flows.

A key location for the analysis is Borgharehichislocated just downstream of Maastricht, near the
Dutch-Belgian border. This site is important as it integrates the upstream flow contributions from
much of the basin and marks a key control point for downstream water users. [Eegaonward,

the Meuse feeds several major canals, including the AlbertkandaldWillemsvaart, and
JulianakanaglDe Wit et al., 2001)These canals are not only essential for navigation but also play a
crucial role in the regional water supply for Flanders and the southern Netherl&mdsher key
gauge on the main stem of the Meuse Rivethis Chooz gauge station, located near the French
Belgian borderThisis used as a reference point for upstream inflow to the international Meuse. It
helps assess how low flows develop from the French part of the basin and supports comparisons with
downstream stations to understand the effects obuitaries, water use, and regulation.

The basin also contains reservoirs in the upper branches of rivers such as the Rur, Viroin, Semois,
Sambre, Ambleve, Ourthe, and Vesdre. These serve multiple purposes including hydropower,
drinking water supply, and local flow regulatie Wit et al., 2001)However, apart from the Rur
NEA&SNIZ2AN I YR GKS 91 dz RQI Sdz2NB O02YLX SE 6{ | YO NB
on the mainstem Meuse dischargBe Wit et al., 2001)

For this analysis, observed streamfldatawere collated from multiple providers.Lowflow events

are identified by comparing daily streamflow to the 2@0%n-exceedance threshold, while human
influence is assessed by comparing drought indicators (e.g., duration, deficit volume) between

observed and naturalised flow series. To evaluate storage potential, we analyse baseflow volumes
and recession constants #dite subarea scaleRigure2).
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3.1.1 Observed streamflowataset

To analyse low flows across the Meuse basin, we used an observed streamflow dataset covering the
period 1980 to 2020, compiled from multipt®urces: RijkswaterstadWaterinfo (Rijkswaterstaat,
2024)and Waterschap Limburg (Netherlands), ELW&B (Ministerium fir Umwelt, Naturschutz

und Verkehr des Landes Nordrhéestfalen., 2024)Germany), SPW Wallon{&PW, 2024and
Waterinfo FlandergVlaanderen Waterinfo., 2024Belgium), and EauFran¢Eau France, 2024)
Figure3 shows the spatial distribution of these selected gaggstations across the basimwhile

Figure4 shows the availability of daily discharge data for each station per year.

Eben Emael Borgharen

__~"Eijsden grens,

Chaud’ Fontalne PISCInE_.H‘-?.
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Figure3 Data availability and selected gauge stations for analysis.
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A selection of 17 gaumyg stations [ablel) was made to represent the different group areas (Upper,
Middle, and Lower Meuse). The selection was based on data availability, geographic coverage, and
the hydrological relevance to the basin. Gauges were also chosen to reflect key inflows to the main
river and major tributaries, as well as to support further regional amslgsiring the modelling phase.

Tablel Selected gauge stations and respectiveas.

Group area Subbasin Gauge name Gauge ID Area(km?)
Upper Meuse Stenay B315002001 3926
1 Chiers Chauvencye-Chéateau B460101001 1705
Viroin Treignes 90211002 553
Semois Membre Pont 94341002 1244
- Meuse (Chooz) Chooz B720000002 10182
- Meuse (Amay) Amay 71321002 16543
Lesse Gendron 82211002 1314
Sambre Salzinnes L7319 2869
2 Ourthe Tabreux 59211002 1616
Vesdre Chaud Fontaine Piscin 62281002 684
Ambleve Martinrive 66211002 1069
- Meuse (Eijsden) Eijsden grens Eijsden grens 20600
- Meuse (Borgharen) Borgharen 6421500 21355
Geer EbenEmael 63400000 459
Geleenbeek Brommelen 6Q18 37
3 Geul Meerssen 10Q36 334
Rur Stah 2829100000100 2135
Lower Meuse - - 10346

3.1.2 Human influence

To better understand the spatial variability and magnitude of human influence on low flows across
different gauging stations in theuse basin, we applied a diagnostic framework based on the
classification of low flow signa{¥an Loon et al., 2022, 2024)

To approximate the natural conditions, we used a paipagin method, selecting nearby catchments
with similar hydreclimatic and physiographic characteristics but limited human impact. This
reference series acts as a natural analogue and was smoothed usirdps 86ntred moving average

to reduce shorterm variability

The selection of observed and reference (natural) gauges is summariSathlgl2 in Appendk A.

Gauge IDs were obtained from national hydrological agencies and are accessible either directly or
through the EStreams platfornfdo Nascimentceet al., 2024)using the same gauge idsor gauge
stations in the main river, a weighted average of upstream catchments was used based on drainage
area. In all cases, precipitation differences between the observed and reference catchments were
corrected usinga spatial precipitation factor. Reservoirs were paired with upstream gauges
representing natural inflow conditions.

Human influence on hydrological drought wiagn assessed by compaririige observeddischarge
time series withits naturalised reference. The deviations framermal discharge were evaluated
using adrought threshold, defing as the Q80 flow from the reference (naturalised or paired) basin.
This method allows for classifying individi@k-flow events into distinct typesHigure5). Although
Figure5 shows a constant drought thresholaver time in our analysisve applied a seasonally
adjusted threshold.



https://estreams.eawag.ch/

[LoFloMeuséechnical Repoft
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— drought threshold Human Alleviated
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Figure5 Schematic outline of human drought (low flow) typeafter (Van Loon et al., 2022, 2024)100% human
alleviated: the naturalised discharge shows an event that is not present in the hinfha@nced time series; human
alleviated drought: both humainfluenced and naturalised discharge are below the threshold and htinduced deficit

is lowe than climateinduced deficit; humaraggravated drought: both humainfluenced and naturalised discharge are
below the threshold and humaimduced deficit is higher than climataduced deficit; and 100% humaggravated
drought: the humarinfluenced disbarge shows an event that is not present in the naturalised time series

To quantify the impact of human activities on seasonal low flowscarecalculate deficit indices
(Van Loon et al., 2024In this approach, aeficit is consideredwhen discharge dropbelow the
threshold (Q80) with the degree of thedeficit being the difference between the paired basin
threshold and the observed discharge. These defaats beaggregated by year angkason and be
represented in terms of volume or duration of defif¥tan Loon et al., 2024)

Onlyeventswith at least 10 deficit days were included in the analysis to ensure statistical robustness.
Comparing these seasonal indices with the naturalised referahlo@'s toclassifydegrees ohuman
influence using relative differences:

1 Alleviated:the observed (humamfluenced) deficits were more than 5% smaller than the
natural reference, indicatingn alleviation of human influence

1 Aggravatedithe observed deficits were more than 5% larger than the natural reference,
meaning that human influence led o aggravation

1 Nochange:differences between observed and naturalised deficits were within.+5%

3.1.3 Storage potential

The storage potential of eactub-basin is assessed using annual and seasonal discharge volumes,
baseflow volumes, and recession constants, which together indicate how much water is retained and
slowly released durinpw-flow periods. A water balance approach is used, with volumes calculated
at the selected gaugg stations and proportionally assigned to each suba.

Baseflowis usually described as the amount of water a river basin can naturally provide in absence
of rain or artificial inputgHameed et al., 2023)tis a key indicator of subsurface storg@hagas et

al., 2024) andreflects how much watecan beslowly released from aquifers into rivers, especially
during dry spells.

To quantify the contribution of groundwater to streamflonaseflow separationvasperformedto
identify the baseflow component within the hydrograpfthis method isolates the baseflow
component from total streamflow datalheLyne and Hollick filtefLadsoret al., 2013wasapplied
to this purposeimplementedvia the BFI+ 3.0 softwal&regor, 2010)The filter is defined as:
L , , , p |
o | —_—
n n n n C
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where:
T N 0 is the filtered quickflow at time stef,
1 R o isthe observed streamflow at time stép

1 | is a filter parameter controlling the smoothness of the separation, typically between 0.9
and 0.95.

¢CKS FAEOGSNI LI NFY¥YSGSNI M gt a asSa G2 nTéisparameted SR
controls the shape of the separation. For daily discharge data, the filter is typically applied in multiple
passes; forward, backward, and forward again. The resulting Baseflow Index (BFI) is calculated as the
ratio of baseflow volume todtal streamflow volume over a given perifidadson et al., 2013)

To assesbaseflow recession curyave apply a more selective subset of criteria than for general
baseflow analysidVe calculate the recession constant (k) based on pure baseflow recession periods
These arsegments with no rainfall, where discharge decreases gradually under baseflow conditions.
Only periods that meedll specific criterissimutaneously(De Wit et al., 20013re used, including

T Atleast 5 days of continuous recession,

T A negative trendor a 5-day rolling window

T [AYAGSR Ay ONBIlI asSa 06X pr LISNIRIFEIé&Z YIE o 02y
7 ! o0FasS¥t26 AYRSE 6.CLO X nddI 2N x ndt GAG
1 Agoodlog AYSIFNJI FAG O6wu x ndTOLOd

From these periods, we calculate the recessionstant (k) and recession time in days (T = 1/k) using
the equation:

0 0 Q
For each identified recession segment, the equation is fit to the observed discfiarge a given

time 0 data using nodinear regression, allowing estimation of the recession consi@amd initial
discharge) .

To ensure consistency, we use the 10 longest recession periods between 1980 and 2020 for-each sub
basin. Although fewer in number, these loagrecession eventsan providemore informative
understandingor groundwater storage and release dynamics, as they are less influenced by short
term variability(Hameed et al., 2023)

Finally, this analysis is complemented by a review of water use, demand, and reservoir storage
(Schasfoort et al., 20249 identify whereNbScould improvestorage capacity.

3.2 Measures to mitigate low flows

Different measures can be used to mitigate low flows. Traditionally, technical measures have been
applied such aengineering solutions that control water through infrastructure and management
rules. Examples include water storage in reservitirsugh reservoir operatiophydraulic structure
operations(e.g.,weirs/ locks) adjustments in groundwater extracticandprioritisation of water use
during shortagesThese are often centralised approaches used for stesrh management.

10
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Nature-based Solutions (NbS) have emerged as actions that protect, manage, and restore natural or
modified ecosystems to address societal challenges in adaptive and sustainable ways, providing
benefits for both people and biodiversiyUCN (International Union for Conservation of Nature),
2016) Examples include restoring rivers and floodplains, planting trees on hillslopes, and converting
farmland to wetlands. These measures help slow down water, enhance infiltration, and support
groundwater rechargeAt the same time, they offer ebenefits such asarbon sequestration,
improvedbiodiversity and water quality and human wbking(Deltares, 2022)

In this research we have compiladist of measurethat have the potential to alleviate extreme low

flow conditions. These have been collateain literature andinclude bothNbS and technical options.

We consider both NbS and technical measures to be complementary, as they can work together to
improvewater availability

3.2.1 Catalogue of measures

A catalogue of NbS measures was developed based on relevant literatgrexisting catalogues
(Agarwal & Bharat, 2023; Deltares, 2022; Penning et al., 2023; Ruangpan et al., 2020; World Bank,
2021; Yimer et al., 2024In this catalogueneasuresare grouped into three mairypes (i) measures

along the river corridor(ii) measure®n hillslopes, andiii) measuresnvolving land use change and
management (e.gconverting one land use type to another, such as farmland to forest).

The proposed catalogud @ble?2) brings togetherdifferent NbSsuch as floodplain reconnection,
reforestation, wetland restoration, andgriculture managementThetable also includea selected
number oftechnical measuressuchas reservoioperation and groundwater abstractiofroreach
measurethe table provides adefinition of what the measure entails, as well #se specific
hydrological processes and responsieat the measurenfluences This could be themprovingof
infiltration, increa® of groundwaterrechargethe regulating flow, othe increasingf water storage.

11
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Table2 Catalogue and glossary of measurestegory, type, definitions and hydrological processes and responses.

Category Measures Definitions Hydrological processes and responses

NbS- River corridor ~ Floodplain reconnection Restore the natural connection between rive Surface water retention (peak attenuation), infiltration in
and their adjacenfloodplains by modifying ol soil and groundwater (sustained baseflow during ¢
removing barriers such as levees and dams. periods), groundwatesurface interaction (flow regulation

NbS- River corridor  Riverbank restoration Stabilizing eroded riverbanks by reintroducii Slower flow (peak attenuation), increase
native vegetation or other techniques to reduc evapotranspiration, increase in groundwater rechar
erosion, enhance habitat quality, and improy longer baseflow recession
water retention.

