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Executive Summary 

This technical report presents the main outcomes of the LoFloMeuse project, developed under the 

Memorandum of Understanding (MoU) between the Dutch Ministry of Infrastructure and Water 

Management and IHE Delft. The project was developed in collaboration between IHE Delft, 

Rijkswaterstaat (RWS), and Deltares, and focused on investigating the potential of Nature-based 

Solutions (NbS) to mitigate low flows in the Meuse River Basin. This work builds on recent initiatives 

such as the Meuse Extreme Drought Hackathon (Mes et al., 2024) in September 2024, 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 measures to improve water resilience in 

the Meuse Basin.  

The LoFloMeuse project contributes to this effort by providing a scientific assessment of NbS 

potential. To achieve this, the project combined streamflow data analysis, hydrological modelling and 

stakeholder engagement to understand low-flow conditions, the influence of human activities, and 

the opportunities to improve water retention through measures such as reforestation, wetland 

restoration, and improved agriculture management. 

A joint modelling framework was developed for the project, with Deltares leading the hydrological 

modelling using the WFLOW-SBM model. Different NbS measures were simulatedτboth individually 

and in combinationτacross sub-areas in the basin to assess their effectiveness in increasing 

discharge during dry periods, particularly the critical low-flow season (July-September).  

Results show that NbS have a meaningful potential in mitigating low flows in the Meuse Basin. The 

άIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭέ ǎǘǊŀǘŜƎȅΣ ǿƘƛŎƘ ŀǇǇƭƛŜǎ ǘƘŜ Ƴƻǎǘ ŜŦŦŜŎǘƛǾŜ ƳŜŀǎǳǊŜǎ ŀŎǊƻǎǎ ŀƭƭ ǎǳƛǘŀōƭŜ ŀǊŜŀǎ led 

ǘƻ ŀƴ ŀǾŜǊŀƎŜ ƛƴŎǊŜŀǎŜ ƛƴ ŘƛǎŎƘŀǊƎŜ ƻŦ ҌфΦно Ƴшκǎ at Borgharen. The second strategy, based on 

stakeholder preferencesΣ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǎƳŀƭƭŜǊ ōǳǘ ǎǘƛƭƭ ǇƻǎƛǘƛǾŜ ƛƴŎǊŜŀǎŜ ƻŦ ҌлΦрт ƳшκǎΦ ¢ŜŎƘƴƛŎŀƭ 

interventions, such as improved reservoir operations and raising water levels in lock reaches, were 

also found to be effective (+15 m³/s), presenting a broader range of possible solutions. Understanding 

these options supports informed decision-making to strengthen low-flow resilience in the basin. 

This study provides a solid foundation for addressing low flows in the transboundary Meuse Basin. It 

shows that NbS can help increase river flows during critical dry periods. By combining data analysis, 

modelling, and stakeholder input, we identified which measures are most effective and what are the 

potential areas for implementation. These 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 droughts due to the changing and intensifying climate, is in many 

parts of world leading to an increased occurrence of periods of extreme low flows (hydrological 

drought) in rivers (Van Loon, 2015). The 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, low-flow events have been a concern in regions already prone to drought, but they are 

now becoming more common in North-Western Europe, including the Meuse River basin (De Wit et 

al., 2007). This transboundary river, covering France, Belgium, Luxembourg, Germany, and the 

Netherlands is increasingly experiencing low-flow conditions that affect downstream riparian 

countries such as the Netherlands. 

To mitigate the intensity and duration of low-flow events and, by extension, the socio-economic and 

ecological impacts they cause, there is a growing need for innovative, basin-wide water management 

strategies. One approach is to work with the natural capacity of river basins to store water during 

wetter periods, that can then be gradually released during dry periods. This strategy not only 

supports low-flow resilience but also provides co-benefits for flood mitigation, water quality 

improvement, and ecological restoration, contributing to broader environmental, social, and 

economic sustainability. In this context, Nature-based Solutions (NbS) play a crucial role in increasing 

or sustaining natural water storage in river basins (Holden et al., 2022). However, to fully explore the 

potential of NbS, it is essential to understand the dominant hydrological processes governing low 

flow events and assess how NbS interact with existing water management strategies.  

This research aims to 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 help improve the storage 

potential of the basin. In the (2) assessment phase, 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 full project, including both the scoping and assessment phases. While these 

phases reflect the project timeline, the report is structured by methods and results rather than being 

split into two separate parts. It includes the analysis of low-flow conditions, identification of potential 

measures, and the modelling and evaluation of selected strategies. 
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2 Case study ς The Meuse River Basin 

The Meuse River basin (Figure 1) is a transboundary catchment covering an area of approximately 

36.000 km². 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 between April and September, when precipitation is lower, 

and evapotranspiration rates are higher. These seasonal patterns can significantly reduce river 

discharge, with impacts felt throughout the basin ς and most notably in downstream countries such 

as the Netherlands. Sectors such as drinking water supply, energy production, agriculture, industry, 

and ecosystems are particularly vulnerable during prolonged low-flow periods (Schasfoort et al., 

2024).  

The basin can be subdivided into three main geological zones (De Wit et al., 2001), each with distinct 

hydrological characteristics that can affect how water is stored and released during dry periods 

(Chagas et al., 2024): the 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 the Netherlands 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 

including (from upstream to downstream) the Chiers, Sambre, Ourthe, Vesdre, Amblève, 

Geleenbeek, Geer, Rur, Chiers, Semois, Viroin, Sambre, Outhe, Ambleve, Vesdre, Geer, Geul, 

Geleenbeek and Rur (Figure 1). These tributaries originate in diverse geological settings, soil types, 

and land use areas, which contribute to the spatial variability of low-flow responses across the basin. 

Given its transboundary nature, the Meuse basin is subject to internationally coordinated water 

governance. This governance structure is essential for the implementation of basin-wide strategies 

for low-flow management, particularly when considering the integration of NbS that may provide 

local benefits with basin-scale hydrological implications. Figure 1 shows the international Meuse 

basin, including its main tributaries and the delineation of basin authorities by country (International 

Meuse Commission, 2022). These authorities include France Rhin-Meuse 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. 

The interplay of natural variability (geology, land use, topography) and human influence (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 where and how Nature-based Solutions (NbS) can improve water 

storage. 
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Figure 1 The Meuse River basin, showing the main tributaries and the administrative regions associated with the Meuse 
authorities. The map illustrates key tributaries contributing to the Meuse's flow regime, including the Chiers, Sambre, 
Ourthe, Vesdre, Amblève, Geleenbeek, Geer, Rur, Chiers, Semois, Viroin, Sambre, Outhe, Ambleve, Vesdre, Geer, Geul, 
Geleenbeek and Rur. Administrative 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 sub-areas 

For this study, the Meuse basin was divided into sub-areas and grouped into three main regions: the 

Upper Meuse, Middle Meuse, and Lower Meuse (Figure 2). This grouping is not based on 

international boundaries, but rather on similarities in landscape, hydrology, and main tributary 

systems, and is in most cases delimited by the locations of key gauge stations. The Upper Meuse 

includes tributaries such as the Chiers, Semois, and Viroin. The Middle Meuse includes the Lesse, 

Sambre, Ourthe, Vesdre and Amblève. The Lower Meuse includes the Rur, Geleenbeek, Geer, Geul 

and the main downstream reach. 

This structure was chosen as it helps 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 measures may influence 

discharge during low-flow periods. 

 

Figure 2 The Meuse group areas and sub-areas. 
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3 Methods 

3.1 Hydrology and low flows  

Hydrological drought refers to a lower availability than normal of water in hydrological systems, often 

manifesting as abnormally low river flows, lake levels, reservoir volumes, or groundwater storage 

(Van Loon, 2015). Low flows can be considered a type of hydrological drought when river discharge 

is particularly low, when compared to what would normally be expected. These can occur at any time 

of the year when flows drop below a defined threshold. 

In this study, low-flow periods are identified using a statistical threshold, based on the available 

hydrological data. The 20% non-exceedance flow (Yevjevich, 1969) is chosen as a threshold that is an 

indicator of the low flow condition. This threshold corresponds to the flow that is exceeded 80% of 

the time. The threshold is adjusted seasonally to reflect natural seasonality of the Meuse River. This 

approach supports long-term analysis of drought frequency, duration, and severity using the theory 

of runs (Yevjevich, 1969). In addition to statistical thresholds, impact-based thresholds, which are 

defined by operational or sectoral needs can also be used to identify critical low-flow conditions that 

affect water supply, navigation, or ecosystem functioning in specific points of the basin. Such 

thresholds can be linked to impacts when these are crossed. In this project we focus on statistical 

hydrological low flows.  

A key location for the analysis is Borgharen, which is located 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. From Liège onward, 

the Meuse feeds several major canals, including the Albertkanaal, Zuid-Willemsvaart, and 

Julianakanaal (De 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 Netherlands. Another key 

gauge on the main stem of the Meuse River is the Chooz gauge station, located near the French-

Belgian border. This is 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 of tributaries, water use, and regulation. 

The basin also contains reservoirs in the upper branches of rivers such as the Rur, Viroin, Semois, 

Sambre, Amblève, Ourthe, and Vesdre. These serve multiple purposes including hydropower, 

drinking water supply, and local flow regulation (De Wit et al., 2001). However, apart from the Rur 

ǊŜǎŜǊǾƻƛǊ ŀƴŘ ǘƘŜ 9ŀǳ ŘΩIŜǳǊŜ ŎƻƳǇƭŜȄ ό{ŀƳōǊŜύΣ Ƴƻǎǘ ŀǊŜ ǊŜƭŀǘƛǾŜƭȅ ǎƳŀƭƭ ŀƴŘ ƘŀǾŜ ƭƛƳƛǘŜŘ ƛƴŦƭǳŜƴŎŜ 

on the mainstem Meuse discharge (De Wit et al., 2001). 

For this analysis, observed streamflow data were collated from multiple providers. Low-flow events 

are identified by comparing daily streamflow to the 20% non-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 at the sub-area scale (Figure 2).  
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3.1.1 Observed streamflow dataset 

To analyse low flows across the Meuse basin, we used an observed streamflow dataset covering the 

period 1980 to 2020, compiled from multiple sources: Rijkswaterstaat Waterinfo (Rijkswaterstaat, 

2024) and Waterschap Limburg (Netherlands), ELWAS-web (Ministerium für Umwelt, Naturschutz 

und Verkehr des Landes Nordrhein-Westfalen., 2024) (Germany), SPW Wallonie (SPW, 2024) and 

Waterinfo Flanders (Vlaanderen Waterinfo., 2024) (Belgium), and EauFrance (Eau France, 2024). 

Figure 3 shows the spatial distribution of these selected gauging stations across the basin, while 

Figure 4 shows the availability of daily discharge data for each station per year.  

 

Figure 3 Data availability and selected gauge stations for analysis. 
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Figure 4 Data availability across the basin. 
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A selection of 17 gauging stations (Table 1) 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 analyses during the modelling phase. 

Table 1 Selected gauge stations and respective areas. 
Group area Sub-basin Gauge name Gauge ID Area (km²) 

1 

Upper Meuse Stenay B315002001 3926 

Chiers Chauvency-le-Château B460101001 1705 

Viroin Treignes 90211002 553 

Semois Membre Pont 94341002 1244 

- Meuse (Chooz) Chooz B720000002 10182 

- Meuse (Amay) Amay 71321002 16543 

2 

Lesse Gendron 82211002 1314 

Sambre Salzinnes L7319 2869 

Ourthe Tabreux 59211002 1616 

Vesdre Chaud Fontaine Piscine 62281002 684 

Ambleve Martinrive 66211002 1069 

- Meuse (Eijsden) Eijsden grens Eijsden grens 20600 

- Meuse (Borgharen) Borgharen 6421500 21355 

3 

Geer Eben Emael 63400000 459 

Geleenbeek Brommelen 6Q18 37 

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 the Meuse basin, we applied a diagnostic framework based on the 

classification of low flow signals (Van Loon et al., 2022, 2024).  

To approximate the natural conditions, we used a paired-basin method, selecting nearby catchments 

with similar hydro-climatic and physiographic characteristics but limited human impact. This 

reference series acts as a natural analogue and was smoothed using a 30-day centred moving average 

to reduce short-term variability.  

The selection of observed and reference (natural) gauges is summarised in Table 12 in Appendix A. 

Gauge IDs were obtained from national hydrological agencies and are accessible either directly or 

through the EStreams platform (do Nascimento et al., 2024) using the same gauge ids. For 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 using a spatial precipitation factor. Reservoirs were paired with upstream gauges 

representing natural inflow conditions. 

Human influence on hydrological drought was then assessed by comparing the observed discharge 

time series with its naturalised reference. The deviations from normal discharge were evaluated 

using a drought threshold, defined as the Q80 flow from the reference (naturalised or paired) basin. 

This method allows for classifying individual low-flow events into distinct types (Figure 5). Although 

Figure 5 shows a constant drought threshold over time, in our analysis we applied a seasonally 

adjusted threshold. 

https://estreams.eawag.ch/
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Figure 5 Schematic outline of human drought (low flow) types - after (Van Loon et al., 2022, 2024) : 100% human-
alleviated: the naturalised discharge shows an event that is not present in the human-influenced time series;  human-
alleviated drought: both human-influenced and naturalised discharge are below the threshold and human-induced deficit 
is lower than climate-induced deficit; human-aggravated drought: both human-influenced and naturalised discharge are 
below the threshold and human-induced deficit is higher than climate-induced deficit; and 100% human-aggravated 
drought: the human-influenced discharge shows an event that is not present in the naturalised time series. 
 

To quantify the impact of human activities on seasonal low flows, we can calculate deficit indices 

(Van Loon et al., 2024). In this approach, a deficit is considered when discharge drops below the 

threshold (Q80), with the degree of the deficit being the difference between the paired basin 

threshold and the observed discharge. These deficits can be aggregated by year and season and be 

represented in terms of volume or duration of deficit (Van Loon et al., 2024).  

Only events with at least 10 deficit days were included in the analysis to ensure statistical robustness. 

Comparing these seasonal indices with the naturalised reference allows to classify degrees of human 

influence using relative differences: 

¶ Alleviated: the observed (human-influenced) deficits were more than 5% smaller than the 

natural reference, indicating an alleviation of human influence. 

¶ Aggravated: the observed deficits were more than 5% larger than the natural reference, 

meaning that human influence led to an aggravation. 

¶ No change: differences between observed and naturalised deficits were within ±5%. 

3.1.3 Storage potential 

The storage potential of each sub-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 during low-flow periods. A water balance approach is used, with volumes calculated 

at the selected gauging stations and proportionally assigned to each sub-area. 

Baseflow is usually described as the amount of water a river basin can naturally provide in absence 

of rain or artificial inputs (Hameed et al., 2023). It is a key indicator of subsurface storage (Chagas et 

al., 2024), and reflects how much water can be slowly released from aquifers into rivers, especially 

during dry spells. 

To quantify the contribution of groundwater to streamflow, baseflow separation was performed to 

identify the baseflow component within the hydrograph. This method isolates the baseflow 

component from total streamflow data. The Lyne and Hollick filter (Ladson et al., 2013) was applied 

to this purpose, implemented via the BFI+ 3.0 software (Gregor, 2010). The filter is defined as: 

ή ὸ ‌ή ή ή
ρ ‌

ς
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where: 

¶ ή ὸ is the filtered quickflow at time step ὸ, 

¶ ήὸ is the observed streamflow at time step ὸ, 

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

¢ƘŜ ŦƛƭǘŜǊ ǇŀǊŀƳŜǘŜǊ ʰ ǿŀǎ ǎŜǘ ǘƻ лΦфΣ ōŀǎŜŘ ƻƴ Ǿƛǎǳŀƭ ŎŀƭƛōǊŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ ǎƻŦǘǿŀǊŜ. This parameter 

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 to total streamflow volume over a given period (Ladson et al., 2013). 

To assess baseflow recession curve, we apply a more selective subset of criteria than for general 

baseflow analysis. We calculate the recession constant (k) based on pure baseflow recession periods. 

These are segments with no rainfall, where discharge decreases gradually under baseflow conditions. 

Only periods that meet all specific criteria simultaneously (De Wit et al., 2001) are used, including: 

¶ At least 5 days of continuous recession, 

¶ A negative trend for a 5-day rolling window, 

¶ [ƛƳƛǘŜŘ ƛƴŎǊŜŀǎŜǎ όҖ р҈ ǇŜǊ ŘŀȅΣ ƳŀȄ о ŎƻƴǎŜŎǳǘƛǾŜ ŘŀȅǎύΣ 

¶ ! ōŀǎŜŦƭƻǿ ƛƴŘŜȄ ό.CLύ җ лΦфΣ ƻǊ җ лΦт ǿƛǘƘ ŀǘ ƭŜŀǎǘ о ǊŜŎŜǎǎƛƻƴ ŘŀȅǎΣ 

¶ A good log-ƭƛƴŜŀǊ Ŧƛǘ όwч җ лΦтύΦ 

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

the equation: 

ὗ ὗ   Ὡ  

For each identified recession segment, the equation is fit to the observed discharge (ὗ at a given 

time ὸ data using non-linear regression, allowing estimation of the recession constant Ὧ and initial 

discharge ὗ . 

To ensure consistency, we use the 10 longest recession periods between 1980 and 2020 for each sub-

basin. Although fewer in number, these longer recession events can provide more informative 

understanding for 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., 2024) to identify where NbS could improve storage capacity. 

3.2 Measures to mitigate low flows 

Different measures can be used to mitigate low flows. Traditionally, technical measures have been 

applied, such as engineering solutions that control water through infrastructure and management 

rules. Examples include water storage in reservoirs through reservoir operation, hydraulic structure 

operations (e.g., weirs/ locks), adjustments in groundwater extraction and prioritisation of water use 

during shortages. These are often centralised approaches used for short-term management. 
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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 biodiversity (IUCN (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 recharge. At the same time, they offer co-benefits such as carbon sequestration, 

improved biodiversity and water quality and human well-being (Deltares, 2022). 

In this research we have compiled a list of measures that have the potential to alleviate extreme low 

flow conditions. These have been collated from literature and include both NbS and technical options. 

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

improve water availability. 

3.2.1 Catalogue of measures 

A catalogue of NbS measures was developed based on relevant literature and existing catalogues 

(Agarwal & Bharat, 2023; Deltares, 2022; Penning et al., 2023; Ruangpan et al., 2020; World Bank, 

2021; Yimer et al., 2024). In this catalogue measures are grouped into three main types: (i) measures 

along the river corridor, (ii) measures on hillslopes, and (iii) measures involving land use change and 

management (e.g., converting one land use type to another, such as farmland to forest). 

The proposed catalogue (Table 2) brings together different NbS such as floodplain reconnection, 

reforestation, wetland restoration, and agriculture management. The table also includes a selected 

number of technical measures, such as reservoir operation and groundwater abstraction. For each 

measure the table provides a definition of what the measure entails, as well as the specific 

hydrological processes and responses that the measure influences. This could be the improving of 

infiltration, increase of groundwater recharge, the regulating flow, or the increasing of water storage.  
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Table 2 Catalogue and glossary of measures: category, type, definitions and hydrological processes and responses. 

Category Measures Definitions Hydrological processes and responses 
NbS - River corridor Floodplain reconnection Restore the natural connection between rivers 

and their adjacent floodplains by modifying or 
removing barriers such as levees and dams. 

Surface water retention (peak attenuation), infiltration into 
soil and groundwater (sustained baseflow during dry 
periods), groundwater-surface interaction (flow regulation) 

NbS - River corridor Riverbank restoration Stabilizing eroded riverbanks by reintroducing 
native vegetation or other techniques to reduce 
erosion, enhance habitat quality, and improve 
water retention. 

Slower flow (peak attenuation), increased 
evapotranspiration, increase in groundwater recharge, 
longer baseflow recession 

NbS - River corridor River meandering restoration Reinstating natural river bends (meanders, 
including oxbow lakes) that were previously 
straightened or modified. 

Groundwater-surface water interactions (higher recharge 
during wet periods), slower flow velocity (peak 
attenuation), higher hydraulic residence time (flow 
regulation), change in flow dynamics (stabilized 
downstream systems), reduction of erosion during heavy 
rainfall 

NbS - Hillslopes Swales, demi dunes Swales are shallow depressions often vegetated 
or lined with permeable material, designed to 
capture, slow, and infiltrate surface runoff. 

Surface runoff interception (capture and slow movement of 
runoff), water infiltration (more percolation into soil along 
swale paths), temporary water retention (storage in swale 
depressions and peak attenuation) 

NbS - Hillslopes Hillslope reforestation Reforestation / Planting trees on slopes to 
increase infiltration and groundwater recharge 
during low-flow conditions. 

Water infiltration (improved soil permeability from tree 
roots), interception (precipitation capture by canopy, 
reducing direct runoff), soil moisture retention (more water 
availability in the root zone), increased evapotranspiration, 
less erosion 

NbS - Hillslopes Check dams Small and permeable barriers placed in river 
channels to slow down water flow. 

Water retention (temporary storage of water in small 
reservoirs), baseflow and flow regulation (controlled 
release of water to downstream areas), water infiltration 
(percolation into groundwater and recharge) 

NbS - Hillslopes Terracing Stepped landforms on slopes to slow down 
water and reduce erosion. 

Runoff reduction (slower surface flow on terraced slopes 
and flow attenuation), water infiltration (improved 
infiltration into flat terrace areas), soil moisture retention 
(increased water storage in agricultural fields) 

NbS - Change in land 
use and land use 
management 

Wetland restoration Rehabilitating degraded wetlands to restore 
their natural hydrological and ecological 
functions. 

Groundwater-surface water interactions (higher recharge 
during wet periods), slower flow velocity (peak 
attenuation), higher hydraulic residence time (flow 
regulation), sediment retention, pollutant buffering 
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Category Measures Definitions Hydrological processes and responses 
NbS - Change in land 
use and land use 
management 

Farmland to peatlands/ 
wetlands 

Conversion of agricultural land into natural 
peatlands or wetlands. 

Water table rise (restoration of natural hydrology by 
reducing drainage), higher water retention (increased 
capacity of peat soils to hold water), higher baseflow during 
dry periods, increased evapotranspiration (due to peatland 
vegetation) 

NbS - Change in land 
use and land use 
management 

Farmland to forest/ 
Silvopasture systems 

Conversion of agricultural land back into forest 
(reforestation). 

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

NbS - Change in land 
use and land use 
management 

Forest to peatlands/ wetlands Conversion of forests to peatlands or wetlands. Water table stabilization (restored hydrological balance in 
peatland areas), surface and subsurface water storage 
(improved retention of water in peatland soils), changes in 
evapotranspiration (reduction in water loss by replacing 
forests with peatland vegetation but increase due to open 
water loss) 

Change in land use 
and land use 
management 

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

Surface water storage (localized retention of runoff in the 
pond), groundwater recharge and flow regulation (gradual 
release of stored water to streams), higher 
evapotranspiration (water loss from pond surfaces) 

NbS - Change in land 
use and land use 
management 

Agriculture management Sustainable farming practices (e.g., cover crops, 
reduced tillage, improved irrigation) that 
improve soil water retention. 

Runoff reduction (slower surface flow from agricultural 
fields), soil moisture retention (increased water storage 
available in soil layers for crops, groundwater recharge), 
water infiltration (improved percolation into agricultural 
soils), reduced erosion 

NbS - Change in land 
use and land use 
management 

Drainage modification Adjusting artificial drainage systems (e.g., 
controlled drainage, subsurface drainage, 
ditches) to regulate water retention. 

Surface runoff interception (slower movement of water 
through modified drains), water infiltration (more 
percolation into the soil due to reduced flow velocity), 
groundwater recharge 

Technical & Water 
management 

Reservoir Operation Operation of storage reservoirs to store water 
when there is a surplus, and release water 
during low flow periods. 

Adapt operation of reservoirs to (more) strategically 
allocate storage space for augmenting flows during low flow 
periods. This will influence other uses of the reservoir (e.g. 
flood control, water supply, hydropower). Only possible in 
sub-basins that have substantial storage in reservoirs 
Reservoir rule curves, and hedging rules will need to be 
adapted (also links to water allocation priorities) 

Technical & Water 
management 

Groundwater Abstraction (+/-) Reduce groundwater abstraction to enhance 
baseflow. Alternatively, groundwater 

Groundwater abstractions influence the baseflow of 
catchments, so reducing abstractions will impact baseflow. 
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Category Measures Definitions Hydrological processes and responses 
abstractions can also be used to supplement 
river flows. 

How relevant this is will depend on from what aquifer 
groundwater is drawn. Also important to understand what 
happens to the returns flows after use. Conversely 
groundwater abstraction can be used to alleviate low flows 
by pumping into the river system during low flow periods.  

Technical & Water 
management 

Water Allocation Priorities Establish priorities in the allocation of water 
resources during water shortages, with 
reductions of allocations first applied to low 
priority users (e.g., low return agriculture), and 
last to high priority water users (e.g., drinking 
water and the environment). 

Changing priorities of water allocation (following e.g. the 
drought management plans available in NL and BE-FL ς 
άǾŜǊŘǊƛƴƎƛƴƎǎǊŜŜƪǎέΣ ŀƴŘ ǇƻǎǎƛōƭŜ ǎƛƳƛƭŀǊ Ǉƭŀƴǎ ƛƴ .9-WL, FR 
and DE)  
 

Technical & Water 
management 

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

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

Raising water levels in river reaches between locks creates 
storage in the main channel of the river. This can be used to 
augment downstream flows during low flow periods. Note 
that storage is also created in connected offline lakes, which 
in some reaches of the Meuse provide a significant surface 
area, and hence storage potential. Requires smart 
operation of the weirs.  
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3.2.2 Mapping areas with storage potential 

To identify potential areas where the NbS that have been identified in the catalogue can potentially 

be implemented, a GIS-based 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 approach to select areas that are suited for each of the measures was based on 

landscape characteristics identified in the literature (Yimer et al., 2024). Key features considered 

include land cover and use (Copernicus, 2018), soil texture (Panagos et al., 2022), slope raster derived 

from MERIT Hydro (Yamazaki et al., 2019), geology (Panagos et al., 2022), presence of aquifers (Nistor 

et al., 2022), and the identification of floodplain areas adjacent to river courses using the Height 

Above Nearest Drainage (Nobre et al., 2011). For example, areas with less permeable soils (e.g., clay) 

may be more suitable for surface water retention, while areas with more permeable soils and 

productive aquifers can offer better conditions for groundwater recharge, depending on local 

hydrogeological and other landscape characteristics (Yimer et al., 2024).  

Measures from the catalogue were grouped based on the similarity of hydrological processes and to 

optimise modelling efforts and ensure comparable suitability and representation in the model (e.g., 

infiltration-based measures applied on hillslopes ς swales and demi dunes; drainage modification and 

agriculture management).  

3.2.2.1 Landscape characteristics 

The Meuse basin has a wide variety of landscapes and therefore a wide variety of hydrological 

conditions that influence how water is stored and released.  These differences are important for 

understanding where NbS are likely to be most effective. Appendix B shows a spatial representation 

of different geomorphological and ecological characteristics. This includes land cover and use 

(Copernicus, 2018), soil texture (Panagos et al., 2022), slope raster derived from MERIT Hydro 

(Yamazaki et al., 2019),  geology (Panagos et al., 2022), aquifer type (Nistor et al., 2022), Natura 2000 

areas (European Environment Agency, 2022), and Height above nearest Drainage (HAND) (Nobre et 

al., 2011)). In Table 3 the dominant landscape characteristics are described for each sub-area in the 

basin (see Figure 2 for the sub-area divisions). 

Table 3 Characteristics of sub-areas in the Meuse Basin. 

Sub-area 
Area 
(km²) 

Dominant land use 
Dominant soil 
type 

Dominant aquifer 

1.1 Upper Meuse 3925 Agricultural  Medium fine 
Highly productive fissured 
aquifer 

1.2 Upper Meuse, Viron, 
Semois 

4547 
Forests and 
seminatural  

Medium Practically non-aquiferous 

1.3 Chiers 1705 
Forests and 
seminatural  

Fine 
Highly productive fissured 
aquifer 

2.1 Sambre 2802 
Forests and 
seminatural 

Medium fine Practically non-aquiferous 

2.2 Lesse, Middle Meuse 3543 Agricultural  Medium Practically non-aquiferous 

2.3 Ourthe, Vesdre, Amblève 4077 Agricultural  Medium Practically non-aquiferous 

3.1 Geer, Geleenbeek, Geul 1668 Agricultural  Medium fine 
Highly productive fissured 
aquifer 

3.2 Rur 2135 Agricultural  Medium Practically non-aquiferous 

3.3 Lower Meuse 10,346 Agricultural  Coarse Highly productive porous aquifer 
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The Upper Meuse is characterised by steeper terrain, mostly forests and semi-natural areas, with fine 

to medium soils. Aquifers vary but are often fissured and productive, which indicates a suitability for 

water retention. 

The Middle Meuse has a mixed land use, mainly forests and agriculture. Soils are mostly medium-

textured, and aquifers are generally non-productive due to the geology. The fact that most aquifers 

in this area are non-productive means that a larger portion of the Ardennes is considered less suitable 

for NbS that aim to enhance groundwater recharge. However, restoration of natural vegetation, such 

as wetlands, broadleaved forests, and peatlands, are considered suitable in these areas, as these 

ecosystems were historically present and if restored could support 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 area suitable for measures that promote infiltration, enhance groundwater 

recharge, and improve agricultural management. Measures such as drainage retention and soil 

conservation practices are also relevant in this area. In parts of Limburg, such as around the 

Geleenbeek and Geul rivers, where slopes are present, the terrain is also suitable for implementing 

swales and other hillslope measures. 

3.2.2.2 Criteria for suitability of Nature based Solution 

To identify and map potential areas where Nature-based Solutions (NbS) could be implemented and 

assessed through modelling, a classification system using suitability criteria was developed based on 

key landscape characteristics (Section 3.2.2.1). Each suitability criterion is classified into different 

categories, which are assigned code numbers and presented in Table 4.. These classifications are 

coded to facilitate the pixel-by-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 criteria codes. 