NbS- River corridor ~ River meandering restoration  Reinstating natural river bends (meandel Groundwatersurface water interactions (higher recharg
including oxbow lakgsthat were previously during wet periods), slower flow velocity (pet
straightened or modified. attenuation), higher hydraulic residence time (flo

regulation), change in flow dynamics (stabiliz
downstream systems), reduction of erosion duringatg
rainfall

NbS- Hillslopes Swales, demi dunes Swales are shallow depressions often vegeta Surface runoff interception (capture and slow movement
or lined with permeable material, designed 1 runoff), water infiltration (more percolation into soil alon
capture, slow, and infiltrate surfacenoff. swale paths), temporary water retention (storage in swi

depressions and peak attenuation)

NbS- Hillslopes Hillslope reforestation Reforestation / Planting trees on slopes Water infiltration (improved soil permeability from tre
increaseinfiltration and groundwater recharge roots), interception (precipitation capture by canop
during lowflow conditions. reducing direct runoff), soil moisture retention (more wat

availability in the root zone)ncreasedevapotranspiration,
less erosion

NbS- Hillslopes Check dams Small and permeable barriers placed in riv Water retention (temporary storage of water in smz
channels to slow down water flow. reservoirs), baseflow and flow regulation (controlle

release of water to downstream areas), water infiltratic
(percolation into groundwater and recharge)
NbS- Hillslopes Terracing Stepped landforms on slopes to slow dov Runoff reduction (slower surface flow on terraced sloy

water and reduce erosion.

and flow attenuation), water infiltration (improvet
infiltration into flat terrace areas), soil moisture retentic
(increased water storage in agricultural fields)

NbS- Change in land Wetlandrestoration

use and land use
management

Rehabilitating degraded wetlands to restol
their natural hydrological and ecologic
functions.

Groundwatersurface water interactions (higher recharg
during wet periods), slower flow velocity (pee
attenuation), higher hydraulic residence time (flo
regulation), sediment retention, pollutant buffering

12
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Category Measures

NbS- Change in land Farmland to peatlands/
use and land use wetlands

management

Definitions
Conversion of agricultural landhto natural
peatlands or wetlands.

Hydrological processes and responses

Water table rise (restoration of natural hydrology |
reducing drainage), higher water retention (increas
capacity of peat soils to hold water), higher baseflow dur
dry periods,ncreasedevapotranspiration (due to peatlan:
vegetation)

NbS- Change in land Farmland to forest/
use and land use Silvopasturesystems
management

Conversion of agricultural land back into fore
(reforestation).

Water infiltration (increased infiltration into the so
through forest root systemsjncreasedevapotranspiration
(higher water loss from forest vegetation), soil moistL
retention (improved soil water storage for vegetatic
growth), slower flow velocity during wet periods

NbS- Change in land Forest to peatlands/ wetlands
use and land use
management

Conversion of forests to peatlands or wetland

Water table stabilization (restored hydrological balance
peatland areas), surface and subsurface water stor
(improved retention of water in peatland soil€hanges in
evapotranspiration (reduction in water loss by replaci
forests with peatland vegetatiobut increase due to oper
water los3

Change in land use
and land use
management

Farm ponds

Small artificial or natural ponds designed f
water storage on agricultural land.

Surface water storage (localized retention of runoff in t
pond), groundwater recharge and flow regulation (grad:
release of stored water to streams), high
evapotranspiration (water loss from pond surfaces)

NbS- Change in land Agriculture management
use and land use
management

Sustainable farming practices (e.g., cover cra

reduced

tillage, improved

improve soil water retention.

irrigation) tha

Runoff reduction (slower surface flow from agricultur:
fields), soil moisture retention (increased water stora
available in soil layers for crops, groundwater recharg
water infiltration (improved percolation into agriculture
soils), reduced erosion

NbS- Change in land Drainage modification
use and land use
management

Adjusting

controlled drainage,

artificial

drainage systems (e.
subsurface drainag

ditches) to regulate water retention.

Surface runoff interception (slower movement of wat
through modified drains), water infiltration (mor
percolation into the soildue to reduced flow velocity),
groundwater recharge

Technical & Water
management

Reservoir Operation

Operation of storage reservoirs to store wat
when there is a surplus, ancelease water
during low flow periods.

Adapt operation of reservoirs to (more) strategica
allocate storage space for augmenting flows during low fl
periods. This will influence other uses of the reservoir (;
flood control, water supply, hydropower). Only possible
subbasins that havesubstantial storage in reservoit
Reservoir rule curves, and hedging rules will need to
adapted (also links to water allocation pridei)

Technical & Water
management

Groundwater Abstraction (+

Reduce groundwater abstraction to enhan

baseflow.

Alternatively,

groundwate

Groundwater abstractions influence the baseflow
catchments, so reducing abstractions will impact basefls

13
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Definitions
abstractions can also be used to suppleme
river flows.

Category Measures

Hydrological processes and responses

How relevant this iswill depend on from what aquifel
groundwater is drawn. Also important to understand wh
happens to the returns flows after useConversely
groundwater abstractioran be used to alleviate low flow
by pumping into the river systerduring low flow periods.

Technical & Water Water Allocation Priorities

management

Establish priorities in the allocation of wate
resources during water shortages, wil
reductions of allocations first applied to loy
priority users (e.g., low return agriculture), ar
last to high priority water users (e.g., drinkir
water and the enviroment).

Changing priorities of water allocation (following e.g. t
drought management plans available in NL andFBE
GOSNRNAYyIAYyIaNBSLaéds EWLFRR
and DE)

Technical & Water
management

Storage in main channel
between lock reaches (NL:
Stuwpanden)

Increase the water levels of the pools betwes
locks and dams in the main river, thus increas
water storage in the river corridor

Raising water levels in river reaches between locks cre
storage in the main channel of the river. This can be use
augment downstream flows during low flow periods. N¢
that storage is also created in connected offline lakes, wt
in some reachesf the Meuse provide a significant surfa
area, and hence storage potentialRequires smart
operation of the weirs.

14
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3.2.2 Mapping areas with storage potential

To identify potential areashere the NbS that have been identified in the catalogue can potentially
be implemented a GlSbhased mapping approach was applied. This spatial analysis focused on
locating areas within the Meuse basin where NbS interventions could improve water storage to
buffer low flows. The approadb select areas that are suited for each of the measuwvas based on
landscape characteristics identified in the literatufémer et al., 2024)Key features considered
include land cover and ug€opernicus, 2018%o0il texture(Panagos et al., 2022)Joperaster derived

from MERIT Hydrfyamazaki et al., 201,9eology(Panagos et al., 202)resenceof aquifers (Nistor

et al., 2022) and theidentification of floodplainareasadjacent to river coursegsing the Height
Above Nearest Drainaddlobre et al., 2011For exampleareas with less permeable soils (e.g., clay)
may be more suitable for surface water retention, whadesaswith more permeable soils and
productive aquifers can offer better conditions for groundwater recharge, depending on local
hydrogeological and other landscape characterigfiimer et al., 2024)

Measures from the catalogue were groupledsed on thesimilaity of hydrological processemnd to
optimise modellingefforts andensure comparable suitability and representation in the model (e.qg.
infiltration-based measures applied on hillslogesvales and demi dunes; drainage modification and
agriculture managemeit

3.2.2.1 Landscape characteristics

The Meuse basin has a wide variety of landsceagas$therefore a wide variety ofhydrological
conditionsthat influence how water is stored and release@hese differences are important for
understanding where NbS are likely to be most effectiygpendix Bshowsa spatial representation
of different geomorphological and ecological characteristi€his includedand cover anduse
(Copernicus, 2018)soil texture(Panagos et al., 20223lope raster derived é&m MERIT Hydro
(Yamazaki et al., 201,9yeology(Panagos et al., 2028quifertype (Nistor et al., 2022Natura 2000
areas(European Environment Agency, 2022)d Height above nearest Drainag®AND (Nobre et
al., 2011). In Table3 the dominant landscape characteristics are described for eackasednin the
basin éeeFigure2 for the subarea divisions

Table3 Characteristics of suireas in the Meuse Basin
Dominant soil

Subarea Dominant land use type Dominant aquifer

Highlyproductive fissured

1.1 Upper Meuse 3925 Agricultural Medium fine .
aquifer
1.2 Upper Meuse, Viron, 4547 Forgsts and Medium Practically noraquiferous
Semois seminatural
1.3 Chiers 1705 Fore_sts and Fine nghly productive fissured
seminatural aquifer
2.1 Sambre 2802 Fore;ts and Medium fine Practically noraquiferous
seminatural
2.2 Lesse, Middle Meuse 3543 Agricultural Medium Practically noraquiferous
2.3 Ourthe, Vesdre, Ambléeve 4077 Agricultural Medium Practically noraquiferous
3.1 Geer, Geleenbeek, Geul 1668 Agricultural Medium fine g(l]%wgrproductlve fissured
3.2 Rur 2135 Agricultural Medium Practically noraquiferous
3.3 Lower Meuse 10,346 Agricultural Coarse Highly productive porous aquifel

15
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The Upper Meuse is characterised by steeper terrain, mostly forests anehs¢wmnal areas, with fine
to medium soils. Aquifers vary but are often fissured and productive, which indiaatetability for
water retention.

The Middle Meuse haa mixed land use, mainly forests and agriculture. Soils are mostly medium
textured, and aquifers are generally ngnoductivedue to the geologyThe fact that most aquifers

in this area are noroductive means that a larger portion of the Ardennes is considered less suitable
for NbShat aim to enhancgroundwater recharge. However, restoration of natural vegetatguch

as wetlands, broadleaved forests, and peatlagrai® considered suitable in these areas, as these
ecosystems werdnistorically present andf restored couldsupport surface water retention and
ecological benefits.

The Lower Meuse has flatter terrain, mostly agricultural land with coarse soils and highly productive
aquifers This makes this aresiitable for measures that promote infiltratioenhancegroundwater
recharge, and improve agricultural management. Measures such as drainage retention and soil
conservation practices are also relevant in this area. In paftkimburg, such asround the
Geleenbeek and Geul rivers, where slopes are present, the terrain is also suitable for implementing
swales and other hillspe measures

3.2.2.2 Qiteriafor suitability of Nature based Solution

To identify and map potential areas where Natlra@sed Solutions (NbS) could be implemented and
assessed through modelling, a classification system using suitability criteria was developed based on
key landscape characteristics (Sect®@.2.]). Each suitability criterion is classified into different
categories, which are assigned code numbers and presentd@bie4.. These classifications are
coded to facilitate the pixeby-pixel classification of raster data, and these numbers are further used

in Table 5, where the specific suitability categories for each NbS type are defined based on
combinations of these criterieodes.

Table4 Classification description and codafsphysical and land characteristics used for suitability analysis.
Type Code Description of classification

Level (dominant slope ranging from 0 to 8 %)

Sloping (dominant slope ranging from 8 to 15 %)

Moderately steep (dominant slope ranging from 15 to 25 %)

Steep (dominant slope over 25 %)

Artificial Surfaces

Agricultural areas

Forests and seminatural areas

Wetlands

Water bodies

Highly productive fissured aquifers (including karstified rocks)

Highly productive porous aquifers

Inland water

Locally aquiferous rocks, porousfsured

Low and moderately productive fissured aquifers (karstified rocks)

Low and moderately productive porous aquifer

Practically noraquiferous rocks, porous or fissured

Snow field / ice field

Coarse (clay < 18 % asaind > 65 %)

Medium (18% < clay < 35% and sand > 15%, or clay < 18% and 15% < sand)

Medium fine (clay < 35 % and sand < 15 %)

Fine (35 % < clay < 60 %)

Slope

Land Cover

Aquifer

Soil texture

A IWINIFP(OIN[O|O|R[WINIPIORIWIN|IFRP|IAWIN|F
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Type Code Description of classification
5 Very fine (clay > 60 %)
6 No texture
8 No texture (because of organic layer)

Suitability was determined by overlaying these classifications with additional layers when applicable,
such as the HAND model and Natura 2000 arBlasoughcombiningthese criteriausinga rule-based
assessmeniareas suitabldéor the implementation of thelifferent typesof NbSwereidentified.

For example, wetland restoration is more suitable in areas close to watercourses (HAND < 1 m), with
level topography and aquifers that support eithveater retention or shallow infiltration. On the other

hand, hillslope reforestation and swales a@tablemeasuresn sloping areas with agricultural land
cover.

Table5 presents the suitability criteria for each NbS category. This includes the required conditions
for landscape features, any additional spatial logiere applicable (e.g., buffers or distance from
rivers in the case of check damas theseare mostlyin small streams), and additional ecological
constraints suclas the inclusion or not dflatura 2000 areas.

Suitability maps are generated by overlapping these criteria for each NbS into a Boolean map (where
1" indicates asuitable area and '0' indicates a nesuitable area). These maps are useful for
understanding the potential areas for NbS implementation. Subsequently, through modelling, we can
assess how measures implemented in these suitable areas might buffer low flowssgdgsraent

is not solely tied to the suitable area itself, but rather to how various water balance components (e.qg.,
evapotranspiration, runoff, infiltration) interact within the modelled environment

17
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Table5 Suitability criteria for selected measur@sumbersare codes fronTabled).