Table 4 Classification description and codes of physical and land characteristics used for suitability analysis. 
Type Code Description of classification 

Slope 

1 Level (dominant slope ranging from 0 to 8 %) 

2 Sloping (dominant slope ranging from 8 to 15 %) 

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

4 Steep (dominant slope over 25 %) 

Land Cover 

1 Artificial Surfaces 

2 Agricultural areas 

3 Forests and seminatural areas 

4 Wetlands 

5 Water bodies 

Aquifer 

1 Highly productive fissured aquifers (including karstified rocks) 

2 Highly productive porous aquifers 

3 Inland water 

4 Locally aquiferous rocks, porous or fissured 

5 Low and moderately productive fissured aquifers (karstified rocks) 

6 Low and moderately productive porous aquifer 

7 Practically non-aquiferous rocks, porous or fissured 

8 Snow field / ice field 

Soil texture 

1 Coarse (clay < 18 % and sand > 65 %) 

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

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

4 Fine (35 % < clay < 60 %) 
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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 areas. Through combining these criteria using a rule-based 

assessment, areas suitable for the implementation of the different types of NbS were identified. 

For example, wetland restoration is more suitable in areas close to watercourses (HAND < 1 m), with 

level topography and aquifers that support either water retention or shallow infiltration. On the other 

hand, hillslope reforestation and swales are suitable measures in sloping areas with agricultural land 

cover. 

Table 5 presents the suitability criteria for each NbS category. This includes the required conditions 

for landscape features, any additional spatial logic where applicable (e.g., buffers or distance from 

rivers in the case of check dams as these are mostly in small streams), and additional ecological 

constraints such as the inclusion or not of Natura 2000 areas. 

Suitability maps are generated by overlapping these criteria for each NbS into a Boolean map (where 

'1' indicates a suitable  area and '0' indicates a non-suitable 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 flows. This assessment 

is not solely tied to the suitable area itself, but rather to how various water balance components (e.g., 

evapotranspiration, runoff, infiltration) interact within the modelled environment. 
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Table 5 Suitability criteria for selected measures (numbers are codes from Table 4). 

Category Measures 
Criteria 

HAND Slope Aquifer Soil Land Use 
Natura 
2000 

Comment 

NbS - River corridor Wetland restoration 
< 1.0 

m 
1 1,2,3,4,6 

1, 2, 3, 4, 
5, 8 

2, 3, 4, 5 yes 

buffered around existing 
wetlands (0.005) + buffered 

around main river (0.05) with 
HAND < 1m 

NbS - Hillslopes 
Swales, hoof prints, 

demi dunes, terracing, 
hedgerows 

- 2,3,4 1,2,4,6 2, 3, 4 2,3 no - 

NbS - Hillslopes 
Hillslope reforestation/ 
Hillslope revegetation 

- 2,3,4 1,2,4,6 1,2,3,4,5 2,3 yes - 

NbS - Hillslopes Check dams - 2,3,4 1,2,4,6 2, 3, 4 2,3 no 

also buffered (0.05) - negative 
buffer around rivers (small 

streams only) 

NbS - Hillslopes 
Farmland to peatlands/ 
wetlands (restoration) 

- 1 1,2,3,4 
2, 3, 4, 5, 

8 
2 yes - 

NbS - Hillslopes 
Farmland to forest/ 
Silvopasture systems 

- 1,2 1,2,4,6 2,3,4,5 2 yes - 

NbS - Hillslopes 
Forest to peatlands/ 

wetlands 
- 1 1,2,3,4 

2, 3, 4, 5, 
8 

3 yes - 

NbS - Change in land 
use and land use 

management 
Farm ponds - 1 1,2,4,6 2, 3, 4 2 no - 

NbS - Change in land 
use and land use 

management 

Agriculture management 
and drainage 
modification 

- 1,2,3,4 1,2,4,6 
1, 2, 3, 4, 

5 
2 no - 

NbS - Change in land 
use and land use 

management 

Coniferous to broad-
leaved 

- 1,2 1,2,3,4,5,6,7 2,3,4,5 
7 

(coniferous) 
yes considers all types of aquifers 

NbS - Change in land 
use and land use 

management 
Coniferous to peatland - 1 1,2,3,4,5,6,7 

2, 3, 4, 5, 
8 

7 
(coniferous) 

yes considers all types of aquifers 
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3.2.3 Developing strategies 

In this study, we consider a NbS measure as a specific action that is taken at an identified suitable 

location in the Meuse Basin, and that has the potential to enhance storage in the basin (sponge 

effect). A strategy refers to a combination of selected measures, chosen based on identified criteria. 

Rather than aiming for a fully feasible or implementable strategy at this stage, the focus of this 

ǊŜǎŜŀǊŎƘ ƛǎ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ ōŀǎƛƴΩǎ ƘƛƎƘŜǎǘ ƘȅŘǊƻƭƻƎƛŎŀƭ ǇƻǘŜƴǘƛŀƭΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ǿŜ ǇǊƛƻǊƛǘƛǎŜ άǘƘŜ 

ōŜǎǘ ǿŜ Ŏŀƴ Řƻ ǿƛǘƘ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǿŜ ƘŀǾŜέ ƛƴ the basin, identifying where the greatest gains could 

be achieved under ideal conditions. It is important to note that our focus is on the best potential from 

the hydrological perspective. Social, economic, and political considerations that may preclude the 

selection in a specific place of a measure that is hydrologically relevant are not taken into 

consideration. 

Therefore, the strategies developed in this phase of the research are defined considering the highest 

hydrological potential (in terms of increment of absolute discharge in critical periods τ July to 

September), as well as on stakeholder feedback and considering regional preferences and ongoing 

activities. 

Once a strategy of measures has been established, the effectiveness of this strategy is assessed using 

available hydrological and water resources management models of the Meuse Basin. The modelling 

of measures is carried out using the WFLOW-SBM hydrological model. This is applied to simulate 

discharge responses under various selected NbS types. These simulations help quantify how effective 

the different measures are in each of the sub-areas, depending on the catchment characteristics. The 

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 depending on the type of NbS. 

This approach is, of course, very sensitive to how well the model represents the hydrological 

processes in the Meuse Basin, and to how the parameters of the models are amended to represent 

the change in the hydrological processes due to each of the measures. This means that there is a 

certain level of confirmation bias, as the expected response from the model depends on the selected 

parameter values used to simulate each measure, which have been selected as these result in the 

expected hydrological behaviour. 

In parallel with the modelling efforts, a stakeholder workshop is conducted with representatives from 

water agencies, environmental organisations, and universities across the Meuse basin. Through 

participatory mapping and structured discussions, stakeholders identify priority 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 WFLOW-SBM model for the Meuse 

The hydrological response is modelled using WFLOW-SBM, an open source, distributed hydrological 

modelling platform developed by Deltares in the Julia programming language (van Verseveld et al., 

2024). In recent years, Deltares and Rijkswaterstaat have worked together on the development of a 

WFLOW-SBM model for the Meuse basin, which is the model that is applied in this project WFLOW-

SBM. The Meuse hydrological model was extensively calibrated upstream of Borgharen (Buitink et 

al., 2023). To allow modelling the whole basin, including areas downstream of Borgharen, the 
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calibrated model upstream of Borgharen was merged with a calibrated model of the Geul (Klein, 

2022) and the Rur (Hartgring, 2023). The model has a 1 km x 1 km resolution and is run at the daily 

time step.  

WFLOW-SBM uses static maps (raster-based 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 model, WFLOW-SBM simulates all relevant rainfall-runoff 

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. Subsurface lateral routing is calculated with the kinematic wave approach, while river routing 

along the network is based on the local inertial approximation with a 1D schematization of the 

floodplains. Figure 6 shows a schematic overview of the model, including the main hydrological 

processes. 

  

 
Figure 6 Schematic overview of the WFLOW-SBM hydrological model (van Verseveld et al., 2024).  
  

WFLOW-SBM uses physical catchment characteristics to estimate model parameters. Look-up tables 

of land use maps are used to relate specific land use classes with parameter values. In the WFLOW-

SBM model of the Meuse, the CORINE land cover (Copernicus, 2018) is used to estimate land use 

related parameters. Global soil maps from SoilGrids (Hengl et al., 2017) are used to estimate soil 

parameters based on pedo-transfer functions.  

3.3.2 Reinfiltration of overland flow  

To model adaptation measures that aim to maximize the sponge effect of a catchment through 

increased infiltration, it is essential to have a model that allows the process of reinfiltration of 

overland flow. This is not typical of hydrological models such as WFLOW-SBM. In recent 

developments, an experimental reinfiltration version of WFLOW-SBM introduces an improvement to 

the model representation of surface water dynamics. In the standard WFLOW-SBM implementation, 
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overland flow is generated when rainfall intensity exceeds infiltration capacity or when the soil 

becomes fully saturated. This excess water is then routed directly to the nearest river channel 

through the kinematic wave approach, effectively bypassing any opportunity for reinfiltration along 

the Ŧƭƻǿ ǇŀǘƘΦ ¢ƘŜ ƴŜǿ ΨǊŜƛƴŦƛƭǘǊŀǘƛƻƴΩ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ŦǳƴŘŀƳŜƴǘŀƭƭȅ ŀƭǘŜǊǎ ǘƘƛǎ ōŜƘŀǾƛƻǳǊ ōȅ ŀƭƭƻǿƛƴƎ 

overland flow to potentially reinfiltrate into the soil matrix as it moves downslope. This process is 

controlled by a spatially distributed ponding threshold. This defines the maximum depth of water 

that is temporarily stored on the surface before lateral overland flow is generated. When 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 in the model water balance, 

effectively simulating small-scale surface retention features that are not explicitly represented in the 

spatial resolution at which the model has been developed. The ponding threshold can, in theory, be 

parameterised to represent various Nature-based Solutions - from small depressions in agricultural 

fields (with a ponding threshold in the order of 1-2cm) to substantial retention in restored wetlands 

(where the ponding threshold may reach 8-24cm).  

3.3.3 NbS measures in the WFLOW-SBM model  

In the catalogue of NbS measures outlined in Table 2, measures are categorised according to: 

¶ River corridor  

¶ Hillslope  

¶ Change in land use and land use management 

¶ Technical measures  

Measures related to the river corridor cannot (yet) be adequately represented in WFLOW-SBM as 

water in the river network is 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 in WFLOW-SBM include the hillslope measures and 

measures related to land use changes or land management changes.  

Technical measures related to reservoir operations, allocation rules, storage in canal sections also 

require different modelling tools than a hydrological model such as WFLOW-SBM (water allocation 

models such as RIBASIM or hydrodynamic models).  

3.3.4 Input data 

The model is run at the daily time step using the E-OBS (Cornes et al., 2018) meteorological dataset 

for the period 1970-01-01 to 2023-12-31 as forcing. Precipitation, temperature and potential 

evaporation are required for each (daily) time step. Potential evaporation is estimated with the 

Makkink formula. Model parameters are derived from land use and soil characteristics using CORINE 

land cover data (EEA) and Soilgrids (Hengl et al., 2017). 

3.3.5 Model performance  

The calibrated model (Buitink et al., 2023) has an overall good performance to represent low, average 

and high flow conditions (Table 6).  However, the calibration has been performed in version 0.7.3 and 

the version that supports re-infiltration also includes later developments of changes related to the 

calculation scheme of actual evaporation. These changes result in lower evaporation and higher 
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streamflow during the summer period. The use of the WFLOW-SBM version with re-infiltration, 

therefore, alters the performance of the model to represent low flows. Evaporation is 

underestimated and summer discharges are overestimated compared to observations. Therefore, 

the results should be evaluated in terms of relative changes instead of absolute values.  

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

include: 

¶ Enabling the re-infiltration of overland flow to allow the implementation of measures with 

additional ponding.  

¶ Grouping of the extended list of CORINE land cover class to an aggregation of the 11 

dominant classes in the Meuse basin.  

 

Table 6 Three objective metrics to assess the skill of the WFLOW-SBM model on a daily timestep at Borgharen. The 
measures are: Nash Sutcliffe Efficiency (NSE) of discharge (high flow performance, Nash and Sutcliffe, 1970 (Nash & 
Sutcliffe, 1970) and the same on the logarithm of the discharge (NSElog as an indication of low flow performance) and 
the Kling-Gupta Efficiency (KGE) for overall model performance (Gupta et al., 2009). 
 

Metric WFLOW-SBM 2024 Calibration 

NSE 0.898 

NSElog 0.908 

KGE 0.920 
 

3.3.6 Parameterisation of measures 

Eleven measures, which can be represented in the WFLOW-SBM model, are retained from the 

catalogue of measures to evaluate their effect on low flows within the Meuse. Table 7 summarizes 

how the measures have been implemented in WFLOW-SBM. Each measure is assumed to be 

implemented over the full suitability area, as derived from the previous analyses (see Section 3.2.2.2). 

Measures related to land use changes are implemented in WFLOW-SBM through the following steps: 

¶ Update of model parameters related to land use through a look-up table with the dominant 

11 CORINE land use classes present in the Meuse basin (Appendix D). These parameters 

include: 

o Kext: the extinction coefficient to calculate the canopy gap fraction [-] 

o Swood: storage woody part of vegetation [mm] 

o Sl: Specific leaf storage [mm] 

o N: manning roughness for overland flow [s m1/3] 

o PathFrac: the fraction of paved area [-] 

o WaterFrac: the fraction of open water [-] 

 

¶ Update of the monthly leaf area index (LAI), which is used to estimate interception losses. The 

monthly leaf area index is estimated from MODIS, and a table is then created to link land use 

classes to monthly LAI values. When land use is changed, also the LAI is changed by updating 

the model.  
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¶ Scaling factor on the rooting depth parameter. Rooting depth is a sensitive parameter in 

hydrological models as it determines the partitioning of water to evaporation and drainage. 

Global estimates of rooting depth suffer from inaccuracies due to a lack of data at sufficient 

resolution, and look-up tables are, therefore, highly uncertain. Rooting depth in the Meuse 

basin has been estimated using a climatic-discharge relationship during earlier research 

(Bouaziz et al., 2022), and later bias corrected using calibration techniques (Buitink et al., 

2023). This iteratively improved rooting depth map requires measures impacting rooting 

depths to be implemented through scaling factors instead of a lookup-table approach. We 

consulted different sources of literature to estimate these scaling factors in a plausible way 

(Guillaume et al., 2025; Hrachowitz et al., 2021). 

 

¶ For some measures (swales and agricultural management), an additional scaling factor on the 

Manning roughness used for calculating overland flow was assumed, as these measures are 

implemented in a way to substantially reduce flow velocities. 

 

¶ A ponding threshold water level has been implemented to represent measures that aim to 

increase re-infiltration of overland flow into the groundwater.  

Each of these changes involves a high degree of uncertainty and although a full sensitivity analysis 

was outside the scope of the current study, it would be an interesting next step. A more detailed 

description of the changes implemented for each measure is provided in the sections below and a 

summary is provided in Table 7. 