Criteria
Category Measures Natura

HAND Slope Aquifer Soll Land Use 2000 Comment

buffered around existing

NbS- River corridor Wetland restoration <10 1 1,2,3,4,6 1,2,3,4, 2,3,4,5 yes wetlands (.0'0.05) * buffergd
m 5,8 around main river (0.05) with
HAND < 1m
Swales, hoof prints,
NbS- Hillslopes demi dunes, terracing, - 2,34 1,2,4,6 2,3, 4 2,3 no -
hedgerows
NbS- Hillslopes ~ 'lslope reforestation/ 5 3 4, 41546 12345 23 yes i

Hillslope revegetation

also buffered (0.05)negative

NbS- Hillslopes Check dams - 2,3,4 1,2,4,6 2,3, 4 2,3 no buffer around rivers (small
streams only)

. Farmland to peatlands/ 2,3,4,5,
NbS- Hillslopes wetlands (restoration) - 1 1,234 8 2 yes -
NbS- Hillslopes Farmland to forest ] 1.2 1246 2345 2 yes i
Silvopasture systems
NbS- Hillslopes Forest to peatlands/ - 1 1,2,3,4 2,3, 45, 3 yes -
wetlands 8
NbS- Change in land
use and land use Farm ponds - 1 1,2,4,6 2,3,4 2 no -
management
NbS- Change in land  Agriculture managemeni 1.2 3 4
use and land use and drainage - 1,234 1,2,4,6 ' 5 Y 2 no -
management modification
NbS- Change in land Coniferous to broad 7 . .
useand land use leaved - 12 1234567 2345 (coniferous) yes considers all types of aquifers
management
NbS- Change in land 2345 7
use and land use Coniferous to peatland - 1 1,2,3,45,6,7 7 . "7 . yes considers all types of aquifers
8 (coniferous)
management
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3.2.3 Developing strategies

In this study, we consider a NbS measasa specific actiorthat is taken at an identified suitable
location in the Meuse Basin, artidat has the potential toenhance storage in the basin (sponge
effect). A strategy refers to a combination of selected measures, chosen baseendified criteria.

Rather than aiming for a fully feasible or implementable strategy at this stage, the focus of this
NE&SFNDK A& (2 SELX2NB (KS olaiayQa KAIKSald Ke
0Said ¢S OFy R2 ¢A0K thédasSn, ideatifyiSg/inne thef gredtest giirls goBld A y
be achieved under ideal conditiorisis important to note that our focus is on the best potential from

the hydrological perspectiveSocial, economic, and political considerations that may preclude the
selection in a specific pta of a measure that is hydrologically relevaate not taken into
consideration.

Therefore, the strategies developétthis phase of the researdre defined considering the highest
hydrological potential (in terms of increment of absolute discharge in critical perodaily to
Septembe), as well as oistakeholderfeedbackand considering regional preferences and ongoing
activities.

Once a strategy of measures has been established, the effectiveness of this strategy is assessed using
available hydradgical and water resources management models of the Meuse Besenmodelling

of measures is carried out using tNéFLOWSBMhydrologicalmodel. This is applieto simulate
discharge responses under various selected NbS types. These simulations help hoangfiective

the different measures are in each of teeb-areas depending on the catchmeharacteristicsThe

results provide a spatial overview of where measures are likely to produce the most significant
improvements in streamflow conditions, knowing that different landscapes (soil types, aquifer, land
use) can lead to different sponge effects dependingtantype of NbS.

This approach is, of course, very sensitivehttw well the model representsthe hydrological
processes in the Meuse Basin, andhow the parametersof the models are amended t@present

the change in thehydrological processedue to eachof the measure. This means that there is a
certain level otonfirmationbias, as the expected response from the model depends on the selected
parameter values used to simulate each measuwvhich have been selected as these result in the
expected hydrological behaviou

In parallel with the modelling efforts, a stakeholder workslenducted with representatives from
water agencies, environmental organisations, amdversities acrosshe Meuse basin. Through
participatory mapping and structured discussions, stakeholders iggriibrity areas and preferred
NbS measures based on local knowledge, ecological goals, and practical considerations

3.3 Modelling framework

3.3.1 General description of the/ FLOWSBMmodelfor the Meuse

The hydrological response is modelled usiMgLOWSBM anopen sourcedistributed hydrological
modellingplatform developed by Deltares the Julia programming languadgean Verseveld et al.,
2024) In recent years, Deltareend Rijkswaterstaat have workadgetheron the development of a
WFLOWSBMmodelfor the Meusebasin which is the model that is applied tinis projectWFLOW
SBM The Meuse hydrological model wastensivelycalibratedupstream of BorgharefBuitink et
al., 2023) To allow modelling the whole basin, including areas downstream of Borgh#ren,
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calibrated model upstream of Borgharen was merged with a calibrated model of the(Kein,
2022)and the Rui(Hartgring, 2023)The modehas al km x 1 km resolution and is run at the daily
time step.

WFLOWSBMuses static maps (rastérased model parameters) and dynamic meteorological forcing
data to calculate all hydrological states and fluxes for each grid point and model time step. As a fully
distributed, physically based hydrological mgd&FLOWSBMsimulates all relevant rainfatlinoff
processes, such as snow and glacier processes, rainfall interception, lakes, reservoirs, soil water
balance and evaporation processes, vertical and horizontal subsurface flow, and overland and river
flow. Subsurfae lateral routing ixalculated with the kinematic wawepproach while river routing

along the network is based on the local inertial approximation with a 1D schematization of the
floodplains.Figure6 shows a schematic overview of the model, including the main hydrological
processes.

Open water (river)
Open water (land) runoff and
> evaporation evaporation

W S
Soil )
Transpiration evaporation . Infiltration or

Interception l Rainfall

lGlacierl snow melt A=
~7

saturation
excess

A 4
Kinematic

wave for . 3
' overland flow ' '

routing

Unsaturated store Open water
' (land) runoff
Kinematic
Saturated store . subsurface flow ——>

Figure6 Schematic overview of th&/FLOWSBMhydrological mode{van Verseveld et al., 2024)

WFLOWSBMuses physical catchment characteristics to estimate mpdeameters. Lookip tables
of land use maps aresed to relate specific land use classes with parameter values. WE€OW
SBMmodel of the Meuse, th&CORINE land cov@Copernicus, 2018% used to estimate land use
related parameters. Global sathaps from SoilGridéHengl et al., 2017are used to estimate soil
parameters based on pedwansfer functions.

3.3.2 Reinfiltration of overland flow

To model adaptation measures that aitm maximizethe sponge effecof a catchmentthrough
increased infiltration, it is essential to have a modeht allows the process of reinfiltration of
overland flow. This is not typical of hydrological models such \@&LOWSBM In recent
developmentsanexperimental reinfiltratiorversionof WFLOWSBMintroduces arimprovementto
the modelrepresentation of surface water dynamics. In the standatdLOWSBMimplementation,
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overland flow is generated when rainfall intensity exceeds infiltration capacity or when the soil
becomes fully saturated. This excess watethisn routed directly to the nearest river channel
through the kinematic wave approach, effectively bypassing any opportunity for reinfiltration along
the¥t 26 LI GKd ¢KS ySg WNBAYTFTAIONI GAZ2YQ TFdzy Ol A 2
overland flow to potentially reinfiltrate into the soil matrix as it moves downslope. This process is
controlled bya spatially distributedoondingthreshold. Thisdefines the maximum depth of water

that istemporarily stored on the surface before lateral overland fiswyeneratedWhen the ponding

depth is below this threshold, water remains available for infiltration into the soil during subsequent
timesteps, based on available soil storage capacity and hydraulic conductivity.

This implementation creates a new temporary storage component inntioglel water balance,
effectively simulating sma#icale surface retention features thate notexplicitly represented in the
spatial resolutiorat which the model has been developethe ponding threshold can, in theory, be
parametersed to represent varioudlature-basedSolutions- from small depressions in agricultural
fields vith a ponding threshold in the order df2cm) to substantial retention in restored wetlands
(where the ponding threshold may rea824cm).

3.3.3 NbS measures in th&/ FLOWSBMmodel
In the catalogueof NbS measures outlined in Talllemeasures are categsed according to:

9 River corridor

1 Hillslope

1 Change in land use and land use management
1 Technical measures

Measures related to the river corridor cannot (yet) be adequately represent&ifhOWSBMas
water in theriver networkis not (yet) allowed to reinfiltrate into the subsurface. A hydrodynamic
model is likely more suitable to represent these type of measures

Measures that can currently be implemented WFLOWSBMincludethe hillslope measures and
measures related ttand use changes ¢eind managementhanges

Technical measures related to reservoir operations, allocation rules, storage in canal sals®mns
require different modelling toolshan a hydrological model such ¥FLOWSBM(water allocation
models such aRIBASINr hydrodynamic mode)s

3.3.4 Input data

The model isun at the daily time stepusing the EDBSCornes et al., 2018heteorological dataset

for the period 197001-01 to 202312-31 as forcing Precipitation, temperature and potential
evaporationare required for eachl{daily) time step. Potential evaporation is estimated with the
Makkink formulaModel parameters are derived from land use and soil characteristics using CORINE
land cover dataEEA and SoilgridgHengl et al., 2017)

3.3.5 Model performance

The calibrated moddBuitink et al., 2023)as an overall good performance to represent low, average
and high flow conditionéTable6). However, the calibration has been performed in version 0.7.3 and
the version that supports rénfiltration alsoincludes later developmentsf changes related to the
calculation scheme of actual evaporatiohhese changes result in lower evaporation and higher
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streamflow during the summer period’he use of theNFLOWSBM versionwith re-infiltration,
therefore, alters the performance of the model to represent low flowEvaporation is
underestimated and summer discharges are overestimated compared to observaltwrefore
the results should be evaluated in termsrefative changes instead of absolute values.

In addition, two additional sources of change may lead to differences in model performance, these
include:

1 Enabling the renfiltration of overland flow to allow the implementation of measures with
additional ponding

1 Grouping of the extended list of CORINE land cover class to an aggregation of the 11
dominant classes in the Meuse basin

Table6 Threeobjective metrics to assess the skill of thFLOWSBMmodel on a daily timestep at Borgharen. The
measures are: Nash Sutcliffe Efficiency (NSE) of discharge (high flow performance, Nash and Sutcl{ffgsho&0
Sutcliffe, 1970and the same on the logarithm of the discharge (NSElog as an indication of low flow performance) and
the KlingGupta Efficiency (KGE) for overall model performg@pta et al., 2009)

Metric \ WFLOWSBM2024 Calibration
NSE 0.898

NSk 0.908
KGE 0.920

3.3.6 Parameterisation of measures

Elevenmeasures which can be represented in th&/FLOWSBMmodel, are retained from the
catalogue of measures to evaluate their effectlow flows within the MeuseTable7 summarizes
how the measures have been implemented WIFLOWSBM Each measure is assumed to be
implemented over the full suitability area, as derived from the previous analgsesSectios.2.2.2.

Measuregelated to land use changes are implementetifLOWSBMthroughthe following steps

1 Update of model parameters related to land use throwglook-up tablewith the dominant
11 CORINE land use classes present in the Meuse @ggpendixD). Theseparameters
include:

o Kext: the extinction coefficiertb calculate the canopy gap fractiofj [

Swood:storage woody part of vegetation [mm]

Sl: Specific leaftorage [mm]

N: manning roughness for overland flow [$%h

PathFrac: the fraction of paved ared [

WaterFrac: the fraction of open watef |

O O O 0O O

1 Update of the monthlyeaf area indeXLAl) which is used to estimate interception losses. The
monthly leaf area index is estimated fraiODISand a table is then created to link land use
classes to monthly LAl values. When land use is changed, aleditieechanged by updating
the model.
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1 Scalingfactor on the rooting depth parameter. Rooting depth is a sensitive parameter in
hydrological models as it determinéise partitioning of water to evaporation and drainage.
Global estimates of rooting depth suffer from inaccuradas to a lack of data at sufficient
resolution and lookup tables aretherefore, highly uncertainRooting depth in the Meuse
basin has beerestimated using a climat-discharge relationship during earlier research
(Bouaziz et al., 2022and later bias corrected using calibration technig(Bsitink et al.,
2023) This iteratively improved rooting depth mapquires measuresimpacting rooting
depthsto be implemented throughscaling factorsnstead ofa lookuptable approach. We
consuled different sources ofiterature to estimatethese scaling factors in a plausible way
(Guillaume et al., 2025; Hrachowitz et al., 2021)

1 For some measures (swales and agricaltimanagement), an additional scaling factor on the
Manning roughnesssed for calculatingverlandflow was assumed, as these measures are
implementedin a wayto substantiallyreduce flowvelocities

1 Apondingthreshold water level has been implemented to represent measures that aim to
increase reinfiltration of overland flow into the groundwater.

Each of these changes involves a high degree of uncertainty and althdufilsensitivityanalysis
was outside the scope of the current study, it would beimeresting next stepA more detailed
description ofthe changes implemented for each measure is provided in the sections lagidva
summary is provided imable7.

Wetland restoration

Wetland restoration enhances landscape water retention capacity in formerly drained dreas.
areas provided in the suitability map for wetland restoration are based on HANEuaraht wetland
presenceln the model, these areas are reclassified to peatbog land cover (clasisTEble13 in
AppendixD) and assigned a significant ponding threshold o8 This createsubstantial surface
water storage capacity. This parameterization mimics the natural water retention function of healthy
wetlands, with their characteristic spondi&e behaviour during precipitation evenfg not already

full). Restoration is prioritised in riparian zones and historical floodplains, where connectivity with
the river system maximises hydrological benefits. Beyond their hydrological function, these wetlands
also support biodiversity and enhance ecosystem resilience

Farmland to forest

Farmland to forest conversion represents a comprehensive land use transformation strategy aimed
at increasing landscape water retention while providing multiple ecosystem benefitse model,

the farmland areas are converted to broadleaved forgdass 6 offable13 in AppendixD). The
conversion footprint follows theuitability maps(See sectiort.3), which identify agricultural lands
suitable for afforestation based on soil, slope, HAND and other environmental factors.

In the model implementation, suitable farmland areas are reclassified to broadleaved forest (class 6),
accompanied by a 2.5x increase in rooting depth to reflect the deeper root systems characteristic of
mature deciduous forest@Guillaume et al., 2025; Hrachowitz et al., 20EDrestparametergation
enhancegoot zonewater storage capacity, while simultaneously reducing surface ruRafimland

23



[LoFloMeuséechnical Repoft

to forestconversion primarily targets croplands and pastures, transforming them into hydrologically
more resilient landscapes that can better attenuate flood peaks and sustain baseflows during dry
periods.

Reforestation of hillslopes

Hillslope reforestation is a measure targeting erospaone areas to enhance water retention and
reduce peak flows. The areas identified in the duility analysisare attributed a broadleaved forest
parameterization (class 6), with a 2.5x increase in rooting depth to represent the deeper root systems
of mature forests(Guillaume et al., 2025; Hrachowitz et al., 20ZI)is implementation primarily
converts pasture and agricultural land to forest, with some conversion from coniferous to
broadleaved forest, resulting in enhanced reduced surface runoff on hillslopes.

Swales

Swalesaredesigned to intercept and slow surface runoff in agricultural landscapes. Unlike complete
land use conversions, swales maintain the existing land cover while introducing staggerddrsmi
depressions that are intended to enhance water retention by sigwoverland flows The
implementation follows thesuitability mapsthat identify optimal locations based on slope, soil
characteristics and the existing landcover class. In the model, swales are parameterized through a
doubling of Manning's roughness coefficient in suitable areas, simulating increased flow resistance,
while also introducing a modest ponding threshold afri(on average over the 1 km x 1 km model
resolution grid) This approach creates a distributed network of sraedlle retention features that
collectivey delay runoff without changing the fundamental land use. The parameterization reflects
an approximated density of shallow depression adoption that temporarily store water during rainfall
events, allowing more time for infiltration while maintaining aghawal productivity in the
surrounding landscape.

Check dams

Check dams are interventions placed in stream channels to slow water flow and promote floodplain
activation and the slowing of flood water during high discharge events.sphgal extent of the
implementation followsthe suitability mapsdentifying optimal locations based on stream gradient
and floodplain connectivity. In the model, check dam areas receive a 1.5x increase in Manning's
roughness coefficient and a Icéh ponding threshold, simulating the flow impedance and backwater
effects created by thesstructures. This parameterization forces higher flows to access adjacent
floodplains, effectively increasing the active storage capacity of the river system during flood events
while maintaining normal flows during average conditions.

Farmland to peatland

Farmland topeatland conversion represents a potential hydrological intervention that may offer
drought resilience benefits. This measure targets agricultural lands in historical wetland areas where
peat soils have been drained and altered. The implementation follkh&ssuitability maps that
identify possible restoration candidates based on soil type, landcover, and hydrological connectivity.
In the model, these areas are parameterized with peatbog classification (class 1@mapdhding
threshold, and a 83% redution in rooting depth - scale factor 0.1{Guillaume et al., 2025)his
approach attempts to simulate the hypothesized effects of rewetting former peatlands, potentially
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creating conditions where capillary riggay sustain vegetation during dry periods. The shallow root
zone coupled with increased surface water retention aims to approximate natural peatland
hydrology. A ponding threshold of 2d4m is appliedwhere landscape retention with wetland
restoration is assumed to increase.

Ponding on farmland

Farm pond are a measure targdahg agricultural lands where smadcale water storage could
potentially supplement irrigation needs during dry periods or contridoteatural infiltration areas.

The implementation followsthe suitability mapsthat identify candidate locations based on
topography, land ownership patterns, and water demand. In the model, these areas are
parameterized with a 4.5cm ponding threshold while maintaining their original land use
classification. This approach attempts to simulabe thypothesized effects of constructing small
retention basins on farms, potentially creating temporary surface water storage that might
reinfiltrate gradually. The ponding parameter represents an averaged effect across model grid cells
(1 km x 1 km approximatelyacknowledging that actual ponds would occupy @gmallportion of

each cell.

Agricultural management

Agricultural managemenis anintervention that attempts to enhance water retention through
targeted vegetation modifications within existing farmland. This measure focuses on implementing
practices such as buffer strips, contour planting, and conservation tillage that may alter local
hydrological processes while maintaining agricultural productivity. The implementation fath@ws
suitability maps which identifysuitable areas based on slope, aquifer characteristics, soil texture,
and current agriculturalise. In the model, these areas maintain their agricultural classification but
receive a specialized parameterization (class TR)s classification is based on a weighted average
of the parameters assumirgp% cropland, 10% shrubs and 5% tree cover in former crojgleaas.

In addition,a 15% increase in rooting depth aa@0% increase in Manning's roughness coefficient

is assumedThis approach attempts to simulate the potential effects of more complex vegetation
patterns and improved soil management practices that might increase infiltration and slow surface
runoff. The parameterization represents a simplified approximation esghmanagement changes,
acknowledging that actual implementation would vary considerably across farms. The relatively small
parameter adjusients reflect the incremental nature of these interventions, which aim to enhance
hydrological function without fundamentally changing land use patterns.

Coniferous plantations to peatland

Coniferougplantationsto peatland conversioare anintervention targeting areas where plantation
forests may be situated on historically drained peatlands. This measure aims to restore natural
hydrological conditions in these locations, potentially enhancing water retention capacity. The
implementation fdlows the suitability maps derivecbased on current coniferous cover, soil
characteristics, and historical wetland presence. In the model, these areas are reclassified from
coniferous forest to peatbog l@ss 10) with an 83% reduction in rooting depttscale factor 0.17
(Guillaume et al., 2025)and a substantial 2dm ponding threshold. This parameterization attempts

to simulate the transition from deepooted tree systems to shallowooted peatland vegetation,
along with the increased surface water retention characteristic of rewetted peat soils. The significant
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reduction in rooting depth reflects the shift from forest to wetland vegetation structure, while the
ponding parameter represents the potential for surface water accumulation following tree removal
and possible drain blocking. This intervention represemte of the more dramatic land cover
transitions in the model scenarios, with substantial changes to multiple hydrological parameters.

Coniferous plantation to broadleaved forest

Coniferousplantationto broadleaved forest conversion targets plantation forests with the aim of
establishing more natural forest ecosystems. This measure focuses on areas withtnanconifer
plantations that could support native broadleaved species. The implementatiowithe suitability
mapsidentifyingconversion sites based on current forest type, soil conditions, and climate suitability.
In the model, these areas are reclassified from coniferous to broadleaved forest (class 6) with a
doublingof rooting depth (scale factor 2.Guillaume et al., 2035This parameterization reflects the
generally deeper and more extensive root systems of mature broadleaved forests compared to
conifer plantations, potentially enhancing soil structure, infiltration capacity, and subsurface water
storage. The interventiomaintains forest cover while attempting to improve hydrological function
through vegetation structure changes, representing a transition from managed plantation to a more
natural forest ecosystem with potentially enhanced water retention characteristics.

Summary

Themeasures are implemented in the model by updating the laader related parameter maps
through lookup tables éeeTable13 in Appendk A). In addition, scaling factors are applied to the
rooting depth and the Manningoughnessand a ponding threshold is added where applicablee
monthly leaf area index is only updated with the new land use m@lbthe changes for each measure
are summarized iable7.

It is important to note that the factors applied for the rooting depthe Mannin@g roughness and
the ponding threshold are highly uncertain. In a follaw study, it would be interesting toarry out
a sensitivity analysis to quantify the uncertainty.

Table7 Measures implemented WFLOWSBMthrough the following changes in terms of land use change, rooting depth
scaling, manning roughness (N) scaling and ponding threshold.

Land use to

Rooting N

Measure class(see Depth scaling Pondingthreshold Polding threshold reference
AppendixD) scalingf] [ [cm]

Wetland_ Peat bogs (10) 4 1 8.0 cm (Foley & Denver, n.d.; Waterloo et al.,

Restoration 2019; Wenzel & Shaw, 2015)

Broadleaved

Farmland to
forest (6) 25 1 -

Forest

Broadleaved

Reforestation of
forest (6) 25 1 -

Hillslopes

(Autodesk Civil 3D Help | Vegetated
Swales (Bunds) 1 2 1.0cm Swale | Autodeskn.d.; Chin, 2024;
Clean Water Services, n.d.; Tennesset
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Land use to

Rooting N
Measure class(see Depth scaling

: Fccr;n]dlngthreshold Polding threshold reference
AppendixD) scaling] [

(Bureau of Agriculture and Fisheries

Checkbams ) 1 15 1.2cm Standards (BAFS), 2017; Environment
Canterbury, n.d.; Franklin Soil and Wai
Farmland to Peat bogs (10) (Foley & Denver, n.d.; Snowdonia
Peatland 0.25 1 24.0 cm National Park Authority, 2022)
Foley & Denver, n.d.; Forestry
Forest to Peat bogs (10) ( &L ,nd; |
Peatland 0.17 1 24.0 cm f]:(c)jr;lmlsswn Scotland, 2015; NatureSc
Ponding on (Department of Soil & Water
Farmlands ) 1 1 4.5cm Conservation Engineering, n.Bgnd
Calculator 2024; United States
Agricultural Agroforestry 115 15 ] )
Management 12) ’ ’
Coniferous Peat b 10 (Foley & Denver, n.d.; Forestry
Forestry to eatbogs (10) 17 1 24.0 cm Commission Scotland, 2015; Guillaum:
Peatland et al., 2025; NatureScot, n.d.)
Coniferous
Forestry to Broadleaved (6) 1 ) )

Broadleaved

3.3.7 Evaluation omodelled NbSneasures

The evaluation oNbSwas carried out by simulating each individual measure separately in the
WFLOWSBMhydrological model Measures weramplemented over the full extent ofthe area
mappedas suitablefor that measure While the study did not include a formal sensitivity analysis
using parameter variation or probabilistic methods, the comparison of model runs for each individual
measures is apractical sensitivity test

A run of the model with each measure is comparedthe baseline modeto evaluate both the
potential of individual measures and tivenfluence on discharge responses at key locations across
the basin.Theincrement of dschargeat these locationgs chosen athe primary indicator to evaluate
the effect of the measuresas thefocusis on improving lowflow conditions Modelled discharge
incrementswere analysed for three different time window&nnually (January to December), for the
dry season (April to September), and for the critical-flaw period (July to September). For each of
these periods, we calculaboth the relative change (percentage increase) and the absolute change
(in cubic metres per second) in discharge compared to the reference Tiu@.canputation is
performed as follows:
I TP ORI o R
D QB wi ¢ ddeé mel— : AQOi 01u@di Qo p&a
P AQOI 601G Qa QL Q

D QAEQa O Qe — ————————r P TLTI
€ wwi Qa Qe Qp
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For each dajfthe value from the run with the measure is compared to the corresponding value from
the reference run over a total af days(365 days annually, or 366 for leap years; 183 days for the
dry season; and 92 days for the critical pejiolio determine themost effectivemeasures, we
focused on the increase in discharge during the criticallow period from July to September
which is themost relevant fom a low flow perspective A measures considered to have higdn
potential if itleadsto an increase in discharge during this period in absolute tefmm¥s). This allows

to rank the individual measures based on thgipact (increment of discharge during critical period).
While discharge was the main variable of interest in this evaluatiirer hydrological indicators of
Gsponginess O2 dzf R 0 S  Tirdielfuku® Nthishcguld findiiRi@hBngesin soil moisture,
groundwater recharger evapotranspiration.

3.4 Estimation of impact of technical measures

In addition tothe selectedNbSmeasurestraditional measures such as reservoir operatiyalraulic
structure operationge.g., weirs/ locksjontinue to play a key role in addressing {aw challenges

in river basins. These technical interventions are often already in place and can be actively managed
to mitigate drought impactsAs these measures depend on management and operational rules, a
detailed study of how these can be amended is complex and considered outside the scope of this
study.However, b provide an estimate of what such measures could potentially achrex@clude
simplified estimations of their contribution duringpw-flow periods as a reference to better
contextualise the potential impact of NbS.

3.4.1 Reservoir operation

The impact of operating reservoirs on low flows was estimated by quantifying the additional releases
made during the dry seasodulySeptember)from the conservationvolume available from high

flow seasonFor each reservoir, kapformation suchas flood pool level, gate level, and the layel
areacvolume curvewvas obtained fronan existingRIBASIM modeif the Meuse basifvan der Krogt

et al.,, 2022) Where available, the proportion of storage volume above the flood pool level (i.e.,
actively managed storage) was used to determine the usable water volume. In cases where such data
were not available, a standard assumption of 20% of the total storagemeowas adopted as an
estimate of usabletorageto augment low flows. This estimate was made as it is the same order of
magnitude as where the information is availablde estimated additional discharge (in m3/s) was
calculated bythen distributingthe active volume or expected seasonal rele&salleviate low flows

over the threemonth critical period (Julpeptember).