Wetland restoration 

Wetland restoration enhances landscape water retention capacity in formerly drained areas. The 

areas provided in the suitability map for wetland restoration are based on HAND and current wetland 

presence. In the model, these areas are reclassified to peatbog land cover (class 10 of Table 13 in 

Appendix D) and assigned a significant ponding threshold of 8 cm. This creates substantial surface 

water storage capacity. This parameterization mimics the natural water retention function of healthy 

wetlands, with their characteristic sponge-like behaviour during precipitation events (if 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 benefits. In the model, 

the farmland areas are converted to broadleaved forest (class 6 of Table 13 in Appendix D). The 

conversion footprint follows the suitability maps (See section 4.3), 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 forests (Guillaume et al., 2025; Hrachowitz et al., 2021). Forest parameterisation 

enhances root zone water storage capacity, while simultaneously reducing surface runoff. Farmland 
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to forest conversion 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 erosion-prone areas to enhance water retention and 

reduce peak flows. The areas identified in the suitability analysis are 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., 2021). This 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  

Swales are designed to intercept and slow surface runoff in agricultural landscapes. Unlike complete 

land use conversions, swales maintain the existing land cover while introducing staggered demi-lunar 

depressions that are intended to enhance water retention by slowing overland flows. The 

implementation follows the suitability maps that 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 of 1 cm (on average over the 1 km x 1 km model 

resolution grid). This approach creates a distributed network of small-scale retention features that 

collectively 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 agricultural 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. The spatial extent of the 

implementation follows the suitability maps identifying 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 1.2 cm ponding threshold, simulating the flow impedance and backwater 

effects created by these structures. 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 to peatland 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 follows the suitability 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 10), a 24 cm ponding 

threshold, and an 83% reduction in rooting depth  - scale factor 0.17 (Guillaume et al., 2025). This 

approach attempts to simulate the hypothesized effects of rewetting former peatlands, potentially 
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creating conditions where capillary rise may 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 24 cm is applied where landscape retention with wetland 

restoration is assumed to increase. 

Ponding on farmland  

Farm ponds are a measure targeting agricultural lands where small-scale water storage could 

potentially supplement irrigation needs during dry periods or contribute to natural infiltration areas. 

The implementation follows the suitability maps that identify candidate locations based on 

topography, land ownership patterns, and water demand. In the model, these areas are 

parameterized with a 4.5 cm ponding threshold while maintaining their original land use 

classification. This approach attempts to simulate the hypothesized 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 approximately), acknowledging that actual ponds would occupy only a small portion of 

each cell. 

Agricultural management  

Agricultural management is an intervention 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 follows the 

suitability maps, which identify suitable areas based on slope, aquifer characteristics, soil texture, 

and current agricultural use. In the model, these areas maintain their agricultural classification but 

receive a specialized parameterization (class 12). This classification is based on a weighted average 

of the parameters assuming 85% cropland, 10% shrubs and 5% tree cover in former cropland areas. 

In addition, a 15% increase in rooting depth and a 20% increase in Manning's roughness coefficient 

is assumed. This 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 of these management changes, 

acknowledging that actual implementation would vary considerably across farms. The relatively small 

parameter adjustments reflect the incremental nature of these interventions, which aim to enhance 

hydrological function without fundamentally changing land use patterns. 

Coniferous plantations to peatland  

Coniferous plantations to peatland conversion are an intervention 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 follows the suitability maps derived based on current coniferous cover, soil 

characteristics, and historical wetland presence. In the model, these areas are reclassified from 

coniferous forest to peatbog (class 10) with an 83% reduction in rooting depth  - scale factor 0.17 

(Guillaume et al., 2025) - and a substantial 24 cm ponding threshold. This parameterization attempts 

to simulate the transition from deep-rooted tree systems to shallow-rooted 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 represents one of the more dramatic land cover 

transitions in the model scenarios, with substantial changes to multiple hydrological parameters. 

Coniferous plantation to broadleaved forest  

Coniferous plantation to broadleaved forest conversion targets plantation forests with the aim of 

establishing more natural forest ecosystems. This measure focuses on areas with non-native conifer 

plantations that could support native broadleaved species. The implementation follows the suitability 

maps identifying conversion 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 

doubling of rooting depth (scale factor 2.0; Guillaume et al., 2025). This 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 intervention maintains 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  

The measures are implemented in the model by updating the land-cover related parameter maps 

through look-up tables (see Table 13 in Appendix A). In addition, scaling factors are applied to the 

rooting depth and the Manning roughness, and a ponding threshold is added where applicable. The 

monthly leaf area index is only updated with the new land use maps. All the changes for each measure 

are summarized in Table 7. 

It is important to note that the factors applied for the rooting depth, the ManningΩs roughness and 

the ponding threshold are highly uncertain. In a follow-up study, it would be interesting to carry out 

a sensitivity analysis to quantify the uncertainty.  

Table 7 Measures implemented in WFLOW-SBM through the following changes in terms of land use change, rooting depth 
scaling, manning roughness (N) scaling and ponding threshold. 

Measure 

Land use to 

class (see 

Appendix D) 

Rooting 

Depth 

scaling [--] 

N 

scaling 

[-] 

Ponding threshold 

[cm] 
Polding threshold reference 

Wetland 

Restoration 
Peat bogs (10) 1 1 8.0 cm 

(Foley & Denver, n.d.; Waterloo et al., 

2019; Wenzel & Shaw, 2015) 

Farmland to 

Forest 

Broadleaved 

forest (6) 2.5 1 - - 

Reforestation of 

Hillslopes 

Broadleaved 

forest (6) 2.5 1 - - 

Swales (Bunds) - 1 2 1.0 cm 
(Autodesk Civil 3D Help | Vegetated 

Swale | Autodesk, n.d.; Chin, 2024; 

Clean Water Services, n.d.; Tennessee 

Department of Environment and 

Conservation, n.d.) 
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Measure 

Land use to 

class (see 

Appendix D) 

Rooting 

Depth 

scaling [--] 

N 

scaling 

[-] 

Ponding threshold 

[cm] 
Polding threshold reference 

Check Dams - 1 1.5 1.2 cm 
(Bureau of Agriculture and Fisheries 

Standards (BAFS), 2017; Environment 

Canterbury, n.d.; Franklin Soil and Water 

Conservation District, 2014) 
Farmland to 

Peatland 
Peat bogs (10) 0.25 1 24.0 cm 

(Foley & Denver, n.d.; Snowdonia 

National Park Authority, 2022) 

Forest to 

Peatland 
Peat bogs (10) 0.17 1 24.0 cm 

(Foley & Denver, n.d.; Forestry 

Commission Scotland, 2015; NatureScot, 

n.d.) 

Ponding on 

Farmlands 
- 1 1 4.5 cm 

(Department of Soil & Water 

Conservation Engineering, n.d.; Pond 

Calculator, 2024; United States 

Department of Agriculture, Soil 

Conservation Service, 1982) Agricultural 

Management 

Agroforestry 

(12) 1.15 1.2 - - 

Coniferous 

Forestry to 

Peatland 

Peat bogs (10) 0.17 1 24.0 cm 
(Foley & Denver, n.d.; Forestry 

Commission Scotland, 2015; Guillaume 

et al., 2025; NatureScot, n.d.) 

Coniferous 

Forestry to 

Broadleaved 

Broadleaved (6) 2 1 - - 

 

3.3.7 Evaluation of modelled NbS measures 

The evaluation of NbS was carried out by simulating each individual measure separately in the 

WFLOW-SBM hydrological model. Measures were implemented over the full extent of the area 

mapped as suitable for 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 a practical sensitivity test. 

A run of the model with each measure is compared to the baseline model to evaluate both the 

potential of individual measures and their influence on discharge responses at key locations across 

the basin. The increment of discharge at these locations is chosen as the primary indicator to evaluate 

the effect of the measures, as the focus is on improving low-flow conditions. Modelled discharge 

increments were analysed for three different time windows: Annually (January to December), for the 

dry season (April to September), and for the critical low-flow period (July to September). For each of 

these periods, we calculate both the relative change (percentage increase) and the absolute change 

(in cubic metres per second) in discharge compared to the reference run. The computation is 

performed as follows: 
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For each day Ὥ, the value from the run with the measure is compared to the corresponding value from 

the reference run over a total of ὲ days (365 days annually, or 366 for leap years; 183 days for the 

dry season; and 92 days for the critical period). To determine the most effective measures, we 

focused on the increase in discharge during the critical low-flow period from July to September - 

which is the most relevant from a low flow perspective. A measure is considered to have higher 

potential if it leads to an increase in discharge during this period in absolute terms (m³/s). This allows 

to rank the individual measures based on their impact (increment of discharge during critical period). 

While discharge was the main variable of interest in this evaluation, other hydrological indicators of 

άsponginessέ ŎƻǳƭŘ ōŜ ŦǳǊǘƘŜǊ ƛƴŎƭǳŘŜŘ in the future. This could include changes in soil moisture, 

groundwater recharge or evapotranspiration.  

3.4 Estimation of impact of technical measures 

In addition to the selected NbS measures, traditional measures such as reservoir operation hydraulic-

structure operations (e.g., weirs/ locks) continue to play a key role in addressing low-flow challenges 

in river basins. These technical interventions are often already in place and can be actively managed 

to mitigate drought impacts. As 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, to provide an estimate of what such measures could potentially achieve, we include 

simplified estimations of their contribution during low-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 season (JulyςSeptember) from the conservation volume available from high-

flow season. For each reservoir, key information such as flood pool level, gate level, and the levelς

areaςvolume curve was obtained from an existing  RIBASIM model of the Meuse basin (van 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 storage volume was adopted as an 

estimate of usable storage to augment low flows. This estimate was made as it is the same order of 

magnitude as where the information is available. The estimated additional discharge (in m³/s) was 

calculated by then distributing the active volume or expected seasonal release to alleviate low flows 

over the three-month critical period (July-September).  

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 can be raised up to an additional 0.5 m when compared to existing pool levels. This 

additional volume can then be gradually released during the critical low flow season, as in the case 

of reservoirs. For each lock segment along the Meuse River, we calculated the water surface area 

using available length and width data. Additional volumes were then estimated for incremental water 

level changes (0.1 m to 0.5 m) by multiplying the surface area by the change in level. The additional 

volumes represent potential short-term storage or release capacities within each reach. 

Corresponding discharges (in m³/s) were derived by dividing the volumes by the number of seconds 

over the 3-month critical period (JulyςSeptember), allowing an estimate of average contribution per 

segment during critical low-flow periods. 
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4 Results and discussions 

4.1 Human influence 

To analyse the 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 us to quantify the extent 

to which management practices either alleviate or aggravate low-flow conditions. Before presenting 

summary results across the Meuse basin, we focus on Stah and Borgharen as examples to show two 

different types of human influence: Stah shows alleviation effect due to upstream reservoir 

operation, while Borgharen shows cumulative upstream aggravation effects. 

Looking at full time series patterns helps us understand how human activities affect low flows over 

many years (wet and dry). At Stah (Figure 7) τa station on the Rur downstream of the main reservoirs 

in the Rur basin, the volume and duration of low-flow events are generally smaller under naturalised 

conditions. The median observed volume deficit is about 30ς40 mm, compared to around 10ς20 mm 

under naturalised conditions. In terms of duration, the difference is less pronounced. This may reflect 

the buffering role of the reservoirs in the Rur system, which can delay or reduce the impact of 

abstractions in some periods but still leads to aggravation in others. This would suggest that low flows 

are overall aggravated by human influences in the Rur basin. 

 

Figure 7 Human influence in terms of volumes and duration - example at Stah. 
 

However, to see when alleviation or aggravation this happens, we can look more closely at specific 

periods. Figure 8 shows detailed discharge for 2010ς2012. We can see periods where the 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 periodsτthis is shown by the green 

and blue shaded areas (alleviation signals). Conversely, in mid-2012, 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. This does not imply a functional failure; rather, it shows 

the reservoir is operating as intended, balancing water supply, storage, and downstream flow targets 

to alleviate low flows when needed. 
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Figure 8 Human influence at Stah (Rur).  
 

In contrast to Stah, the station at Borgharen shows a much stronger and more persistent signal of 

human influence on low flows (Figure 9).  Looking at the averages in terms of volume and duration 

deficits using the full time series, we see clear differences between observed and naturalised 

conditions. As shown in Figure 9, the volume and duration of low flows are consistently higher for 

the observed discharge. The median volume deficit is around 20 mm for observed flows, compared 

to less than 5 mm for naturalised flows. Similarly, low flows in the observed data last much longer 

(often over 100 days) while in the naturalised series they are usually shorter (around 30 days). This 

points to a consistent human aggravation of low flows, likely due to the accumulation of upstream 

abstractions, land use or limited return flows. 

 

Figure 9 Human influence in terms of volumes and duration - example at Borgharen. 
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Zooming in on specific years can help us better understand when and how these impacts occur. Figure 

10 shows the discharge time series for Borgharen between 2017 and 2020. During drier years such 

as 2017, observed discharge drops below the naturalised line, with many periods classified ŀǎ άƘǳƳŀƴ 

ŀƎƎǊŀǾŀǘŜŘέ ƻǊ άмлл҈ ƘǳƳŀƴ ŀƎƎǊŀǾŀǘŜŘΦέ Different from Stah, there are fewer signs of human 

alleviation during low flow periods.  

 

Figure 10 Human influence at Borgharen (Meuse). 
 

Figure 11 shows the proportion of time that different types of human influence occurred across the 

Meuse basin, based on the full analysis period (40 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 low-flow 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 share of alleviating signals, reflecting the role of water 

management in these systems. At Borgharen, human aggravation dominates, followed by periods of 

100% aggravationτshowing that observed flows were frequently lower than naturalised ones, likely 

due to cumulative abstractions upstream.  

 

 



[LoFloMeuse Technical Report] 

32 

 

Figure 11 Human influence and signals at different gauge stations across the Meuse Basin during 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 

managedτthrough reservoirs, abstractions, or land use practices ς as can be observed from the 

signals of upstream gauges. These local interventions can either reduce 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 may 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 basin-wide concern, where upstream decisions directly affect 

downstream water availability. This is supported by the spatial distribution of infrastructure, 

demands, and returns as shown in Figure 12. This shows where the main reservoirs, demands, and 

return flows are, and helps explain how pressure in one area can affect flow far downstream.
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Figure 12 Locks, weirs, reservoir volumes, maximum demands and returns. 

 



[LoFloMeuse Technical Report] 

34 

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 river discharges during low flow periods. Figure 13 shows the 

seasonal discharge volumes in each sub-area, divided into total volume and baseflow volume 

(hatched). The dominant human influence as identified in the previous section is indicated for each 

season below the bars.  

This shows that the main contributors to flow in the Meuse basin are the Upper Meuse (1.1) and 

Upper Meuse, Viroin, Semois (1.2) sub-areas. These have the highest total and baseflow volumes, 

especially in winter and spring, indicating good storage capacity. The Ourthe, Vesdre, Amblève, 

Eijsden (2.3) sub-area also contributes a lot to total flow but has lower baseflow in summer. The Rur 

(3.2) and Sambre (2.1) have a moderate total flow but high contribution to baseflow . In contrast, 

Chiers (1.3) and GeerςGeleenbeekςGeul (3.1) have low flow and baseflow all year ς although these 

are also smaller catchments (or sub-areas), which explains their lower contribution. 

These differences are further explained by Figure 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 more gradually from 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 for a shorter period after rainfall, reflecting lower 

natural storage capacity. 