3.4.2 Increasing volume between lock reaches

To estimate the potential storage volume within regulated reaches between water locks, we assumed
that water levels caibe raisedup to an addiional0.5m when compared to existing pool levels. This
additional volume can then be gradually released during the critical low flow seasanthe case

of reservoirs For each lock segment along the Meuse River, we calculated the water surface area
using available length and width darsdditional wlumes were then estimated for incremental water
level change$0.1m to 0.5m) by multiplying the surface area by the change in level.alluktional
volumes represent potential shoterm storage or release capacities within each reach.
Corresponding discharges (in m3/s) were derived by dividing the volumes by the number of seconds
overthe 3-month criticalperiod July;September), allowing an estimate of average contribution per
segment during critical lovilow periods
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4 Results and discussions

4.1 Human influence

To analysethe effects of human activities from natural variability, we compared observed and
naturalised discharge time series across several paired basins. Naturalised flows represent the
discharge that would have occurred without human interventions, allowing gsantify the extent

to which management practices either alleviate or aggravateflow conditions Before presenting
summary results across the Meuse basie,focus on Stah and Borgharen as examples to show two
different types of human inflence: Stah showsalleviation effectdue to upstreamreservoir
operation,while Borgharen showsumulative upstream aggravation effects

Looking at full time series patterns helps us understand how human activities affect low flows over
many years (wet and dryAt Stah Figure7) 1 a stationon the Rudownstream of thanainreservois

in the Rur basirthe volume and duration of lovilow events are generally smaller under naturalised
conditions.The median observed volume deficit is abou®0 mm, compared to around £@0 mm

under naturalised conditions. In terms of duration, the difference is less pronounced. This may reflect
the buffering role of the reservasrin the Rur systejrwhich can delay or reduce the impact of
abstractions in some periods but still leads to aggravation in otfdrs.would suggest that low flows
areoverallaggravated by human fluences in the Rur basin.

Rur at Stah

Volume Deficit (mm) Duration Deficit (days)
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Figure7 Human influence in terms of volumes and duratixampleat Stah.

However,to see wheralleviation or aggravatiothis happens, we can look more closely at specific
periods.Figure8 shows detailed discharge for 2042012.We can see periods whethe observed

flow is higher than naturalised flow, especially in early 2011 and 2012. These are likely moments
when the reservoir released water to support the river during dry pernotiss is shown by the green

and blue shaded areas (alleviation signalnversely, in mi@012, observed flows dropped below
naturalized flow. This suggests the reservoir was storing water or limiting releases, demonstrating its
buffering role by holding water for future use. THiges notmply a functional failure; rather, it shows

the reservoir is operating as intended, balancing water supply, storage, and downstreatarfjets

to alleviate low flows when needed
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Stah | Area: 2135 km?
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Figure8 Human influence at StafiRur)

In contrast to Stah, thetation at Borgharen shows a much stronger and more persistent signal of
human influence on low flow&igure9). Looking at theaveragesn terms ofvolume and duration
deficits using thefull time series, we see clear differences between observed and naturalised
conditions. As shown iRigure9, the volume and duration dbw flowsare consistently highefor

the observed discharge. The median volume deficit is around 20 mm for observed flows, compared
to less than 5 mm for naturalised flows. Similakbyy flowsin the observed data last much longer
(often over 100 dayswhile in the naturalised series they are usually shofegpound30 day$. This

points to a consistent human aggravation of low flows, likely due to the accumulation of upstream
abstractions, land user limited return flows.

Meuse at Borgharen
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Figure9 Human influencen terms of volumes and duratiorexample at Borgharen.
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Zooming in on specific years daglp us better understand’hen and how these impacts occtigure

10 shows the discharge time series for Borgharen betweer720M 2020. During dr yearssuch
as2017,observed discharge drops below the naturalised line, with many pededsified a & KdzY | y
' 33aANF gF 6§SRE 2 NJ & wmn mifferet dof-Syah, thétedaxs fedt sigSsRfbhuman
alleviationduring low flow periods

Bargharen | Area: 21301 km?

—— Observed Discharge
—— Natural Discharge
----- Threshold {Natural)
------ Decision Threshold
Start hydrological year
BN 100% Human Alleviated
Human Alleviated
Human Aggravated
B 100% Human Aggravated
B Climate-induced

Discharge {mm/day)

2017-01 2017-07 201801 2018-07 2019-01 2019-07 2020-01 2020-07
Date

Figurel0 Human influence aBorgharen (Meuse).

Figurell shows theproportion of time that different types of human influence occurred across the
Meuse basin, based on the full analysis peri@d® years)during the critical season July to
September) Each pie chart represents one gauge station, with the size of the pie proportional to the
upstream drainage area. The colours show the relative share of time in which human activities
alleviated or aggravated loflow conditions The figure provides an overview of spatial patterns of
human influence. In upstream locations with reservoirs or significant water use, such as Stah (Rur)
and Salzinnes (Sambre), there is a clear slodralleviating signis, reflecting the role of water
management in these systems. At Borghatamman aggravation dominates, followed by periods of
100% aggravatianshowing that observed flows were frequently lower than naturalised ones, likely
due to cumulative abstractiongpstream
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Figurel1l Human influenceand signalst different gauge stations across the Meuse Bahiring critical season July-
September) Diagrams are proportional to the gauge area.

The genesis of human influence on low flows often begins in upstream areas where water is actively
managed through reservoirs, abstractions, or land use practiGess can be observed from the
signals of upstream gauges. These local interventions canreaideice or increase flow deficits,
depending on their timing and intensity. As water moves downstream, these effects accumulate and
interact, leading to more pronounced impacts in larger catchments. For example, small abstractions
in several tributaries ray individually have limited effect, but together they can significantly lower
discharge at downstream locations like Borgharen. This propagation means that human influence is
not only a local issue but also a bawiide concern, where upstream decisiongedtly affect
downstream water availabilityThis is supported by the spatial distribution of infrastructure,
demands, and returnasshown inFigurel2. This showsvhere the main reservoirs, demands, and
return flows are andhelps explain how pressure in one area can affect flow far downstream.
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4.2 Storage potential

The storage capacity of Meuse is assessed through analysis of seasonal baseflow volumes and
baseflow recession constants. These indicators help identify which regions naturally store more
water and are better able to sustain rivdischarge during low flow periods.Figurel3 showsthe
seasonal discharge volumes in each -aubg divided into total volume and baseflow volume
(hatched). The dominant human influenas identified in the previous sectios indicatedfor each
seasorbelow the bars.

This shows thathe main contributors to flow in the Meuse basin attee Upper Meuseg(1.1)and
Upper Meuse, Viroin, Semof&.2) sub-areas Thesehave the highest total and baseflow volumes,
especially in winter and spring, indicating good storage capattig Ourthe, Vesdre, Ambléve,
Eijsden(2.3)sub-areaalso contributes a lot to total flow but has lower baseflow in summer. The Rur
(3.2) and Sambre (2.1) hasanoderatetotal flow but highcontribution to baseflow . In contrast,
Chiers (1.3) and GegBeleenbeekGeul (3.1) have low flow and baseflow all yeaithough these

are also smaller catchmenger subareas) which explains their lower contribution.

These differences are further explained Bygure 14, which presents the baseflow recession
constants for each group area, along with their corresponding aquifer types. Longer recession times
indicate greater water storage capacity, as water is released graduallyfrom groundwater These

areas are generally associated with more productive aquifers, such as the highly porous formations
found in parts of the Upper Meuse. In contrast, areas like the Middle Meuse show shorter recession
times, meaning groundwater contributes to flow farshorter period after rainfall, reflecting lower
natural storage capacity.

Recent work(Chagas et al., 2024¢commend using more integrated, procdsased approaches to
distinguish between natural and human drivers of low flows. One hypothesis is that regions with
limited natural storage are more vulnerable to human pressures, such as abstractions or land use
changes. This appears to be the case in the Owtresdr& Ambléve (2.3) area, where we observe

low baseflow, fast recession, and cleggnal ofhumanaggravationof low flows.This region is also
largely covered by noeaquiferousformations which means thee is a limitedability to store
groundwaterand gradually releastnis as baseflow

The interaction between natural storage behaviour and human influence is complex and still requires
further investigation. In areas with limited storage capacity, such as the Middle Meuse, even if NbS
may not significantly increase water storage from arojalyical perspective, these areas may still
benefit from cebenefits of NbS, such as improving biodiversity, soil heahld,|Jandscape quality.
Alternatively, such regions might be more suitable for engineering intervenferms, improved
reservoir operationoperating existingveirs), water managemenand usejf augmentation offlow

during lowflow periodsis a key objectiveHowever, these decisions are not straightforward and
require more detailed assessmeiithis is further explored in the next sectiomg)erethe suitability

of NbS measuresonsideing the geomorphologicalnd landscape characteristics to identify areas
with high potential forthe implementationNbSis explored, followed by thevaluationof how these
contribute tolow flowsthroughmodelling.
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Figurel3 Seasonal voluméwer the different sub-areas of the Meuse basin with the correspondprgdominant signal from human influence.
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O Mean baseflow recession (days)

Aquifers
B Highly productive fissured
I Highly productive porous
I Inland water
B Locally aquiferous rock
I Low and moderately productive fissured
[ Low and moderately productive porous
[ Non aquiferous
Group areas

1- The Upper Meuse

2 - The Middle Meuse

3 - The Lower Meuse

Figurel4 Baseflow recession constants (dafm)the different sub-areas versus aquifer type.

4.3 Suitability of measures

This section presents the spatial suitabilityttoé different NbSwe consider irthis studyacross the
Meuse basin, based on the landscape classification and suitability criteria desoribectior3.2.2.2
(Tableb). Figurel5s offers an example of these suitability maps, specifically for the Chiers basin. On
this map, green pixels denote suitable areas ('1"), while transparent pixels represesuiiable
areas ('0"). All individual suitability maps for each NbS measuttee Meuse Basiare compiled in
Appendix CThedistribution of suitable area per measure and per subais summarised ifrigure

161in terms of percentage of suitable area

[M Suitable locations

Figurel5 Exampleof a suitability map for the Chiers basin
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Measures involving land use or management change, such as Agriculture Management, Farm to
Forest, and Farm to Peatland/Wetlarade generally suitable across the basspecially in suareas

with extensive agricultural land and moderate slopes. For example, Agriculture Management reaches
over 47% suitability in the Chiers shhsin and over 50% in the Lower Meuse &@wleenbeelGeer
(Figure 17). These areas are dominated by agricultural BewiTable3) and havehighly productive
aquiferswhich promote infiltration and better surfaesubsurface interactiorespecially in the Lower
Meuse

NbSsuch as Farm to Forest, Drainage Modification, and Farm Ponds are considered suitable where
aquifers are at least moderately productivehe Lower Meuse, Upper Meuse, and Chiers contain
zones of highly productive fissured or porous aquifers, making them particularly suitable for these
measuresLargeareas of the Middle Meuse and parts of the Sambre, Ourthe, and Rur are underlain
by nonproductive or practically noaquiferousgeology,which limits the suitability of infiltration-

based interventionsThis explains the lower suitability percentages for these measures in those sub
areas.

Measures that require flat or gently slopingrrain, such as Wetland Restoration, Farm to
Peatland/Wetland, and Farm Pondse best suited to flatter areas like the Lower Meuse and parts

of the Upper Meuse. In contrast, upland regions such as the Rur, Ardennes, and parts of the Upper
Meuse, which exhibit steeper slopes, are more suitable for stigendent measures including
Swales, Check Dams, and Hillslope Reforestation.

Natura 2000 areas also influence spatial suitability. These areas were generally excluded, except for
measures withclear ecological ceoenefits such as Reforestation and Wetland Restoratidhese
were considered suitable withithe Natura 2000 areaglepending on other suitabilitgriteria.

In terms of solil type, this landscape attribute seems to play a smaller role in limiting where NbS are
suitable in the Meuse basin. Most areas have medium to medinetexturedsoils, which work well

for most measures. More restrictive soil typdike very fine clays or coarse sandse not common

in the MeuseBasinand therefore do not limit suitability muchSoil type does become more
important for wetland and peatland restoratigisincecoarse, very permeable sandsils let water
drainawayand cannot hold water long enough to sustain these habitats witlacuggh groundwater

table. In general, aquifer type, slope, and land use have a bigger impact on where measures are
suitable.

Spatial patterns of suitability have important implications for the expected effectiveness of NbS in
mitigating lowflow conditions. Areas with a high percentage of suitable land for nmegsures

such as the Chiers, Upper Meuse, and GéeleenbeekGeul are expected to have a higher impact

on discharge and have potential for largeale implementatiorof NbS, as well abe combination

of multiple measuresn the same sularea where theseare not spatially overlappindt is also
important to note that sitability alone does not determine hydrological effectiveness. The actual
impact of NbS depends on how measures interact with the landscape and local water balance
components, which is further explored in the modelling resuitSectiond.5.
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4.4 Stakeholdeworkshop

On11™ of Februarywe organisedan online stakeholder workshop to build a shared understanding

of low-flow challenges in the Meuse and to jointly identify ways to address tAdma.sessioaimed

to explore potential measures to mitigatow flows, with a particular focus on Ni&&ganised by IHE

Delft in collaboration with Rijkswaterstaat and Deltares, the workshop brought together experts,
researchers and stakeholders from across the basin to exchange knowledge and discuss strategies to
enhance capacitgf the basin to buffefow flows

Participating institutionancluded Université de LiégeService Publique de Wallon{&PW), De
Vlaamse WaterwedRregionaal Landschap Kempen en Maasland, Instituut N&uuBosonderzoek
(Belgium)Région Grand Est, DREAL Lorraine, and Ealviebse(France)ProvincieLimburg, RIWA

Maas, Programmabureau Stroomgebied Maas, Waterschap Limburg, Rijkswaterstaat (RWS), and
Deltares(the Netherlands)

The workshop comprised an introduction to the research findings on low flows in the Meuse Basin,
providing an overview of their occurrence, propagation and the role of human influenchs.
catalogue of potential measurewhere then presentedincluding NbS3(2.1), along withthe
suitability analysito identify where these measures could potentidlyimplemented. This provided

a foundation for the discussiorisat followed.

A key part of the workshop was the interactive World Café session organised using Microsoft Teams
and Miro _board, which encouraged participants to engage in open discussions about the selection
and prioritisation of different measures across various parts of the bagjurel?).

MIRO Board For World Café

We recommend to use a full size screen and a
= 'miro: | & i 3 mouse. Zoom in/out using the mouse scroll
== : : button. Select with left click. Pan with right click.

Selected measures

, \
e Ny
[ RPN UGN A " 3 /[ 1.1 Upper Meuse

R Background
Hydrological
Facts

g+ a »
i
H
{
i

(3]
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Measures per
sub-area
Navigation

lers
Panel - select
I:II:‘ ==

S B B A >

Open/Close

Deferred AT
Navigation
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measures

B - om +@DO

Catalogue of measures that can
be selected (including your “own”
measure)

Figurel7 Overview of MIRO Board used during interactive World Café session (main view).

Factors such as hydrology, landscape characteristics and suitability were considepac 18).
Participants also had the opportunity to share insights on ongoing and planned initiatives in the
region.
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Figurel8 Overview of MIRO Board used during interactive World Café session (additional information).

The workshop concluded with a plenary wrap, consolidating the main takeaways from the
discussions.The structure of the session is presented Tiable 8. The feedbackgathered will
contribute to the next phase of the LoFloMeuse project, which will focus on modelling and evaluating

the effectiveness of selected strategies.

Table8 Structure of the session

Time (CET) Duration Topic Who
14:00 M Q Welcome, Introduction to contextgeneral setting Norbert
14:10 M Q Introduction to session, agenda, objectives ataicture Micha
14:20 M Q Participants  briefly introduce themselves (nam All
organisation)
14:30 p Q Icebreaker Mentimeter session Cristiane
14:35 Mp Q Hydrology and low flows in the Meuse Deborah
Measures to reduce low flows: Nature Basgaolutions &
Other measures
14:50 M Q Break
15:00 npQ World Café Session
LYGNRRdzOGAZ2Y (2 Reéyl YAO& Micha
Roundlal Ay NRBdzyR 6HANQU Micha/Deborah/Cristiane
Round2+ | £ ARFGA2Y NRBdzy R ™M 6 wm Micha/Deborah/Cristiane
Round3+ I f ARFGA2Y NRBdzy R H 6 wm Micha/Deborah/Cristiane
15:45 Mp Q Plenary wrapup per subarea (presentation by subrea Micha/Deborah/Cristiane
convener & discussion)
16:00 Mp Q Overall wrapup & next steps Micha, Norbert, Deltares

Figurel9illustrates the results of a Mentimeter poll conducted at the start of the workshop, asking
LI NI AOALI yiay
Key words includedhfiltration, sponge, river restoratiorand water use showinga recognition of
both landscapébased and operational measures. Terms liktland restoration decentral water
retention, andsteering of weirpointed to a combined awarenessibSand technical interventions

a2 KFEGd R2

82dz GKAY]l Aa

GKS Yzali
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as well as the importance of storage of water in groundwater in the basin to be released during low
flow periods

Decentral water retention

Preserve groundvvater resources

Infiltration
Sponge

Closed water cycle

Figurel9 Mentimeter ¢ dWhat doyou think is the most effective way to mitigate low flows in the Meuse Basin?

The interactive breakout sessions gave participants the opportunity to explore and discuss potential
measures for each group arebable9 presents the measurebat wereprioritisedby participants in

each of the sukareas of the Meusdn the Upper Meuse, there was a strong focus on interventions
along the rivercorridor, especially floodplain reconnection, wetland restoration, and riverbank
restoration. These were complemented by agricultural management and infiltrdEsed
measures, such as farm ponds, particularly suited to hilly areas with good aquifer potentrad. In t
French part of the basin, water allocati@trategiesemerged asan option to tackle low flows
Participants alsmnentionedthe need to distinguish between diffenéforest types when considering
reforestation and the value ofconsidering theecological cébenefits even if thee was nota
significantimprovementof the hydrological contribution to lovlows.
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Table9 Stakeholdergreferredmeasures.

Groups & Geer,

Upper M., Viroin, . Lesse, Middle Ourthe, Vesdre,
Upper Meuse T ret Chiers Sambre Y N Geleenbeek, Rur Lower Meuse
Semois Meuse Ambléve Geul

Measures

Floodplain Wetland Wetland Agriculture Agriculture Checkd Swales, demi Swales, demi Floodplain
eck dams
reconnection restoration restoration management management dunes dunes reconnection

Agriculture Agriculture Farm ponds Wetland Floodplain Wetland Hillslope Hillslope Drainage
management management restoration reconnection restoration reforestation reforestation modification

Drai Agricult Hills| Hills| Hillsl Agricult Wetland
rainage griculture illslope illslope illslope griculture Check dams etlan

3 Hillslope reforestation o ) ) . .
modification management reforestation reforestation reforestation management restoration

Agricult:
Check dams and griculture
management

Swales and wetland Swales, hillslope Swales, hillslope farmland to Floodplain Wetland
and farmland to

restoration reforestation reforestation forest, conifer to . reconnection restoration
peat peatland, conifer

to peat

Storage in main Storage in main

s = Water allocation | Water allocation Reservoir Reservoir .

Technical 1 channel between lock L R N - N channel between
priorities priorities Operation Operation

reaches lock reaches

Reservoir Groundwater
Operation abstraction

9 . . Storage in main
. Water allocation Groundwater Groundwater Water allocation Water allocation Groundwater 8
Technical 2 o N N o - o . = channel between
priorities abstraction abstraction priorities priorities abstraction lock reaches

Reservoir
Operation

Technical 3

Water buffer
(peak and low
flows)

Nuclear cooling tower Prairie

Self-defined . R
efficiency conservation

In the Middle Meuse, stakeholder preferences reflected a wide range of measures, shapethby
their knowledge and the information presented during the sessions. While the upper part of the
region benefits from limestone aquifers, much of the area is less permeabkl& the predominance

of slates and shalesvhich affects the suitability and expected performance of infiltrati@sedNbS
Peatland and wetland restoration were acknowledged for theatue incarbon sequestration
particularly in areas likthe Haute Fagnesiowever, these werassigned lowepriority dueto their
limited contribution to river baseflowA measureto transform conifer forest to peat was also
mentioned as an additional measure not (yet) identified in the catalggoensistent with other
studies that explored this transitiofGuillaume et al., 2025Reservoir operatioalsoemerged as a
measurewith potential, especially for ensuring ecological flows and fish habitat continAitigough

they were unsure at first, stakeholders ended up supporting check dams in steep tributaries and
chose agricultural practices to boost infiltration and ecosystealth, especially in the northern
Vesdre and Sambre.

In the Lower Meuse, infiltration measures (e.g., swales, buffer strips) were supported invatieas
more slopeslike the Geleenbeek and Rur, while river corridor measures (e.g., floodplain
reconnection, wetland restoration, and drainage modification) were considered more appropriate in
the flat, agriculturally dominated floodplains. The potential for groundwater storage pfigxisting
reservoirs(e.g., in the Rur)and strategic placement of measures near forrignite mining areas

were also discussearticularly in the Rur Basin)and use change from farmland to forest was not
prioritised due to concerns over food security, reinforcing the need to focus instead on soil and crop
management practiceghile maintaining the agricultural purposestead ofafull conversion

The preferences of the stakeholders as expressed during this workshop formed a key input in
developing the second of the two strategies that are assessed in this.study
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4.5 Modelling results

4.5.1 Baseline model

TheWFLOWSBMmodel is run from 1970 to 2024 capturing some of the most severe drought periods

on recordsuch as 1976 and 2018he performancef the model in simulating observed flows in the
Meuseis not focussednin this reportas this iextensively reported ipreviousreportsé h Q| I Yy NJ K |
et al.,, 2024) The main interest of this study is testablisha baseline model with a reliable
performancethat can then be used as afrence to test the relative change of implementing
measures in the system.

The results of the baseline modale evaluated to quantify the impact of the following sources of
change that have been made to the modghce the 2024 calibratioa h Q1 I Y NI KIFy Sid | €

T The WFLOWSBMyversionwith which the model was calibrated deviates fratmt which
includes reinfiltration of overland flow These changes affect the calculation scheme of
evaporation and result in lower evaporation ratecomparison to theVFLOWSBMversion
0.7.3 used for calibration.

1 The calibrated version of the model does not yet include thinfiétration option of overland
flow.

1 The calibrated version of the model makes use of a-igokable based othe CORINENd-
cover datasetvith many land use classes, whereas the reference model of this studymises a
aggregated land use map with 11 dominant classes of the Meuse basin.

While the latter two changes hawery little effect on model performance, thadeviation from version
0.7.3 of theWFLOWSBMmodel code results in higher streamflow during the fow periodsand
higher minimum annual-days mean streamflown general, theabsolute values o$imulated low
flow period dischargetend to be slightly higher than the observations where the difference is most
prominent in the summer months, performances generally vary throughout the bEsendifference

in model performance due to th&VFLOWSBM version (and the associated changes in the
evaporation calculation scheme) are showrrigure20 for the mean monthly flow regime.

......... —— wflow calibration (0.7.3)

----- wflow reinfiltration (0.8.1)
500 4

200 1

100+

month
Figure20 Effect of WFLOWSBMversion change on mean monthly discharge

The performance of the baselinenodel (with reinfiltration and therefore the newer version of
WFLOWSBM compared to observations in shownkiigure21 and Figure22.
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Meuse at Borgharen

_ msgrge nlnd ®  marge rend iy marge rided maerge ridndSg Obs

T 3 marge reinl = 050 i—. _.-"

"'E w000 Ay mlr'irrllmflu'hﬂh -

a »

Foi il

z E

Emm =3

i o — ey
1 2 ¥ & 3 &6 T & %1011 1%

month

:

0 imts-1)
:
togig)

i

44 ey
oL - . - - - . - - , . -
(HH1 0.z o4 (1. 0.8 1.0 LK) az a4 G k] 1@
Extondonsy proabiity (-] Expeedencn probabifty (-)
2 T
E 4000 marge feinl = CLEs - L E 150 ¢ FEgE Tl = 0.7 L
& Ry maerge einl |u-|1\.“ [ B - Rip Frverge reied by = 0.57 _.--'
1 T "% g 166 [ Ty .
S i :
g %0
: | s E
0= T T T — g @ T T
E > To0d 2000 3000 4000 @ ] 50 '|.I:H:I L5
k. s annual § (mta=") irbenved KMTO (=%
=" 3 1 k
T L0600 2y y Loy 30y - 190 Iy Sy Aoy Moy
E &
= B[00 L LY |
= IS LR ™
] 2 o em—
£ ¥
1040 o Fa : 3 ]
Ji ' onnntil SN S S B o 2 10
-1 ] 1 Fi 1 4 -1 =] 1 2 ] 4
Ploitineg posiion sed swsodiated retum period Plotting pasition and aseecisted retum perisd
Ind
1,00
=44 o L
- ey E 575 o . -
E -
&1 ___.-"f E .50 4
E ’/_,_/' F 0254
e —————— 000 41— .
19801985 19901 o3 R I000GCA2 0102015 N5E HWSERg EGE

Figure21 BaselineWFLOWSBMmodel run at Borgharen from 1970 to 2024, presented as a collection of hydrological
signatures. Two simulation series are plotted but are identical, one is the daily model (calibrated) with reinfiltration
enabled, and the second with reinfiltration and aggated landuse classes
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Meuse at Borgharen
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Figure22 A selection of hydrographs sliced from the full timeseries of daif. OWSBMsimulated values a Borgharen

4.5.2 Sensitivity analysis

The sensitivity analysis assesses the hydrological responsieoindividual NbSmeasures
implemented across their fulirea that is found to besuitable compared to the baseline model
(Sectior4.5.1). Wefocusin the sensitivity analysisn the contributionto increasing (or decreasing)

the discharge during low flow periods in the different parts in the baBims contribution is assessed
during both the critical lowlow period (JulgSeptember) and the broader dry season (April
September) Figure23 and Figure24 show changeat the outlets of each of the suéireasfor the

critical lowflow period with change shown as the absolute and relatstgange indischarge
respectively Theseresultsshow thatpeatland restoration seems to be the most effective measure,
increasing discharge in both upstream and downstream areascdimeersion of farmland or forest

to peatland seems to lead to the largest increases in discharge, with farm to peatland reaching up to
+1.39 m3/s in the Lower Meuse in absolute terms, and up to +11.94% in relative terms. In contrast,
reforestation measuresonsistently seem toaduce flowsigure25andFigure26). This is attributed

to the increased evapotranspiratioof forests,particularlydue tothe increase in rooting depth
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The differences in discharge response among NbS can be better understood by examining how
changes in water balance components are capturedBLOWSBMmodel Eee example ifrigure

27). This shows the percentage change of each of the stocks and fluxes in the water balance as a
percent change when compared to the redace model As mentioned before,aforestation leads

to anincrease in evapotranspiration, particularly via transpiration and intercepaolditionally, the

water in the soil column that igvailableto vegetation is increased due to the deeper rooting depth

of forest land coverThis intensifies soil water use by vegetation, which reduces the amount of water
available for streamflow. Although reforested areas may promote higher infiltration and subsurface
flow, these gains arékely outweighed by evaporative losses. As a reghk, dry-season discharge

tends to decrease, suggesting that reforestation is not an effectigasurefor enhancing low flows

in this context.