Recent work (Chagas et al., 2024) recommend using more integrated, process-based 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 OurtheςVesdreςAmblève (2.3) area, where we observe 

low baseflow, fast recession, and clear signal of human aggravation of low flows. This region is also 

largely covered by non-aquiferous formations, which means there is a limited ability to store 

groundwater and gradually release this 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 a hydrological perspective, these areas may still 

benefit from co-benefits of NbS, such as improving biodiversity, soil health, and landscape quality. 

Alternatively, such regions might be more suitable for engineering interventions (e.g., improved 

reservoir operation, operating existing weirs), water management and use, if augmentation of flow 

during low-flow periods is a key objective. However, these decisions are not straightforward and 

require more detailed assessment. This is further explored in the next sections, where the suitability 

of NbS measures considering the geomorphological and landscape characteristics to identify areas 

with high potential for the implementation NbS is explored, followed by the evaluation of how these 

contribute to low flows through modelling. 
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Figure 13 Seasonal volumes for the different sub-areas of the Meuse basin with the corresponding predominant signal from human influence. 

1.1 1.2 1.3 2.1 

2.2 2.3 3.1 3.2 
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Figure 14 Baseflow recession constants (days) for the different sub-areas versus aquifer type. 

4.3 Suitability of measures 

This section presents the spatial suitability of the different NbS we consider in this study across the 

Meuse basin, based on the landscape classification and suitability criteria described in Section 3.2.2.2  

(Table 5). Figure 15 offers an example of these suitability maps, specifically for the Chiers basin. On 

this map, green pixels denote suitable areas ('1'), while transparent pixels represent non-suitable 

areas ('0'). All individual suitability maps for each NbS measure in the Meuse Basin are compiled in 

Appendix C. The distribution of suitable area per measure and per sub-area is summarised in Figure 

16 in terms of percentage of suitable area. 

 

Figure 15 Example of a suitability map for the Chiers basin.
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Figure 16 Distribution of suitable (%) area per measure and per hydrological sub-area. 
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Measures involving land use or management change, such as Agriculture Management, Farm to 

Forest, and Farm to Peatland/Wetland, are generally suitable across the basin, especially in sub-areas 

with extensive agricultural land and moderate slopes. For example, Agriculture Management reaches 

over 47% suitability in the Chiers sub-basin and over 50% in the Lower Meuse and Geleenbeek-Geer 

(Figure 17). These areas are dominated by agricultural land (see Table 3) and have highly productive 

aquifers which promote infiltration and better surface-subsurface interaction, especially in the Lower 

Meuse. 

NbS such as Farm to Forest, Drainage Modification, and Farm Ponds are considered suitable where 

aquifers are at least moderately productive. The Lower Meuse, Upper Meuse, and Chiers contain 

zones of highly productive fissured or porous aquifers, making them particularly suitable for these 

measures. Large areas of the Middle Meuse and parts of the Sambre, Ourthe, and Rur are underlain 

by non-productive or practically non-aquiferous geology, which limits the suitability of infiltration-

based interventions. This explains the lower suitability percentages for these measures in those sub-

areas. 

Measures that require flat or gently sloping terrain, such as Wetland Restoration, Farm to 

Peatland/Wetland, and Farm Ponds; are 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 slope-dependent measures including 

Swales, Check Dams, and Hillslope Reforestation. 

Natura 2000 areas also influence spatial suitability. These areas were generally excluded, except for 

measures with clear ecological co-benefits, such as Reforestation and Wetland Restoration. These 

were considered suitable within the Natura 2000 areas, depending on other suitability criteria. 

In terms of soil 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 medium-fine textured soils, which work well 

for most measures. More restrictive soil types, like very fine clays or coarse sands, are not common 

in the Meuse Basin and therefore do not limit suitability much. Soil type does become more 

important for wetland and peatland restoration, since coarse, very permeable sands soils let water 

drain away and cannot hold water long enough to sustain these habitats without a high 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 low-flow conditions. Areas with a high percentage of suitable land for many measures, 

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

on discharge and have potential for large-scale implementation of NbS, as well as the combination 

of multiple measures in the same sub-area where these are not spatially overlapping. It is also 

important to note that suitability 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 results in Section 4.5.  
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4.4 Stakeholder workshop 

On 11th of February, we organised an online stakeholder workshop to build a shared understanding 

of low-flow challenges in the Meuse and to jointly identify ways to address them. The session aimed 

to explore potential measures to mitigate low flows, with a particular focus on NbS. Organised 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 capacity of the basin to buffer low flows. 

Participating institutions included Université de Liège, Service Publique de Wallonie (SPW) , De 

Vlaamse Waterweg, Regionaal Landschap Kempen en Maasland, Instituut Natuur-en Bosonderzoek 

(Belgium); Région Grand Est, DREAL Lorraine, and Eau Rhin Meuse (France); Provincie Limburg, 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 influences.  The 

catalogue of potential measures where then presented, including NbS (3.2.1), along with the 

suitability analysis to identify where these measures could potentially be implemented. This provided 

a foundation for the discussions that 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 basin (Figure 17).  

 

Figure 17 Overview of MIRO Board used during interactive World Café session (main view).  
 

Factors such as hydrology, landscape characteristics and suitability were considered (Figure 18). 

Participants also had the opportunity to share insights on ongoing and planned initiatives in the 

region.  

https://miro.com/app/board/uXjVLqZQXjg=/
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Figure 18 Overview of MIRO Board used during interactive World Café session (additional information).  
 

The workshop concluded with a plenary wrap-up, consolidating the main takeaways from the 

discussions. The structure of the session is presented in Table 8. The feedback gathered will 

contribute to the next phase of the LoFloMeuse project, which will focus on modelling and evaluating 

the effectiveness of selected strategies.  

Table 8 Structure of the session. 

Time (CET) Duration Topic Who 

14:00 млΩ Welcome, Introduction to context - general setting  Norbert 

14:10 млΩ Introduction to session, agenda, objectives and structure Micha 

14:20 млΩ Participants briefly introduce themselves (name, 
organisation) 

All 

14:30 рΩ Icebreaker Mentimeter session Cristiane 

14:35 мрΩ Hydrology and low flows in the Meuse Deborah 

  Measures to reduce low flows: Nature Based solutions & 
Other measures 

 

14:50 млΩ Break  

15:00 прΩ World Café Session 
LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ŘȅƴŀƳƛŎǎ ŀƴŘ ǎǘŀǊǘ ƻŦ ƎǊƻǳǇǎ ǎŜǎǎƛƻƴ όрΩύ 
Round 1 - aŀƛƴ ǊƻǳƴŘ όнлΩύ 
Round 2 - ±ŀƭƛŘŀǘƛƻƴ ǊƻǳƴŘ м όмлΩύ 
Round 3 - ±ŀƭƛŘŀǘƛƻƴ ǊƻǳƴŘ н όмлΩύ 

 
Micha 
Micha/Deborah/Cristiane 
Micha/Deborah/Cristiane 
Micha/Deborah/Cristiane 

15:45 мрΩ Plenary wrap-up per sub-area (presentation by sub-area 
convener & discussion) 

Micha/Deborah/Cristiane 

16:00 мрΩ Overall wrap-up & next steps Micha, Norbert, Deltares 

 

Figure 19 illustrates the results of a Mentimeter poll conducted at the start of the workshop, asking 

ǇŀǊǘƛŎƛǇŀƴǘǎΥ ά²Ƙŀǘ Řƻ ȅƻǳ ǘƘƛƴƪ ƛǎ ǘƘŜ Ƴƻǎǘ ŜŦŦŜŎǘƛǾŜ ǿŀȅ ǘƻ ƳƛǘƛƎŀǘŜ ƭƻǿ Ŧƭƻǿǎ ƛƴ ǘƘŜ aŜǳǎŜ .ŀǎƛƴΚέ. 

Key words included infiltration, sponge, river restoration, and water use, showing a recognition of 

both landscape-based and operational measures. Terms like wetland restoration, decentral water 

retention, and steering of weirs pointed to a combined awareness of NbS and technical interventions, 
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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. 

 

Figure 19 Mentimeter ς άWhat do you think is the most effective way to mitigate low flows in the Meuse Basin?έ 
 

The interactive breakout sessions gave participants the opportunity to explore and discuss potential 

measures for each group area. Table 9 presents the measures that were prioritised by participants in 

each of the sub-areas of the Meuse. In the Upper Meuse, there was a strong focus on interventions 

along the river corridor, especially floodplain reconnection, wetland restoration, and riverbank 

restoration. These were complemented by agricultural management and infiltration-based 

measures, such as farm ponds, particularly suited to hilly areas with good aquifer potential. In the 

French part of the basin, water allocation strategies emerged as an option to tackle low flows. 

Participants also mentioned the need to distinguish between different forest types when considering 

reforestation and the value of considering the ecological co-benefits, even if there was not a 

significant improvement of the hydrological contribution to low-flows. 
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Table 9 Stakeholders-preferred measures. 

 

In the Middle Meuse, stakeholder preferences reflected a wide range of measures, shaped by both 

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 permeable due to the predominance 

of slates and shales, which affects the suitability and expected performance of infiltration-based NbS. 

Peatland and wetland restoration were acknowledged for their value in carbon sequestration, 

particularly in areas like the Haute Fagnes. However, these were assigned lower priority due to their 

limited contribution to river baseflow. A measure to transform conifer forest to peat was also 

mentioned as an additional measure not (yet) identified in the catalogue, consistent with other 

studies that explored this transition (Guillaume et al., 2025). Reservoir operation also emerged as a 

measure with potential, especially for ensuring ecological flows and fish habitat continuity. Although 

they were unsure at first, stakeholders ended up supporting check dams in steep tributaries and 

chose agricultural practices to boost infiltration and ecosystem health, especially in the northern 

Vesdre and Sambre. 

In the Lower Meuse, infiltration measures (e.g., swales, buffer strips) were supported in areas with 

more slopes like 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, use of existing 

reservoirs (e.g., in the Rur), and strategic placement of measures near former lignite mining areas 

were also discussed (particularly in the Rur Basin). Land 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 practices while maintaining the agricultural purpose instead of a full 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 

The WFLOW-SBM model is run from 1970 to 2024 capturing some of the most severe drought periods 

on record such as 1976 and 2018. The performance of the model in simulating observed flows in the 

Meuse is not focussed on in this report as this is extensively reported in previous reports όhΩIŀƴǊŀƘŀƴ 

et al., 2024). The main interest of this study is to establish a baseline model with a reliable 

performance that can then be used as a refrence to test the relative change of implementing 

measures in the system.  

The results of the baseline model are evaluated to quantify the impact of the following sources of 

changes that have been made to the model since the 2024 calibration όhΩIŀƴǊŀƘŀƴ Ŝǘ ŀƭΦΣ нлнпύ. 

¶ The WFLOW-SBM version with which the model was calibrated deviates from that which 

includes re-infiltration of overland flow. These changes affect the calculation scheme of 

evaporation and result in lower evaporation rates in comparison to the WFLOW-SBM version 

0.7.3 used for calibration.  

¶ The calibrated version of the model does not yet include the re-infiltration option of overland 

flow. 

¶ The calibrated version of the model makes use of a look-up table based on the CORINE land-

cover dataset with many land use classes, whereas the reference model of this study uses an 

aggregated land use map with 11 dominant classes of the Meuse basin.  

While the latter two changes have very little effect on model performance, the deviation from version 

0.7.3 of the WFLOW-SBM model code results in higher streamflow during the low flow periods and 

higher minimum annual 7-days mean streamflow. In general, the absolute values of simulated low 

flow period discharges tend to be slightly higher than the observations where the difference is most 

prominent in the summer months, performances generally vary throughout the basin. The difference 

in model performance due to the WFLOW-SBM version (and the associated changes in the 

evaporation calculation scheme) are shown in Figure 20 for the mean monthly flow regime. 

 

Figure 20 Effect of WFLOW-SBM version change on mean monthly discharge. 
 

The performance of the baseline model (with reinfiltration and therefore the newer version of 

WFLOW-SBM) compared to observations in shown in Figure 21 and Figure 22. 
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Figure 21 Baseline WFLOW-SBM model 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 aggregated land use classes. 
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Figure 22 A selection of hydrographs sliced from the full timeseries of daily WFLOW-SBM simulated values a Borgharen. 

 

4.5.2 Sensitivity analysis 

The sensitivity analysis assesses the hydrological response of the individual NbS measures 

implemented across their full area that is found to be suitable, compared to the baseline model 

(Section 4.5.1). We focus in the sensitivity analysis on the contribution to increasing (or decreasing) 

the discharge during low flow periods in the different parts in the basin. This contribution is assessed 

during both the critical low-flow period (JulyςSeptember) and the broader dry season (Aprilς

September). Figure 23 and Figure 24 show change at the outlets of each of the sub-areas for the 

critical low-flow period, with change shown as the absolute and relative change in discharge, 

respectively. These results show that peatland restoration seems to be the most effective measure, 

increasing discharge in both upstream and downstream areas. The conversion 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 measures consistently seem to reduce flows (Figure 25 and Figure 26). This is attributed 

to the increased evapotranspiration of forests, particularly due to the increase in rooting depth.
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Figure 23 Impact on discharge of the different NbS measures during critical period (July-September) ς absolute change in discharge. 

 

 

Figure 24  Impact on discharge of the different NbS measures during critical period (July-September) - relative change in discharge. 
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Figure 25 Impact on discharge of the different NbS measures during dry period (April-September)ς absolute change in discharge. 

 

Figure 26 Impact on discharge of the different NbS measures during dry period (April-September) ς relative change in discharge. 
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The differences in discharge response among NbS can be better understood by examining how 

changes in water balance components are captured by WFLOW-SBM model (see example in Figure 

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 reference model. As mentioned before, reforestation leads 

to an increase in evapotranspiration, particularly via transpiration and interception. Additionally, the 

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

of forest land cover. This 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 are likely outweighed by evaporative losses. As a result, the dry-season discharge 

tends to decrease, suggesting that reforestation is not an effective measure for enhancing low flows 

in this context.  

Still, the impact of reforestation on water availabilityτespecially during dry periodsτis complex and 

site-specific. While increased evapotranspiration often reduces streamflow, improvements in 

infiltration and groundwater recharge may balance these losses (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). 

Consequently, forests cannot be assumed to always prevent low flows. To make informed decisions, 

we need long-term field studies and detailed, site-specific hydrological models that realistically 

capture changes in both vegetation and soil processes (van Meerveld & Seibert, 2025). 

Peatland and wetland restoration measures are associated with improved low flows, primarily due 

to their influence on infiltration and groundwater recharge. These measures are particularly effective 

sub-areas with productive aquifers, such as the Upper Meuse (1.1), the Chiers (1.3) and the Geer, 

Geleenbeek, Geul and lower Meuse (3.1). These NbS promote the movement of water into the soil, 

which the WFLOW-SBM model represents as increased recharge to the saturated zone (Qgwr), 

ultimately contributing to higher baseflow. However, it is important to note that WFLOW-SBM uses 

a simplified groundwater representation and does not explicitly simulate deep aquifers or long-term 

groundwater dynamics. Therefore, while an increase in Qgwr and baseflow suggests enhanced low-

flow conditions in the model, this should not be directly interpreted as increased aquifer recharge or 

long-term groundwater storage. Additionally, recent studies (Guillaume et al., 2025) have shown that 

the effect of peatland and wetland restoration on flow retention can vary depending on soil type and 

drainage characteristics. Some areas may retain water longer and not necessarily release it back to 

the stream within the same season, which means low flows may be reduced. 