Still, the impact of reforestation on water availabititgspecially during dry periodsis complex and
site-specific. While increased evapotranspiratiaften reduces streamflow, improvements in
infiltration and groundwater recharge maalancethese losse¢van Meerveld & Seibert, 2025). The

net effect depends on local conditions such as soil type, rainfall patterns, catchment storage, forest
species, and where reforestation occurs in the watershed (van Meerveld & Seibert, 2025).
Consequetly, forests cannbbe assumed to always prevelatw flows To make informed decisions,

we need longerm field studies and detailed, sH&pecific hydrological models that realistically
capture changes in both vegetation and soil proceggas Meerveld & Seibert, 2025)

Peatlandand wetland restoration measures are associated with improved low flows, primarily due
to their influence on infiltration and groundwater rechargéese measureare particularly effective
sub-areas with productive aquifers, such as the Upper Meuse (1.1), the Chieysafitithe Geer,
Geleenbeek, Geul and lower Meuse (3THeseNbSpromote the movement of water into the soil,
which the WFLOWSBMmodel represents as increased recharge to the saturated zone (Qgwr),
ultimately contributing to higher baseflow. However, it is important to note tW&LOWSBMuses

a simplified groundwater representation and does not explicitly simulate deep aquifers otdong
groundwater dynamics. Therefore, while an increase in Qawirbaseflow suggests enhanced {ow
flow conditions in the model, this should not be directly interpreted as increased aquifer recharge or
longterm groundwaterstorage Additionally, ecent studiegGuillaume et al., 202%jave shown that

the effect of peatland and wetland restoration on flow retention can vary depending on soil type and
drainage characteristic§ome areas may retain water longand not necessarily release liack to

the stream within the same seaspwhich means low flows may be reduced

Thereis a larger evidence base for the impact of peatland restoration and management on high flows
than on low flowgAllott et al., 2019)Under certain circumstances, peatlands/ wetlands can reduce

or increase low flows. Peatlands need a stable groundwater table to function properly and provide
key ecosystem services. In Stachowicz et al. (2025), after rewp#attands through ditciblocking
groundwater levels rose by an average o€né and the duration of favourable groundwater
conditions increased by nearly 28§%tachowicz et al., 2025)ongterm rewetting of peatlands can
restore water storage capacity of the upper soil horiZdhmad et al., 2020)0On the other hand, in
ashallow,raiff SR o6f Fy1 Sl 0623 Ay az2dziKgSad 9y3afl yRI v
m3/s) four years after restoration, indicating that in some contgpdatland restoratiorsimply ponds

water rather than sustaining baseflo{@atis et al., 2023)
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Meuse at Chooz - Dry Season (Apr-Sep) (Area: 10183.4 km?)
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Figure27 Water balance frondifferent measures at Chooz (examplé€).average river channel (+floodplain) discharge
Et: evaporation via transpiratiorSvwcyvolumetric water content per soil layén the root zone includingesidual water
content; Estotal losses from saturated andnsaturated store Qinf: actual infiltration into the unsaturated zondca:
total actual evapotranspirationEow:open water lossesQof: land runoff Ss:saturated store Zi: pseudewater table
depth; Sr:root water storage in sat/unsaQgwr:net recharge to saturated zoné: interception lossesQssf:subsurface
flow; St:total water storage

Overall, the model reproduces the dominant hydrological signals, particularly for measures affecting
baseflow and evaporation tradeffs. Still,sensitivity in components likeubsurface flowQssj, total

water storaggSi), and recharge to saturated zone (Qgwr) could be further expldvishsures such

as check dams or swales, which are expected to affect these compartments, showed minimal
response. This may be linked to scale limitations or simplified process representatinine work

could focus on improving the parameterisation of key processes such as interception, retention, and
lateral subsurface flow, or on evaluating the effectiveness of ssgale measures through loesdale
sensitivity analyses around implementatiareas (e.gupstream and downstrearaf interventions.

To complement the analysis based on total discharge chafigere28 presents the hydrological
responseduring the critical period (Ju$eptember)per unit of suitable arean(v k ). Yhis helps
discriminatemeasures that achieve large impacts due to their spatial extent from those that are
hydrologically efficient even in smaller areas. While the definitiothefstrategy in the next section
(4.5.4 is based on total absoluteontribution during the critical periodFigure23), this efficiency
metric offers additional insighespecially for prioritising interventions in spalmited contexts or
when comparing measures across regions with different land availability.
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4.5.3 Modelling strategies

Considering the approach afefining strategies that represent the highest potential in terms of
discharge increase across the different sarbas of the basin, two strategies were develogeidure

29) based on the most effective measures identified through the sensitivity analysis and the
outcomes of the stakeholder workshop. For both strategies, the resulting map consists of a
combination of measures ranked by highest potentiéasures ar@nly includel for thoselocations
considered suitable for each measure. In cases where two measures overlap in the same pixel, the
measurewith the highest potential is selecteMote that when suitable areas for potentially effective
measures do not overlap, bottan be implemented in the same sabea.

The two strategies that are developed are:

1 Strategy 1- Highest potential based on hydrological sensitivitfhis strategy focuses on
selecting the best measures (with a positive increment in absolute discharge during the critical
period ¢ July, August, September) for each sarnea, based on the modelling sensitivity
analysis

1 Strategy 2- Stakeholderpreferred options This strategy reflects the preferences expressed
by stakeholders during the workshop. It includes measures and locations identified as
preferred, desirable, or aligned with ongoing projects, even when the hydrological impact
may be more moderate or even negativebased on the sensitivity results. Additional
measures were also added to the catalogsiech asi KS a O2y A FSNI G2 LISI
mentioned during the workshop for the Ardennes region in Belgium, which ineuded
following stakeholder inputWhen two measures overlapped in a pixel and a clear preference
was not indicated, then the measure with the best positive increment of the two was selected.

In Strategy 1, agriculture management is the most widespread measure, covering large portions of
the Lower Meuse suhreas (3.1 and 3.3) and part of the Middle Meuse (2.1). Farm to peatland and
forest to peatland are more prominent in the Upper Meuse, patarly in sukareas 1.1 and 2.2,
where peatland restoration is more suitable. Conifer to peatland appears in more localised areas such
as 1.2 and 2.3jue to the selectioreriteria(i.e.,less coniferous areas over productive aquijers

Strategy 2 shows a more diverse mix of measures across the basin. Agriculture management remains
important in several parts of the Lower and Middle Meuse, but additioneasuresdentified by
stakeholderssuch as swales, check dams, and hillslope reforestation are introduegakecially in

the Upper Meuse sufareas (1.1 and 1.3).
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Strategy 1 (Highest Potential) Strategy 2 (Stakeholder Preference)
Based on highest Absolute Change in Discharge during critical period (Jul-Sept) per sub-areas Ranked by highest Absolute Change in Discharge during critical period (Jul-Sept) per sub-areas

Measures
1 - Wetland Restoration [ ]
2 -Swales [ |
3 - Hillslope Reforestation -
4 - Check Dams -
Measures 5 - Farm to Peatland | ]
5 - Farm to Peatland [ ] 6 - Farm to Forest | ]
7 - Forest to Peatland 9 - Agriculture Management [
9 - Agriculture Management [ | 0 10 20 km 11 - Conifer to Peatland || 0 10 20km
11 - Conifer to Peatland - L1 1 L1 1

Figure29 Strategy 1¢ Highest Potential. Based on the measure with the greatest absolute discharge increase during the critical pe¢®dptéumhper) per sufarea.
Strategy? ¢ Stakeholder Preference. Based on preferred measures identified during the stakeholder workshop, ranked by absolute disstgegkiring the critical period
where applicable.
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4.5.4 Evaluation of strategies

The evaluation of the two modelled strategisBowsdistinct approaches to addressing ldlow
O2yRAGAZ2YyA Ay GKS aSdzasS olaiAyoe ¢KS al A3KSai
maximum possible hydrological benefit by selecting the most effective measure parsatbased

solely on discharge ingase s KAt S GKS a{dGF1SK2f RSNJ LINBFSNByO
supported measures and preferences across the bdsia spatial distribution of discharge changes

is shown inFigure30> G KA OK O2YLJ} NBa GKS | o0az2ftdziS OKI y3:
strategies.
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Figure30 Impact of Naturebased Solutions (NbS) strategies on river discharge during the criticlblevperiod (July
{SLWSYOSND | ONRP&dAa adzoNBIA2ya 2F GKS aSdzasS olaiyd ¢KS LIk
strategiesd | A AKSad LRGSYGAl f ¢ | yaRaggrdgatdd habide 2otaRoSsNaplededifghywdiggRd & £
subgroups. Positive values indicate an increase in discharge compared to the reference scenario. Colours represent the
magnitude and direction of cha@e, with blueindicating increases and red indicating decreases
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At Borgharenthe highest potentiaki it NI § S3& NX&adzZ G6§SR Ay | &aAaydzZ I GS
(Figure 31) reflecting the cumulative impact of measures such as peatland restoration, which
exhibited strong positive effects in the sensitivity analysis
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: - 15
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- 10
Swales 0.230 2
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-5 2
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- =10
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- -15
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Stakeholder preferences O+057
0
AQ (m/s)

Figure31 NbS impact on discharge at Borgharen for individually modelled measures and strategies.

While the cumulative effects of théHighest potentia strategy are significantly greater than those

of the dStakeholder preferencéstrategy at (Borgharen), a closer look at individual regions suggests
that a combined approach could also be effectivigure30). For examplen areassuch as the Upper

Meuse, high-impact measures likepeatland/wetland restoration can be complemented by
stakeholdersupported interventions such as agricultural management and swiadgl suitable for

the area and shown to have positive effects in regions like the Chiers. In areas like the Middle Meuse,
the differencebetweenthe two strategies is smalleFor example, in the Sambre, both strategies
showlt LI2AAGAGBS RAAOKINHS NBalLRyaSs gAGK AYyONBI a
(Stakeholder preferences), sugtiag that stakeholdessupported measures can stitesult in
meaningful hydrological benefits.
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It is important to note that thed | A 3K S & (i sttakddy Sepraskritstan exploratory scenario
focused on maximising hydrological benefits, without accounting for social, ecological, or
institutional constraintsMany of the measures contributing most to the simulated discharge gains
such as conversion of farmland or forests to peatlarmdsuire major land use transitions, long
restoration timelines, and coordinated stakeholder involvemeémthile this limits the immediate
feasibility of the scenario, it stfirovides a valuable reference for the potential hydrological benefits
of NbS under full implementation

Aswith any hydrological model, WFLGSBMis based on assumptions for parametégsy.,ponding
threshold rooting depth)and does not capture lontgrm groundwater dynamics, which introduces
some uncertainty. Nevertheless the evaluation of different measures and strategies remains
informativefor guiding prioritisation and further assessment.

¢CKS a{0F1SK2f RSNJ LINSEFSNByOSa¢ aidNrasS3e o1 a RS
and ongoing initiatives identified during the workshop. Although this strategy shows a smaller
simulated discharge increment at Borgharen (+0.57 m3/s)aiy wellreflect reatworld perspectives.
Several of the preferred measuresuch asagriculture managementwetland restoration and
hillslope reforestation mayprovide cebenefits for biodiversity, carbon sequestration, flood risk
reduction, even if their contribution to low flows is limited. This strategy is a representation of what
is considered regionally supported, and its performance could be further iredratirough
refinement of the implementation of efficient measures irsuitable areas, the integration of
complementary technical measureand throughtrade-offs between hydrological benefits and
stakeholder preferences.

Overall, balancing hydrological effectiveness with stakeholder acceptability offers a more realistic
and scalable pathway to improving lelew conditions across the basin. These results also help
illustrate the capacity of the basin to buffer low flowgaighNbS assuming full implementation of

the most effective interventions identified in the modelling framework.

4.6 Estimation of impact of technical measures

To contextualise the role of technical measures in supporting low flows, we estimated the average
additional discharges that could be achieved during the critical dry sedsdqSeptember) from

both reservoir operation and raising water levels in lock reachlesresults are summarised Fable

10 and Tablell. In both cases, the additional storage that is allocated to reducing low flows (see
Section3.4) is linearly distributed over the critical low flow period, thaisategically augmenting the
lowest discharges through these additional releases.

Reservoirs show a wide range of estimated additional releases duringriti@al season Julyg
September), from approximately Ql@o 4.76 m3/s. This rangelepends primarilyonthe total storage

of each reservoir and theeservoiroperation rules that determine theusable volumeconsidered

here (note that for reservoirs where a rule curve was anilable we assumed this to be 20% of the
total volume) The Rursee reservahowsthe highest potential contributiorgs this is also the largest
reservoir in the basin. Other reservoirs, such ashe Urftsee, Lac de la Plate Taille, and
Wehebachtalsperre, show seasonal average releases betwé&sn@.2.2 m3/s (Table10). Smaller
reservoirs typically contribute less tharBin3/s, particularly when assumptions were needed due to
missing dataThough these results are considered only as indicative, given that the conservation
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storage in these reservoirs is primarily useddtrer purposes than augmenting low flows, the total
contribution is in the order of 11 #s for all reservoirs combined, which is significant and compares
to the contribution of the NbS in terms of ordef magnitude.

Tablel0 Estimation of average additional release ovatSep for the main reservoirs.

Reservoir Share of Estimated Averageadditional
Reservoir Name Tributary Volume volume above share when release overJuly-Sept
(MCM) Flood Pool (%) missing % (m?3/s)

Rursee Rur River 181.8 21% - 4.76

Lac de la Plate Taille 219U g7 3 : 20% 1.98
River

Urftsee Reservoir Urft River 48.9 40% - 2.20

Lac de la Gileppe Gileppe 56 5 - 20% 0.34
River

Wehebachtalsperre Inde 25.06 - 20% 0.32

Wesertalsperre V_esdre 25 - 20% 0.32
River

Oleftalsperre Olef River 19.3 27% - 0.63

Butgenbacher See Warche 10.86 - 20% 0.14
River

Robertville Reservoir Warche 8.4 - 20% 0.11
River

Ppupehan (Semois ngms 8.4 ) 20% 011

River) River

Lac du Valoly Helpe 45 - 20% 0.06
Majeure

Nisramont Reservoir O_urthe 3 - 20% 0.04
River

Vieilles Forges / Faux 0

Marquisades / Whitaker River 2.2 ) 20% 0.03

Barrage de la Vierre V|_erre 1.5 - 20% 0.02
River

The impacs of increasing watelevels in lock reachés increase irchannel storagand strategically
releasing this extra volume to augment low flow discharges during the low flow peveve
evaluated for potential increases of up to Orh with estimated corresponding average discharges
calculated over the threenonth criticalperiod. For the Meuse River, the total estimated contribution
from 29 locks reache3.80m3/s, while for the Sambre River, the total contribution from 5 locks is
approximately Gl5ms3/s (Table11). These values represent the average flow equivalenthef
volumesstored over the critical season While the additional flow created through raising water
levels in the lock reaches is lower than for the main storage reservoirs, the contribution for the main
Meuse is appreciablgarticularlyfor the higher levels of 0.6.

Tablell Estimation of average additional release ovyakSep for the main water locks in the Meuse and Sambre.

Number Q (m3/s) Q (m3/s) Q (m3/s) Q (m3/s) Q (m3/s)

of locks +10cm +20 cm +30 cm +40 cm +50 cm
Meuse 29 0.76 1.52 2.28 3.04 3.80
Sambre 5 0.03 0.06 0.09 0.12 0.15
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By comparing them with the results frotine NbS scenarioshese results show that the contribution

to augmenting low flows during the criticalw flow months is considerable and in the same order of
magnitude. Clearly the analysis of these technical measures as presented herg imuch an
indication of the order omagnitude as it does not consider if this is feasible intoracWater stored

in the reservoirs is currently used for different purposes, than augmenting low flows, though our
results of the human influence in these swyeas is indeed that low flows are reduced, and this is
attributed to reservoir operation. For the case of increasing stoiageck reaches, it is uncertain if
this is feasible given the infrastructure, safety concerns, and possibilities to ogeckeand dams
strategically. This would need to be investigated in further research. Furtheangdse&ould also
consider if these volumes can be used even more strategically through optimising reservoir operating
rules to thispurpose, possibly supported by seasonal forecasts. In any caseotigh analysis does
show the potential of these measures, and the complementarity of these to the NbS.
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5 Conclusions

This study assessed the potential of different measunesmarily Naturebased Solution@\bS)

but also selected technical interventions, to addrés& flowsin the Meuse River basin. It

combined observed streamflow data, distributed hydrological modelling using WFRIOBY

and GlShased spatial analysis to evaluate the hydrological impacts of interventions such as

wetland restoration, land cover change, andpiaved land management aimed at enhancing

0KS o0l aiyQiwateiiigefitdry. STFFSOI

1 Types ofNbSand evaluation: measures were-developed with stakeholders and grouped
into three categories of NbShose that are implemented in thaver corridor,on hillslopes
or throughland use changélrhesaneasuresiimed to increase (natural) storage in the Meuse
Basin during thewetter winter season, which can then augmedischargesduring the
(critical) summer low flow seasomhese were complemented by measures that created
storagethrough operation of mordraditional engineeringnfrastructure such as reservoirs
and storage between lock reaches in the main riféreeffectivenesof these measurewas
mainly assessed bthe extent to whichtheseincreased dischargaduring critical low flow
periods(JulySeptember)

1 Hydrologicalimpacts some of NbS showedsignificant potential in increasindischarges,
especiallymeasures that includedestoration of peatland/ wetlands At Borgharenthe

GC2NBad G2 tSHGf YR #Mmeasuredhcransed oy by +2.68¥sSahdl € | y |

+3.04m3/s respectively, if these measures were taken to their fullest possible extent across
the basin However,it was found thathe effectiveness of measurésstedvaried across the
basin depending orsuitable landscapecharacteristics(e.g., aquifer type)and how the
measures were modellede.g.,the ponding thresholdthat was applied in thenodel to
simulate increased infiltration

1 Measures that consideredfforestation were found toreduce streamflow due to higher

SOFLIRIONI YALIANI 0A2YyS gAIGK AGCIFENY G2 C2NBad:

discharge 0 @ bLYoudpad | Yr/s, kegpeotively at Borgharen Despite this, such
measures provide valuable 4@nefits, such as erosion control, biodiversity, and carbon
storage, and should not be excluded. Instead, they could be combined with wed&attion
measures (e.g., improved agriculture management prasjioetargeted in leshydrologically
sensitive areas to maximise benefits without worsening-ftow conditions.

§ Strategy assessmentK S G| AIKSad LRISYyldGAlLt¢ aaNy aGdS3aex
effective measureslepending on the areas where each measure was found tsuitable,
resulted in a significanincrease indischargeat Borgharenduring the critical period
(+9.23m3/s), but relied onvery extensiveland use changesvhich may be unrealistic in
practice In contrasta stakeholdefinformed strategy in which measures were selected that
were prioritised bystakeholdersn a participatory workshogroduced a more modest effect
(+0.57mé3/s). This is, howevehased @ locally supported intervention®ifferent strategies
serve different purposes, andytrologicalimpact must be balanced wittieasibility, ce
benefits, and realife context.

1 Integrated options for managing low flonsmplified estimates othe contribution through
technical interventions were also evaluate@perating the reservoirs in the basie.g.,
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Rursee)to strategically supplement low flonduring critical periods, as well @screased
water levels in lock reachas the main Meuserovide an estimated additional discharge
contribution is in the order o5 m3/s. These measuredo operate on different spatial and
temporal scales thathe NbS and can complement them in an integrated strategy.

Oveall, this study offers a deeper understandingtbk potential different measureso improvelow-

flow resilience in the Meuse River basWe identified which measures are most effectimeerms

of the hydrological contribution duringritical lowperiods,and whatthe potential areasrethat are
suitable for implementation. Wiile no single measure is universally effective, combining targeted
actions across different landscapes can significantly improve water retention and suppédtovow
resilience. Importantly, the study highlights the value of considering both hydrolagipaict and
practical feasibility, offering a useful basis for integrated and locally adapted strafbgtesNbSand
technical measures)n doing so, it provides a foundation for informed decisioaking in the context

of growing climate pressures and increasing demands on water resodreese findings can help
guide more practical and coordinated strategies to manage low flows across the basin.
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5.1 Challenges and final recommendations

This study issubject to limitations across hydrological, methodological, aedHife context
dimensionsKey challenges and opportunities for future improvemané:

Understanding how low flows evolve and propagate at the river bagime study assessed discharge
patterns and human influence across sateas, but a more systematic understanding of Hfbow
processes is needed. Future work should link geology, soils, land use, and climate to drought
propagation through soil moisture, gradwater, and streamflow. Distinguishing natural versus
anthropogenic drivers (e.g., abstraction, regulation) remains a key research gap

Developing strategies to reduce low flow impacts in river basihdS suitability was mapped using
simplified terrain and land cover criteria. Future work should test sensitivity to these assumptions
and explore how local NbS effects scale to catchment level. Strategies combining NbS and technical
infrastructure should b developed to ensure hydrological plausibility and spatial complementarity.

Modelling framework and parameterisation of NbSuncertainties arise from how NbS are
represented in the model. Parameter changes (e.g., rooting depth, roughness, ponding) were based
on extant literature,but despite that are stillquite uncertain andit is unclear if these properly
simulate the hydrologicahteractions. Multiple adjustments are applied simultaneously, limiting the
ability to isolate individual effects. The land gparameter lookup tablethat is useds a key source

of structural uncertainty.

Longerterm changes in soil structure due to vegetation and land use chasgeh as those
described by(Bonetti et al., 2021)were not considered, but may significantly affect infiltration,
storage, and flow generation. Updating soil parameters like saturated hydraulic conductivity to
reflect biologically driven heterogeneity could improve realism. Future work should betterreaptu
soilgvegetation feedback, dynamic storage, and evapotranspiration, while addressing the challenge
of scaling fielescale effects to the model grid. Uncertainty propagation and feedback with human
water use should also be assessed.

Evaluation framework and strategy definitiansome assumptions used in the "highest potential”
strategy, such as the conversion of -gjtbwth forests in the French part of the basin to peatlands,
may well behydrologically unrealistiand not recommendedrom the perspectiveof conservation

of current landscapesThese areas are underlain by permeable limesspménich is unsuitable for
peatland development. Peatlands typically require impermeable soils and sufficient rainfall to
maintain saturated conditins. The modelled effect here may be more a reflection of parameter
settings thana plausible realworld impact. This underlines the need to clearly distinguish between
exploratory model outputs (e.g., the highest potential strategyjnore detailed process based
hydrological analysis. It may also algin more wathkeholderinformed scenarios, which better
reflect feasible and acceptable interventions. For example, if peatland conversions were excluded,
wetland restoration and check dams would be seledtestead, narrowing the gap in effectiveness
between the strategies.

Stresstesting low flow strategies under climate extremes in a changing climatas study used
historical climate conditions only, without testing future scenarios or robustness. Future work should
stresstest NbS under diverse drought scenarios to ensure resilient adaptation planning.
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Appendices
Appendk A

Tablel2 Overview of selected gauging stations used in the analysis, including their corresponding IDs, paired reference gawsgesjaed drainage areas. Gauge IDs are
sourced from national hydrological services and can be accessed either directly or thiheugitreams platfornfdo Nascimento et al., 2024Pairing was conducted to
represent natural flow conditions by selecting upstream or nearby catchments with similar-biyehattic and physiographic characteristics and limttedhaninfluence. For
the main Meusea weighted average based on drainage area was used. In all cases, precipitation differences between the gauged ardesi@enere corrected using
spatial precipitation factors to ensure hydrological consisieReservoirs were paired with upstream natural inflow gauges.

Paired Gauge

Group area Subbasin Gauge name Gauge ID Area (km?) Paired Gauge ID(s) area(s)
Upper Meuse Stenay B315002001 3926 FR000203 1031
Chiers ~ Chauvencye- o sh101001 1705 BEWAO0095 89
1 Chéteau
Viroin Treignes 90211002 553 BEWAO0059 39
Semois Membre Pont 94341002 1244 BEWAO0095 89
- (I\(A:El(;zi) Chooz B720000002 10182 BEWAO0059;BEWA0049;FR000203;BEWA0047  39;113;1031;274
- Meuse (Amay) Amay 71321002 16543 BEWAOQ038 15
Lesse Gendron 82211002 1314 BEWAO0047 274
Sambre Salzinnes L7319 2869 BEWAO0030 1188
Ourthe Tabreux 59211002 1616 BEWAO0015 319.74
2 Chaud
Vesdre Fontaine 62281002 684 DENW1182 143.63
Piscine
Ambleve Martinrive 66211002 1069 BEWAO0095 192
- (I'\E"ifs‘feen) Eijsden grens  Eijsden grens 20600  BEWAO059;BEWA0049;FR0O00203;BEWA0084;BEW/ 39;113;1031;91;317
- (Bxgﬁzl?en) Borgharen 6421500 21355 BEWAO0059;BEWA0049;FR000203;BEWA0084;BEW/ 39;113;1031;91;317
Geer Eben Emael 63400000 459 BEWAO0084 91.2
Geleenbeek Brommelen 6Q18 37 DENW1131 33.63
3 Geul Meerssen 10Q36 334 DENW1131 33.63
Rur Stah 2829100000100 2135 DENW1109 36.4
Lower Meuse - - 10346 - -



https://estreams.eawag.ch/
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Appendix B

Landscape characteristics of the Meuse River Basin, including aquifer typeoleangslope, soil texture, HAND (Height Above Nearest Drainage),
Natura 2000 areas, and more, based on datasets referenc8dahon3.2.2.1

Aquifers
B Highly productive fissured

B Highly productive porous

I Inland water

B Locally aquiferous rock

I Low and moderately productive fissured

Land cover
B Artificial surfaces
| Agricultural areas
B Forests and seminatural areas

1 Low and moderately productive porous [ Wetlands
[ Non aquiferous Bl Water bodies
Group areas Group areas

1- The Upper Meuse
2 - The Middle Meuse
3 - The Lower Meuse

1-The Upper Meuse
2 - The Middle Meuse
3 - The Lower Meuse
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