There is a larger evidence base for the impact of peatland restoration and management on high flows 

than on low flows (Allott 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 rewetting peatlands through ditch-blocking, 

groundwater levels rose by an average of 6 cm and the duration of favourable groundwater 

conditions increased by nearly 28% (Stachowicz et al., 2025). Long-term rewetting of peatlands can 

restore water storage capacity of the upper soil horizon (Ahmad et al., 2020). On the other hand, in 

a shallow, rain-ŦŜŘ ōƭŀƴƪŜǘ ōƻƎ ƛƴ ǎƻǳǘƘǿŜǎǘ 9ƴƎƭŀƴŘΣ vѝљ ŀŎǘǳŀƭƭȅ ŦŜƭƭ ōȅ рсΦт ҈ όŦǊƻƳ лΦллн ǘƻ лΦллм 

m³/s) four years after restoration, indicating that in some contexts peatland restoration simply ponds 

water rather than sustaining baseflow (Gatis et al., 2023). 
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Figure 27 Water balance from different measures at Chooz (example). Q: average river channel (+floodplain) discharge; 
Et:  evaporation via transpiration; Svwc: volumetric water content per soil layer in the root zone including residual water 
content; Es: total losses from saturated and unsaturated store; Qinf: actual infiltration into the unsaturated zone; Ea: 
total actual evapotranspiration; Eow: open water losses; Qof: land runoff; Ss: saturated store; Zi: pseudo-water table 
depth; Sr: root water storage in sat/unsat; Qgwr: net recharge to saturated zone; Ei: interception losses; Qssf: subsurface 
flow; St: total water storage. 
 

Overall, the model reproduces the dominant hydrological signals, particularly for measures affecting 

baseflow and evaporation trade-offs. Still, sensitivity in components like subsurface flow (Qssf), total 

water storage (St), and recharge to saturated zone (Qgwr) could be further explored. Measures 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 representation. Future work 

could focus on improving the parameterisation of key processes such as interception, retention, and 

lateral subsurface flow, or on evaluating the effectiveness of small-scale measures through local-scale 

sensitivity analyses around implementation areas (e.g., upstream and downstream of interventions). 

To complement the analysis based on total discharge change, Figure 28 presents the hydrological 

response during the critical period (July-September) per unit of suitable area (ɲvκƪƳч). This helps 

discriminate measures that achieve large impacts due to their spatial extent from those that are 

hydrologically efficient even in smaller areas. While the definition of the strategy in the next section 

(4.5.4) is based on total absolute contribution during the critical period (Figure 23), this efficiency 

metric offers additional insight, especially for prioritising interventions in space-limited contexts or 

when comparing measures across regions with different land availability. 
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Figure 28 NbS hydrological efficiency as contribution of each measure per unit area (increment during critical period), 
ŜȄǇǊŜǎǎŜǎ ŀǎ ɲvκƪƳч and mm. 
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4.5.3 Modelling strategies 

Considering the approach of defining strategies that represent the highest potential in terms of 

discharge increase across the different sub-areas of the basin, two strategies were developed (Figure 

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 potential. Measures are only included for those locations 

considered suitable for each measure. In cases where two measures overlap in the same pixel, the 

measure with the highest potential is selected. Note that when suitable areas for potentially effective 

measures do not overlap, both can be implemented in the same sub-area. 

The two strategies that are developed are: 

¶ Strategy 1 - Highest potential based on hydrological sensitivity: This strategy focuses on 

selecting the best measures (with a positive increment in absolute discharge during the critical 

period ς July, August, September) for each sub-area, based on the modelling sensitivity 

analysis. 

¶ Strategy 2 - Stakeholder-preferred 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 negative, based on the sensitivity results. Additional 

measures were also added to the catalogue such as ǘƘŜ άŎƻƴƛŦŜǊ ǘƻ ǇŜŀǘƭŀƴŘέ ƳŜŀǎǳǊŜ 

mentioned during the workshop for the Ardennes region in Belgium, which was included 

following stakeholder input. When 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 sub-areas (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, particularly in sub-areas 1.1 and 2.2, 

where peatland restoration is more suitable. Conifer to peatland appears in more localised areas such 

as 1.2 and 2.3, due to the selection criteria (i.e., less coniferous areas over productive aquifers). 

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 additional measures identified by 

stakeholders such as swales, check dams, and hillslope reforestation are introducedτespecially in 

the Upper Meuse sub-areas (1.1 and 1.3).  
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Figure 29 Strategy 1 ς Highest Potential. Based on the measure with the greatest absolute discharge increase during the critical period (JulyςSeptember) per sub-area. 
Strategy 2 ς Stakeholder Preference. Based on preferred measures identified during the stakeholder workshop, ranked by absolute discharge change during the critical period 
where applicable. 
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4.5.4 Evaluation of strategies 

The evaluation of the two modelled strategies shows distinct approaches to addressing low-flow 

ŎƻƴŘƛǘƛƻƴǎ ƛƴ ǘƘŜ aŜǳǎŜ ōŀǎƛƴΦ ¢ƘŜ άIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭέ ǎǘǊŀǘŜƎȅ ǿŀǎ ŘŜǎƛƎƴŜŘ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ 

maximum possible hydrological benefit by selecting the most effective measure per sub-area based 

solely on discharge increase, ǿƘƛƭŜ ǘƘŜ ά{ǘŀƪŜƘƻƭŘŜǊ ǇǊŜŦŜǊŜƴŎŜǎέ ǎǘǊŀǘŜƎȅ ǊŜŦƭŜŎǘǎ ǎǘŀƪŜƘƻƭŘŜǊ-

supported measures and preferences across the basin. The spatial distribution of discharge changes 

is shown in Figure 30Σ ǿƘƛŎƘ ŎƻƳǇŀǊŜǎ ǘƘŜ ŀōǎƻƭǳǘŜ ŎƘŀƴƎŜ ƛƴ ŘƛǎŎƘŀǊƎŜ όɲvΣ ƛƴ Ƴшκǎύ ŦƻǊ ōƻǘƘ 

strategies.  

 

Figure 30 Impact of Nature-based Solutions (NbS) strategies on river discharge during the critical low-flow period (Julyς
{ŜǇǘŜƳōŜǊύ ŀŎǊƻǎǎ ǎǳōǊŜƎƛƻƴǎ ƻŦ ǘƘŜ aŜǳǎŜ ōŀǎƛƴΦ ¢ƘŜ Ǉƭƻǘ ǎƘƻǿǎ ǘƘŜ ŀōǎƻƭǳǘŜ ŎƘŀƴƎŜ ƛƴ ŘƛǎŎƘŀǊƎŜ όɲvΣ ƛƴ Ƴшκǎύ ŦƻǊ ǘǿƻ 
strategies άIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭέ ŀƴŘ ά{ǘŀƪŜƘƻƭŘŜǊ ǇǊŜŦŜǊŜƴŎŜǎέτat aggregated gauge locations representing hydrological 
subgroups. Positive values indicate an increase in discharge compared to the reference scenario. Colours represent the 
magnitude and direction of change, with blue indicating increases and red indicating decreases. 
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At Borgharen, the highest potential ǎǘǊŀǘŜƎȅ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǎƛƳǳƭŀǘŜŘ ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜ ƻŦ ҌфΦно Ƴшκǎ 

(Figure 31) reflecting the cumulative impact of measures such as peatland restoration, which 

exhibited strong positive effects in the sensitivity analysis.  

 

Figure 31 NbS impact on discharge at Borgharen for individually modelled measures and strategies. 
 

While the cumulative effects of the άHighest potentialέ strategy are significantly greater than those 

of the άStakeholder preferencesέ strategy at (Borgharen), a closer look at individual regions suggests 

that a combined approach could also be effective (Figure 30). For example, in areas such as the Upper 

Meuse, high-impact measures like peatland/wetland restoration can be complemented by 

stakeholder-supported interventions such as agricultural management and swales, both suitable for 

the area and shown to have positive effects in regions like the Chiers. In areas like the Middle Meuse, 

the difference between the two strategies is smaller. For example, in the Sambre, both strategies 

show ŀ ǇƻǎƛǘƛǾŜ ŘƛǎŎƘŀǊƎŜ ǊŜǎǇƻƴǎŜΣ ǿƛǘƘ ƛƴŎǊŜŀǎŜǎ ƻŦ ҌлΦрл Ƴшκǎ όIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭύ ŀƴŘ ҌлΦнф Ƴшκǎ 

(Stakeholder preferences), suggesting that stakeholder-supported measures can still result in 

meaningful hydrological benefits.  

 



[LoFloMeuse Technical Report] 

55 

It is important to note that the άIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭέ strategy represents an exploratory scenario 

focused on maximising hydrological benefits, without accounting for social, ecological, or 

institutional constraints. Many of the measures contributing most to the simulated discharge gains, 

such as conversion of farmland or forests to peatlands, require major land use transitions, long 

restoration timelines, and coordinated stakeholder involvement. While this limits the immediate 

feasibility of the scenario, it still provides a valuable reference for the potential hydrological benefits 

of NbS under full implementation.  

As with any hydrological model, WFLOW-SBM is based on assumptions for parameters (e.g., ponding 

threshold, rooting depth) and does not capture long-term groundwater dynamics, which introduces 

some uncertainty. Nevertheless, the evaluation of different measures and strategies remains 

informative for guiding prioritisation and further assessment. 

¢ƘŜ ά{ǘŀƪŜƘƻƭŘŜǊ ǇǊŜŦŜǊŜƴŎŜǎέ ǎǘǊŀǘŜƎȅ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ōŀǎŜŘ ƻƴ ǊŜƎƛƻƴŀƭ ƪƴƻǿƭŜŘƎŜΣ ǇǊŜŦŜǊŜƴŎŜǎΣ 

and ongoing initiatives identified during the workshop. Although this strategy shows a smaller 

simulated discharge increment at Borgharen (+0.57 m³/s), it may well reflect real-world perspectives. 

Several of the preferred measures, such as agriculture management, wetland restoration, and 

hillslope reforestation may provide co-benefits 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 improved through 

refinement of the implementation of efficient measures in suitable areas, the integration of 

complementary technical measures, and through trade-offs between hydrological benefits and 

stakeholder preferences.  

Overall, balancing hydrological effectiveness with stakeholder acceptability offers a more realistic 

and scalable pathway to improving low-flow conditions across the basin. These results also help 

illustrate the capacity of the basin to buffer low flows through NbS, 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 season (JulyςSeptember) from 

both reservoir operation and raising water levels in lock reaches. The results are summarised in Table 

10 and Table 11. In both cases, the additional storage that is allocated to reducing low flows (see 

Section 3.4) is linearly distributed over the critical low flow period, thus strategically augmenting the 

lowest discharges through these additional releases. 

Reservoirs show a wide range of estimated additional releases during the critical season (Julyς

September), from approximately 0.04 to 4.76 m³/s. This range depends primarily on the total storage 

of each reservoir and the reservoir operation rules that determine the usable volume considered 

here (note that for reservoirs where a rule curve was not available, we assumed this to be 20% of the 

total volume). The Rursee reservoir shows the highest potential contribution, as this is also the largest 

reservoir in the basin. Other reservoirs, such as the Urftsee, Lac de la Plate Taille, and 

Wehebachtalsperre, show seasonal average releases between 0.6 and 2.2 m³/s (Table 10). Smaller 

reservoirs typically contribute less than 0.3 m³/s, particularly when assumptions were needed due to 

missing data. Though these results are considered only as indicative, given that the conservation 
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storage in these reservoirs is primarily used for other purposes than augmenting low flows, the total 

contribution is in the order of 11 m3/s for all reservoirs combined, which is significant and compares 

to the contribution of the NbS in terms of order of magnitude. 

Table 10 Estimation of average additional release over Jul-Sep for the main reservoirs. 

Reservoir Name Tributary 
Reservoir 
Volume 
(MCM) 

Share of 
volume above 
Flood Pool (%) 

Estimated 
share when 
missing % 

Average additional 
release over July-Sept 
(m³/s) 

Rursee Rur River 181.8 21% - 4.76 

Lac de la Plate Taille 
d'Heure 
River 

81.3 - 20% 1.98 

Urftsee Reservoir Urft River 48.9 40% - 2.20 

Lac de la Gileppe 
Gileppe 
River 

26.5 - 20% 0.34 

Wehebachtalsperre Inde 25.06 - 20% 0.32 

Wesertalsperre 
Vesdre 
River 

25 - 20% 0.32 

Oleftalsperre Olef River 19.3 27% - 0.63 

Bütgenbacher See 
Warche 
River 

10.86 - 20% 0.14 

Robertville Reservoir 
Warche 
River 

8.4 - 20% 0.11 

Poupehan (Semois 
River) 

Semois 
River 

8.4 - 20% 0.11 

Lac du Val-Joly 
Helpe 
Majeure 

4.5 - 20% 0.06 

Nisramont Reservoir 
Ourthe 
River 

3 - 20% 0.04 

Vieilles Forges / 
Marquisades / Whitaker 

Faux 
River 

2.2 - 20% 0.03 

Barrage de la Vierre 
Vierre 
River 

1.5 - 20% 0.02 

 

The impacts of increasing water levels in lock reaches to increase in-channel storage and strategically 

releasing this extra volume to augment low flow discharges during the low flow period were 

evaluated for potential increases of up to 0.5 m, with estimated corresponding average discharges 

calculated over the three-month critical period. For the Meuse River, the total estimated contribution 

from 29 locks reaches 3.80 m³/s, while for the Sambre River, the total contribution from 5 locks is 

approximately 0.15 m³/s (Table 11). These values represent the average flow equivalent of the 

volumes stored 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 appreciable, particularly for the higher levels of 0.5 m.  

Table 11 Estimation of average additional release over Jul-Sep for the main water locks in the Meuse and Sambre. 

River 
Number 
of locks 

Q (m³/s) 
+10 cm 

Q (m³/s) 
+20 cm 

Q (m³/s) 
+30 cm 

Q (m³/s) 
+40 cm 

Q (m³/s) 
+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 

 

 



[LoFloMeuse Technical Report] 

57 

By comparing them with the results from the NbS scenarios, these results show that the contribution 

to augmenting low flows during the critical low flow months is considerable and in the same order of 

magnitude. Clearly the analysis of these technical measures as presented here is very much an 

indication of the order of magnitude as it does not consider if this is feasible in practice. Water stored 

in the reservoirs is currently used for different purposes, than augmenting low flows, though our 

results of the human influence in these sub-areas is indeed that low flows are reduced, and this is 

attributed to reservoir operation. For the case of increasing storage in lock reaches, it is uncertain if 

this is feasible given the infrastructure, safety concerns, and possibilities to operate locks and dams 

strategically. This would need to be investigated in further research. Further research could also 

consider if these volumes can be used even more strategically through optimising reservoir operating 

rules to this purpose, possibly supported by seasonal forecasts. In any case, this rough 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 measuresτprimarily Nature-based Solutions (NbS) 

but also selected technical interventions, to address low flows in the Meuse River basin. It 

combined observed streamflow data, distributed hydrological modelling using WFLOW-SMB, 

and GIS-based spatial analysis to evaluate the hydrological impacts of interventions such as 

wetland restoration, land cover change, and improved land management aimed at enhancing 

ǘƘŜ ōŀǎƛƴΩǎ ǎǇƻƴƎŜ ŜŦŦŜŎǘ (water retention). 

¶ Types of NbS and evaluation: measures were co-developed with stakeholders and grouped 

into three categories of NbS: those that are implemented in the river corridor, on hillslopes 

or through land use change. These measures aimed to increase (natural) storage in the Meuse 

Basin during the wetter winter season, which can then augment discharges during the 

(critical) summer low flow season. These were complemented by measures that created 

storage through operation of more traditional engineering infrastructure such as reservoirs 

and storage between lock reaches in the main river. The effectiveness of these measures was 

mainly assessed by the extent to which these increased discharges during critical low flow 

periods (July-September). 

¶ Hydrological impacts: some of NbS showed significant potential in increasing discharges, 

especially measures that included restoration of peatland/ wetlands. At Borgharen, the 

άCƻǊŜǎǘ ǘƻ tŜŀǘƭŀƴŘέ ŀƴŘ άCŀǊƳ ǘƻ tŜŀǘƭŀƴŘέ measures increased flow by +3.68 m³/s and 

+3.04 m³/s respectively, if these measures were taken to their fullest possible extent across 

the basin. However, it was found that the effectiveness of measures tested varied across the 

basin depending on suitable landscape characteristics (e.g., aquifer type) and how the 

measures were modelled (e.g., the ponding threshold that was applied in the model to 

simulate increased infiltration). 

¶ Measures that considered afforestation were found to reduce streamflow due to higher 

ŜǾŀǇƻǘǊŀƴǎǇƛǊŀǘƛƻƴΣ ǿƛǘƘ άCŀǊƳ ǘƻ CƻǊŜǎǘέ ŀƴŘ άIƛƭƭǎƭƻǇŜ wŜŦƻǊŜǎǘŀǘƛƻƴέ ŘŜŎǊŜŀǎƛƴƎ 

discharges ōȅ ҍфΦро Ƴшκǎ ŀƴŘ ҍуΦос m³/s, respectively, at Borgharen. Despite this, such 

measures provide valuable co-benefits, such as erosion control, biodiversity, and carbon 

storage, and should not be excluded. Instead, they could be combined with water-retention 

measures (e.g., improved agriculture management practices) or targeted in less hydrologically 

sensitive areas to maximise benefits without worsening low-flow conditions. 

¶ Strategy assessment: tƘŜ άIƛƎƘŜǎǘ ǇƻǘŜƴǘƛŀƭέ ǎǘǊŀǘŜƎȅΣ ǿƘƛŎƘ ŀǇǇƭƛŜŘ ǘƘŜ Ƴƻǎǘ ƘȅŘǊƻƭƻƎƛŎŀƭƭȅ 

effective measures depending on the areas where each measure was found to be suitable, 

resulted in a significant increase in discharge at Borgharen during the critical period 

(+9.23 m³/s), but relied on very extensive land use changes, which may be unrealistic in 

practice. In contrast, a stakeholder-informed strategy, in which measures were selected that 

were prioritised by stakeholders in a participatory workshop, produced a more modest effect 

(+0.57 m³/s). This is, however, based on locally supported interventions. Different strategies 

serve different purposes, and hydrological impact must be balanced with feasibility, co-

benefits, and real-life context. 

¶ Integrated options for managing low flows: simplified estimates of the contribution through 

technical interventions were also evaluated. Operating the reservoirs in the basin (e.g., 
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Rursee) to strategically supplement low flows during critical periods, as well as increased 

water levels in lock reaches in the main Meuse provide an estimated additional discharge 

contribution is in the order of 15 m³/s. These measures do operate on different spatial and 

temporal scales than the NbS and can complement them in an integrated strategy.  

Overall, this study offers a deeper understanding of the potential different measures to improve low-

flow resilience in the Meuse River basin. We identified which measures are most effective in terms 

of the hydrological contribution during critical low periods, and what the potential areas are that are 

suitable for implementation. While no single measure is universally effective, combining targeted 

actions across different landscapes can significantly improve water retention and support low-flow 

resilience. Importantly, the study highlights the value of considering both hydrological impact and 

practical feasibility, offering a useful basis for integrated and locally adapted strategies (both NbS and 

technical measures). In doing so, it provides a foundation for informed decision-making in the context 

of growing climate pressures and increasing demands on water resources. These 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 is subject to limitations across hydrological, methodological, and real-life context 

dimensions. Key challenges and opportunities for future improvement are:  

Understanding how low flows evolve and propagate at the river basin: the study assessed discharge 

patterns and human influence across sub-areas, but a more systematic understanding of low-flow 

processes is needed. Future work should link geology, soils, land use, and climate to drought 

propagation through soil moisture, groundwater, 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 basins: NbS 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 be developed to ensure hydrological plausibility and spatial complementarity. 

Modelling framework and parameterisation of NbS: uncertainties 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 still quite uncertain and it is unclear if these properly 

simulate the hydrological interactions. Multiple adjustments are applied simultaneously, limiting the 

ability to isolate individual effects. The land useςparameter look-up table that is used is a key source 

of structural uncertainty. 

Longer-term changes in soil structure due to vegetation and land use changeτsuch 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 better capture 

soilςvegetation feedback, dynamic storage, and evapotranspiration, while addressing the challenge 

of scaling field-scale effects to the model grid. Uncertainty propagation and feedback with human 

water use should also be assessed. 

Evaluation framework and strategy definition:  some assumptions used in the "highest potential" 

strategy, such as the conversion of old-growth forests in the French part of the basin to peatlands, 

may well be hydrologically unrealistic and not recommended from the perspective of conservation 

of current landscapes. These areas are underlain by permeable limestones, which is unsuitable for 

peatland development. Peatlands typically require impermeable soils and sufficient rainfall to 

maintain saturated conditions. The modelled effect here may be more a reflection of parameter 

settings than a plausible real-world impact. This underlines the need to clearly distinguish between 

exploratory model outputs (e.g., the highest potential strategy) a more detailed process based 

hydrological analysis. It may also algin more with stakeholder-informed scenarios, which better 

reflect feasible and acceptable interventions. For example, if peatland conversions were excluded, 

wetland restoration and check dams would be selected instead, narrowing the gap in effectiveness 

between the strategies. 

Stress-testing low flow strategies under climate extremes in a changing climate: this study used 

historical climate conditions only, without testing future scenarios or robustness. Future work should 

stress-test NbS under diverse drought scenarios to ensure resilient adaptation planning. 



[LoFloMeuse Technical Report] 

61 

References 

Agarwal, D. S., & Bharat, A. (2023). Nature-based solutions for floodςdrought mitigation using a 
composite framework: A case-based approach. Journal of Water and Climate Change, 14(3), 
778ς795. https://doi.org/10.2166/wcc.2023.369 

Ahmad, S., Liu, H., Günther, A., Couwenberg, J., & Lennartz, B. (2020). Long-term rewetting of 
degraded peatlands restores hydrological buffer function. Science of The Total Environment, 
749, 141571. https://doi.org/10.1016/j.scitotenv.2020.141571 

Allott, T., Auñón, J., Dunn, C., Evans, M., Labadz, J., Lunt, P., Nisbet, T., Owen, R., Pilkington, M., 
Proctor, S., & Walker, J. (2019). Peatland Catchments and Natural Flood Management (Report 
ǘƻ ǘƘŜ L¦/b ¦Y tŜŀǘƭŀƴŘ tǊƻƎǊŀƳƳŜΩǎ /ƻƳƳƛǎǎƛƻƴ ƻŦ LƴǉǳƛǊȅ ƻƴ tŜŀǘƭŀƴŘǎ ¦ǇŘŀǘŜύΦ 

Autodesk Civil 3D Help | Vegetated Swale | Autodesk. (n.d.). Retrieved 7 June 2025, from 
https://help.autodesk.com/view/CIV3D/2024/ENU/?guid=GUID-EE8A8B02-EA19-494D-
9969-F9E1970C2279 

Bonetti, S., Wei, Z., & Or, D. (2021). A framework for quantifying hydrologic effects of soil structure 
across scales. Communications Earth & Environment, 2(1), 1ς10. 
https://doi.org/10.1038/s43247-021-00180-0 

Bouaziz, L. J. E., Aalbers, E. E., Weerts, A. H., Hegnauer, M., Buiteveld, H., Lammersen, R., Stam, J., 
Sprokkereef, E., Savenije, H. H. G., & Hrachowitz, M. (2022). Ecosystem adaptation to climate 
change: The sensitivity of hydrological predictions to time-dynamic model parameters. 
Hydrology and Earth System Sciences, 26(5), 1295ς1318. https://doi.org/10.5194/hess-26-
1295-2022 

Buitink, J., Tsiokanos, A., Geertsema, T., ten Velden, C., Bouaziz, L. J. E., & Weiland, F. S. (2023). 
LƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ǘƘŜ YbaLΩно ŎƭƛƳŀǘŜ ǎŎŜƴŀǊƛƻǎ ŦƻǊ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ƻŦ ǘƘŜ wƘƛƴŜ ŀƴŘ aŜǳǎŜ. 

Bureau of Agriculture and Fisheries Standards (BAFS). (2017). Design of a Check Dam (Philippine 
National Standard (PNS/BAFS/PAES 230:2017)). Department of Agriculture, Republic of the 
Philippines. https://amtec.uplb.edu.ph/wp-content/uploads/2020/06/PNS-BAFS-PAES-
230_2017-Design-of-a-Check-Dam.pdf 

Chagas, V. B. P., Chaffe, P. L. B., & Blöschl, G. (2024). Regional Low Flow Hydrology: Model 
Development and Evaluation. Water Resources Research, 60(2), e2023WR035063. 
https://doi.org/10.1029/2023WR035063 

Chin, D. A. (2024). Design of infiltration swales. PLOS Water, 3(3), e0000228. 
https://doi.org/10.1371/journal.pwat.0000228 

Clean Water Services. (n.d.). Vegetated Swale. Retrieved 7 June 2025, from 
https://cleanwaterservices.org/wp-content/uploads/2022/06/vegetated-swale-1.pdf 

Copernicus. (2018). CORINE Land Cover 2018 (vector/raster 100 m), Europe, 6-yearlyτCopernicus 
Land Monitoring Service [Dataset]. https://land.copernicus.eu/en/products/corine-land-
cover/clc2018 

Cornes, R. C., van der Schrier, G., van den Besselaar, E. J. M., & Jones, P. D. (2018). An Ensemble 
Version of the E-OBS Temperature and Precipitation Data Sets. Journal of Geophysical 
Research: Atmospheres, 123(17), 9391ς9409. https://doi.org/10.1029/2017JD028200 

De Wit, M. J. M., Van Den Hurk, B., Warmerdam, P. M. M., Torfs, P. J. J. F., Roulin, E., & Van Deursen, 
W. P. A. (2007). Impact of climate change on low-flows in the river Meuse. Climatic Change, 
82(3ς4), 351ς372. https://doi.org/10.1007/s10584-006-9195-2 

De Wit, M. J. M., Warmerdam, P. M. M., Torfs, P. J. J. F., Uijlenhoet, R., Roulin, E., Cheymol, A., 
Deursen, W. P. A., van Walsum, P. E. V., Ververs, M., Kwadijk, J. C. J., & Buiteveld, H. (2001). 



[LoFloMeuse Technical Report] 

62 

Effect of Climate Change on the Hydrology of the River Meuse (p. 134). Wageningen 
University. 

Deltares. (2022). Policy Brief Nature-based Solutions to  mitigate impacts of droughts. 
Department of Soil & Water Conservation Engineering. (n.d.). Design of Farm Pond. Retrieved 7 June 

2025, from http://eagri.org/eagri50/AENG151/lec12.pdf 
do Nascimento, T. V. M., Rudlang, J., Höge, M., Van Der Ent, R., Chappon, M., Seibert, J., Hrachowitz, 

M., & Fenicia, F. (2024). EStreams: An integrated dataset and catalogue of streamflow, hydro-
climatic and landscape variables for Europe. Scientific Data, 11(1), Article 1. 
https://doi.org/10.1038/s41597-024-03706-1 

Eau France. (2024, October 18). BanqueHydro. HydroPortal. https://www.hydro.eaufrance.fr/ 
Environment Canterbury. (n.d.). Check damsτErosion control water management tools. Erosion and 

Sediment Control Toolbox for Canterbury. Retrieved 7 June 2025, from 
https://esccanterbury.co.nz/project/check-dams/ 

European Environment Agency. (2022). Natura 2000τSpatial data [Data Table]. 
https://www.eea.europa.eu/data-and-maps/data/natura-14/natura-2000-spatial-data 

Foley, H.-N., & Denver, C. (n.d.). Wetland Restoration Criteria and Guidelines (WRCG). 
Forestry Commission Scotland. (2015). Deciding future management options for afforested deep 

peatland. https://www.forestry.gov.scot/publications/1-deciding-future-management-
options-for-afforested-deep-peatland 

Franklin Soil and Water Conservation District. (2014). Check Dams. In Temporary Runoff Control ς 
Chapter 5. https://www.franklinswcd.org/data/doc_lib/1272/Check%20Dams.pdf 

Gatis, N., Benaud, P., Anderson, K., Ashe, J., Grand-Clement, E., Luscombe, D. J., Puttock, A., & Brazier, 
R. E. (2023). Peatland restoration increases water storage and attenuates downstream 
stormflow but does not guarantee an immediate reversal of long-term ecohydrological 
degradation. Scientific Reports, 13(1), 15865. https://doi.org/10.1038/s41598-023-40285-4 

Gregor, M. (2010). BFI+ 3.0 [Computer software]. Department of Hydrogeology, Faculty of Natural 
Science, Comenius University, Bratislava, Slovakia. http://hydrooffice.org/ 
(mailto:milos.gregor@hydrooffice.org ) 

Guillaume, B., Michez, A., & Degré, A. (2025). Leveraging soil diversity to mitigate hydrological 
extremes with nature-based solutions in productive catchments. EGUsphere, 1ς36. 
https://doi.org/10.5194/egusphere-2024-3978 

Gupta, H. V., Kling, H., Yilmaz, K. K., & Martinez, G. F. (2009). Decomposition of the mean squared 
error and NSE performance criteria: Implications for improving hydrological modelling. 
Journal of Hydrology, 377(1), 80ς91. https://doi.org/10.1016/j.jhydrol.2009.08.003 

IŀƳŜŜŘΣ aΦΣ bŀȅŀƪΣ aΦ !ΦΣ ϧ !ƘŀƴƎŜǊΣ aΦ !Φ όнлноύΦ 9ǾŜƴǘπ.ŀǎŜŘ wŜŎŜǎǎƛƻƴ !ƴŀƭȅǎƛǎ ŦƻǊ 9ǎǘƛƳŀǘƛƻƴ 
ƻŦ .ŀǎƛƴπ²ƛŘŜ /ƘŀǊŀŎǘŜǊƛǎǘƛŎ 5ǊŀƛƴŀƎŜ ¢ƛƳŜǎŎŀƭŜ ŀƴŘ DǊƻǳƴŘǿŀǘŜǊ {ǘƻǊŀƎŜ ¢ǊŜƴŘǎΦ Water 
Resources Research, 59(12), e2023WR035829. https://doi.org/10.1029/2023WR035829 

Hartgring, S. (2023). On Forecasting the Rur River. 
https://repository.tudelft.nl/record/uuid:2909d997-a983-490a-a588-87119998543a 

IŜƴƎƭΣ ¢ΦΣ WŜǎǳǎΣ WΦ aΦ ŘŜΣ IŜǳǾŜƭƛƴƪΣ DΦ .Φ aΦΣ DƻƴȊŀƭŜȊΣ aΦ wΦΣ YƛƭƛōŀǊŘŀΣ aΦΣ .ƭŀƎƻǘƛŏΣ !ΦΣ {ƘŀƴƎƎǳŀƴΣ 
W., Wright, M. N., Geng, X., Bauer-Marschallinger, B., Guevara, M. A., Vargas, R., MacMillan, 
R. A., Batjes, N. H., Leenaars, J. G. B., Ribeiro, E., Wheeler, I., Mantel, S., & Kempen, B. (2017). 
SoilGrids250m: Global gridded soil information based on machine learning. PLOS ONE, 12(2), 
e0169748. https://doi.org/10.1371/journal.pone.0169748 

Holden, P. B., Rebelo, A. J., Wolski, P., Odoulami, R. C., Lawal, K. A., Kimutai, J., Nkemelang, T., & New, 
M. G. (2022). Nature-based solutions in mountain catchments reduce impact of 



[LoFloMeuse Technical Report] 

63 

anthropogenic climate change on drought streamflow. Communications Earth & 
Environment, 3(1), 51. https://doi.org/10.1038/s43247-022-00379-9 

Hrachowitz, M., Stockinger, M., Coenders-Gerrits, M., van der Ent, R., Bogena, H., Lücke, A., & 
Stumpp, C. (2021). Reduction of vegetation-accessible water storage capacity after 
deforestation affects catchment travel time distributions and increases young water fractions 
in a headwater catchment. Hydrology and Earth System Sciences, 25(9), 4887ς4915. 
https://doi.org/10.5194/hess-25-4887-2021 

International Meuse Commission. (2022). River Basin Management Plan for the International Meuse 
River Basin District (3rd Cycle of the Water Framework Directive, (2022-2027)). 
https://www.meuse-maas.be/CIM/media/PUBLICATION-PFPG-mars-
2022/PFPG_Maqua_21_14def_en.pdf 

IUCN (International Union for Conservation of Nature). (2016). WCC_2016_RES_069_EN - Defining 
Nature-based Solutions. 
https://portals.iucn.org/library/sites/library/files/resrecfiles/WCC_2016_RES_069_EN.pdf 

Klein, A. C. (2022). Hydrological Response of the Geul Catchment to the Rainfall in July 2021. 
https://repository.tudelft.nl/record/uuid:ee25d687-70af-4aca-ae41-78e3f83943bf 

Ladson, A., Brown, R., Neal, B., & Nathan, R. (2013). A standard approach to baseflow separation 
using the Lyne and Hollick filter. Australian Journal of Water Resources, 17(1). 
https://doi.org/10.7158/W12-028.2013.17.1 

Mes, E., Cremers, N., Jaskula, A., de Lange, T., van der Ploeg, M., & Wadman, M. (2024). Results of 
the Meuse extreme drought Hackathon (p. 30). Deltares; Rijkswaterstaat Water, Verkeer en 
Leefomgeving; RIWA-Maas; Programmabureau Stroomgebied Maas; Ministry I&W. 
https://publications.deltares.nl/11210321_007_0003.pdf 

Ministerium für Umwelt, Naturschutz und Verkehr des Landes Nordrhein-Westfalen. (2024, October 
18). ELWAS-WEB: Hydrological Data. https://www.elwasweb.nrw.de/elwas-web/index.xhtml 

Mosley, L. M. (2015). Drought impacts on the water quality of freshwater systems; review and 
integration. Earth-Science Reviews, 140, 203ς214. 
https://doi.org/10.1016/j.earscirev.2014.11.010 

Nash, J. E., & Sutcliffe, J. V. (1970). River flow forecasting through conceptual models part I τ A 
discussion of principles. Journal of Hydrology, 10(3), 282ς290. https://doi.org/10.1016/0022-
1694(70)90255-6 

NatureScot. (n.d.). Peatland ACTION - Technical CompendiumτRestorationτ8 Forest to bog 
restoration | NatureScot. Retrieved 7 June 2025, from 
https://www.nature.scot/doc/peatland-action-technical-compendium-restoration-8-forest-
bog-restoration 

Nistor, M.-aΦΣ {ŀǘȅŀƴŀƎŀΣ !ΦΣ 5ŜȊǎƛΣ  ΦΣ ϧ IŀƛŘǳΣ LΦ όнлннύΦ European Grid Dataset of Actual 
Evapotranspiration, Water Availability and Effective Precipitation. Atmosphere, 13(5), Article 
5. https://doi.org/10.3390/atmos13050772 

Nobre, A. D., Cuartas, L. A., Hodnett, M., Rennó, C. D., Rodrigues, G., Silveira, A., Waterloo, M., & 
Saleska, S. (2011). Height Above the Nearest Drainage ς a hydrologically relevant new terrain 
model. Journal of Hydrology, 404(1), 13ς29. https://doi.org/10.1016/j.jhydrol.2011.03.051 

hΩIŀƴǊŀƘŀƴΣ aΦΣ 5ŜƴƎΣ WΦΣ .ƻǳŀȊƛȊΣ [ΦΣ ϧ .ǳƛǘƛƴƪΣ WΦ όнлнпύΦ Developments to the wflow_sbm models 
for the Rhine and the Meuse in 2024 [Concept report]. Deltares. 

Panagos, P., Van Liedekerke, M., Borrelli, P., Köninger, J., Ballabio, C., Orgiazzi, A., Lugato, E., Liakos, 
L., Hervas, J., Jones, A., & Montanarella, L. (2022). European Soil Data Centre 2.0: Soil data 
and knowledge in support of the EU policies. European Journal of Soil Science, 73(6), e13315. 
https://doi.org/10.1111/ejss.13315 



[LoFloMeuse Technical Report] 

64 

Penning, E., Burgos, R. P., Mens, M., Dahm, R., & Bruijn, K. de. (2023). Nature-based solutions for 
floods AND droughts AND biodiversity: Do we have sufficient proof of their functioning? 
Cambridge Prisms: Water, 1, e11. https://doi.org/10.1017/wat.2023.12 

Pond Calculator. (2024, July 26). Omni Calculator. 
https://www.omnicalculator.com/construction/pond 

Rijkswaterstaat. (2024, October 18). WaterafvoerτRijkswaterstaat Waterinfo. 
https://waterinfo.rws.nl/#/publiek/waterafvoer 

Ruangpan, L., Vojinovic, Z., Di Sabatino, S., Leo, L. S., Capobianco, V., Oen, A. M. P., McClain, M. E., & 
Lopez-Gunn, E. (2020). Nature-based solutions for hydro-meteorological risk reduction: A 
state-of-the-art review of the research area. Natural Hazards and Earth System Sciences, 
20(1), 243ς270. https://doi.org/10.5194/nhess-20-243-2020 

Schasfoort, F., Monji, F., Mens, M., & Wadman, M. (2024). Socio-economic scenarios for the Meuse 
basin and their impact on river discharge. 

Snowdonia National Park Authority. (2022). Peatland Restoration Methods. 
https://hive.greenfinanceinstitute.com/wp-content/uploads/2022/10/Peatland-
Restoration-Methods.pdf 

SPW. (2024, October 18). [ΩƘȅŘǊƻƳŞǘǊƛŜ Ŝƴ ²ŀƭƭƻƴƛŜτDébit. 
https://hydrometrie.wallonie.be/home/observations/debit.html?mode=announcement 

Stachowicz, M., Lyngstad, A., Osuch, P., & Grygoruk, M. (2025). Hydrological Response to Rewetting 
of Drained PeatlandsτA Case Study of Three Raised Bogs in Norway. Land, 14(1), Article 1. 
https://doi.org/10.3390/land14010142 

Tennessee Department of Environment and Conservation. (n.d.). Tennessee Permanent Stormwater 
Management and Design Guidance Manual. In 5.4.3 Vegetated Swale (Water Quality Swale). 
Retrieved 7 June 2025, from 
https://tnpermanentstormwater.org/manual/11%20Chapter%205.4.3%20Vegetated%20Sw
ales.pdf 

United States Department of Agriculture, Soil Conservation Service. (1982). PondsτPlanning, Design, 
Construction. U.S. Department of Agriculture. 
https://cales.arizona.edu/azaqua/extension/Classroom/pdffiles/590hb.pdf 

van der Krogt, W., Becker, B., & Boisgontier, H. (2022). Low River Discharge of the Meuse: A Meuse 
River basin water management modelling study using RIBASIM (Nos. IDF2857-RIWA MAAS; p. 
85). RIWA - Vereniging van Rivierwaterbedrijven / Deltares. 

Van Loon, A. F. (2015). Hydrological drought explained. WIREs Water, 2(4), 359ς392. 
https://doi.org/10.1002/wat2.1085 

Van Loon, A. F., Rangecroft, S., Coxon, G., Werner, M., Wanders, N., Di Baldassarre, G., Tijdeman, E., 
Bosman, M., Gleeson, T., Nauditt, A., Aghakouchak, A., Breña-Naranjo, J. A., Cenobio-Cruz, O., 
Costa, A. C., Fendekova, M., Jewitt, G., Kingston, D. G., [ƻŦǘΣ WΦΣ aŀƎŜǊΣ {Φ aΦΣ Χ ±ŀƴ [ŀƴŜƴΣ IΦ 
A. J. (2022). Streamflow droughts aggravated by human activities despite management. 
Environmental Research Letters, 17(4), 044059. https://doi.org/10.1088/1748-9326/ac5def 

Van Loon, A. F., Wanders, N., Bloomfield, J. P., Fendeková, M., Ngongondo, C., & Van Lanen, H. A. J. 
(2024). Human influence. In Hydrological Drought (pp. 479ς524). Elsevier. 
https://doi.org/10.1016/B978-0-12-819082-1.00007-2 

van Meerveld, I., & Seibert, J. (2025). Reforestation effects on low flows: Review of public perceptions 
and scientific evidence. WIREs Water, 12(1), e1760. https://doi.org/10.1002/wat2.1760 

van Verseveld, W. J., Weerts, A. H., Visser, M., Buitink, J., Imhoff, R. O., Boisgontier, H., Bouaziz, L., 
Eilander, D., Hegnauer, M., ten Velden, C., & Russell, B. (2024). Wflow_sbm v0.7.3, a spatially 



[LoFloMeuse Technical Report] 

65 

distributed hydrological model: From global data to local applications. Geoscientific Model 
Development, 17(8), 3199ς3234. https://doi.org/10.5194/gmd-17-3199-2024 

Vlaanderen Waterinfo. (2024, October 18). WATERINFO - Kaartencatalogus. 
https://waterinfo.vlaanderen.be/kaartencatalogus?KL=e 

Waterloo, M. J., Gevaert, A., Kersbergen, A., Hegnauer, M., Becker, B., & de Roover, S. A. W. (2019). 
Wetland restoration impact on  streamflow in the Rhine River Basin (No. 190957). 

Wenzel, T., & Shaw, D. (2015). Wetland Restoration GuideτEngineering. 
World Bank. (2021). A Catalogue of Nature-based Solutions for Urban Resilience. The World Bank 

Group. 
Yamazaki, D., Ikeshima, D., Sosa, J., Bates, P. D., Allen, G. H., & Pavelsky, T. M. (2019). MERIT Hydro: 

A High-Resolution Global Hydrography Map Based on Latest Topography Dataset. Water 
Resources Research, 55(6), 5053ς5073. https://doi.org/10.1029/2019WR024873 

Yevjevich, V. (1969). An objective approach to definitions and investigations of continental hydrologic 
droughts. Journal of Hydrology, 7(3), 353. https://doi.org/10.1016/0022-1694(69)90110-3 

Yimer, E. A., De Trift, L., Lobkowicz, I., Villani, L., Nossent, J., & van Griensven, A. (2024). The 
underexposed nature-based solutions: A critical state-of-art review on drought mitigation. 
Journal of Environmental Management, 352, 119903. 
https://doi.org/10.1016/j.jenvman.2023.119903 



[LoFloMeuse Technical Report] 

I 

Appendices 

Appendix A 

Table 12 Overview of selected gauging stations used in the analysis, including their corresponding IDs, paired reference gauges, and associated drainage areas. Gauge IDs are 
sourced from national hydrological services and can be accessed either directly or through the EStreams platform (do Nascimento et al., 2024). Pairing was conducted to 
represent natural flow conditions by selecting upstream or nearby catchments with similar hydro-climatic and physiographic characteristics and limited human influence. For 
the main Meuse, a weighted average based on drainage area was used. In all cases, precipitation differences between the gauged and reference basins were corrected using 
spatial precipitation factors to ensure hydrological consistency. Reservoirs were paired with upstream natural inflow gauges. 
 

Group area Sub-basin Gauge name Gauge ID Area (km²) Paired Gauge ID(s) 
Paired Gauge 

area(s) 

1 

Upper Meuse Stenay B315002001 3926 FR000203 1031 

Chiers 
Chauvency-le-

Château 
B460101001 1705 BEWA0095 89 

Viroin Treignes 90211002 553 BEWA0059 39 

Semois Membre Pont 94341002 1244 BEWA0095 89 

- 
Meuse 
(Chooz) 

Chooz B720000002 10182 BEWA0059;BEWA0049;FR000203;BEWA0047 39;113;1031;274 

- Meuse (Amay) Amay 71321002 16543 BEWA0038 15 

2 

Lesse Gendron 82211002 1314 BEWA0047 274 

Sambre Salzinnes L7319 2869 BEWA0030 1188 

Ourthe Tabreux 59211002 1616 BEWA0015 319.74 

Vesdre 
Chaud 

Fontaine 
Piscine 

62281002 684 DENW1182 143.63 

Ambleve Martinrive 66211002 1069 BEWA0095 192 

- 
Meuse 

(Eijsden) 
Eijsden grens Eijsden grens 20600 BEWA0059;BEWA0049;FR000203;BEWA0084;BEWA0015 39;113;1031;91;317 

- 
Meuse 

(Borgharen) 
Borgharen 6421500 21355 BEWA0059;BEWA0049;FR000203;BEWA0084;BEWA0015 39;113;1031;91;317 

3 

Geer Eben Emael 63400000 459 BEWA0084 91.2 

Geleenbeek Brommelen 6Q18 37 DENW1131 33.63 

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 type, land cover, slope, soil texture, HAND (Height Above Nearest Drainage), 

Natura 2000 areas, and more, based on datasets referenced in Section 3.2.2.1. 
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