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Abstract.  

Incorporating human influences within water resources modelling, in the context of global change, has proven to be a fruitful 

approach for improving the assessment of the impact of climate and water demand changes on hydrology and water demand 

satisfaction (i.e. the percentage of water demand that can be withdrawn). In this study, we developed a methodological frame-

work for planning water management thanks to an integrated water resources management model that details water withdrawal 15 

for irrigation, drinking water supply, cattle watering and industry, as well as releases from wastewater treatment plants, drink-

ing water network leakages, and industrial activities, within a catchment subject to human influence. Using this modelling 

approach on the French Sèvre Nantaise basin and collaborating with relevant stakeholders through workshops, we developed 

a series of future water demand scenarios to examine the sustainability of water use in the future. Our findings indicate that 

climate change will be the primary driver of changes in water resources and water demand satisfaction. Moreover, we found 20 

that low flows and water demand satisfaction will greatly decline in the future, for four out of the five climate projections we 

used. Only Among all the projections, only one climate projectionof them does not indicate a strong decline of low flows and 

water demand satisfaction , and this is only the case infor a some parts of the catchment. We found that aAdapting water uses 

could help mitigate the this decline of low flows and water demand satisfactionnegative impacts, though it is not fully satis-

factorynot totally. The irrigation sector is set to be the most impacted in terms of water demand satisfaction. The study presents 25 

a methodological framework that helps to provide water sector managers with tailor-made results to support the design of 

effective adaptation measures. 

1 Introduction 

It is well established that climate change, characterized by rising air temperatures and altered precipitation patterns, signifi-

cantly impacts water resources (Gleick, 1989; Arnell, 1999). Recent studies have enhanced our understanding of future stream-30 

flow evolution across various regions, including the Mediterranean basin (Noto et al., 2023), South America (Brêda et al., 

2020), and Great Britain (Pastén-Zapata et al., 2020), among others.  
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While this phenomenon is already a significant environmental concern due to the minimal flows needed to sustain aquatic life, 

human water uses further exacerbate the issue. In many regions, the water cycle is heavily altered by water withdrawals and 

releases (Dong et al., 2022). Anthropogenic water withdrawals can be categorised into several sectors, including navigation 35 

(Salam et al., 2022), irrigation (Cheng et al., 2021), drinking water (Yalvaç et al., 2023), industry (Li et al., 2024) and cattle 

watering (Yang et al., 2024), among others. These diverse water uses naturally lead to a range of impacts on the water cycle. 

These impacts can differ based on the timing of water withdrawals (i.e. rather summer for irrigation, and year-round for drink-

ing water and industry) and the amount of water actually consumed. While the majority of water withdrawn for drinking and 

industrial uses is typically returned to the system, a significant proportion of water withdrawn for irrigation is consumed 40 

through processes such as evapotranspiration and plant growth (Starr and Levison, 2014). Additionally, water can be trans-

ferred within or outside of catchments or stored in large reservoirs to meet demand, resulting in significant alterations to 

hydrological regimes (Peñas and Barquin, 2019).  

The Global Water Partnership (2000) defines integrated water resources management (IWRM) as “a process which promotes 

the coordinated development and management of water, land, and related resources in order to maximize the resultant eco-45 

nomic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems”. In other words, 

IWRM seeks to manage water resources comprehensively and holistically, i.e. considering water resources from a number of 

different perspectives or dimensions (Savenije and van der Zaag, 2008).  

Hydrological models, as reviewed by Hrachowitz and Clark (2017), classically simulate water resources without considering 

water uses.Numerous hydrological models, each based on different assumptions, exist to simulate water resources while ne-50 

glecting water uses (Hrachowitz and Clark, 2017). Despite the diversity of approaches, and their diverse qualities, when at-

tempting to comprehend and depict anthropized catchments, it becomes clear that relying solely on the modelling of natural 

hydrological processes is insufficient. Therefore, IWRM modelling has emerged and proved to play a crucial role in the im-

plementation of IWRM (Soncini-Sessa et al., 2007). Such models include water uses and management to the natural water 

cycle represented by classical hydrological models. Badham et al. (2019) prescribe four important steps to respect when de-55 

veloping an IWRM model for the adoption and implementation of effective modelling practices: planning, development, ap-

plication and perpetuation.   

Among the diversity of existing approaches (e.g. Voisin et al., 2013, Fard and Sarjoughian, 2021, Lemaitre-Basset et al., 2024), 

two main IWRM models emerge: Water Evaluation and Planning (WEAP) and Soil and Water Assessment Tool (SWAT). 

The WEAP IWRM model combines water supplies generated through catchment-scale hydrological processes, with a water 60 

management model driven by demands for water and environmental requirements (Yates et al., 2005). This model is governed 

by natural watersheds and the physical network of reservoirs, canals and diversions, and has many applications worldwide, as 

for example in Iran coupled with an agent-based model (Mirzaei and Zibaei, 2021). Regarding SWAT, the recent SWAT+ 

version offers more flexibility than SWAT in defining management schedules, routing constituents, and connecting managed 

flow systems to the natural stream network (Bieger et al., 2017). SWAT+ now includes reservoir operation (Wu et al., 2020) 65 

and can be used for water allocation (Sánchez-Gómez et al., 2025). Krysanova and White (2015) proposed a review of the use 
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of SWAT for water resources assessment, including irrigation-related topics. However, other specific approaches were intro-

duced, such as in Harou et al. (2015) or Pedro-Monzonís et al. (2016), where the economic aspect is highlighted. Another tool, 

the open source airGRiwrm R package, recently emerged in the IWRM models community (Dorchies et al., 2023). This pack-

age relies on the application in a semi-distributed mode of the rainfall-runoff GR models and integrates human water uses (e.g. 70 

withdrawals, releases, and dams), as well as water management practices. It was used to investigate future water management 

at river basin scales (Lemaitre-Basset et al., 2024). In addition, we can mention that although WEAP, and SWAT and air-

GRiwrm are rather generic tools, some authors decided to develop case-study specific models, such as the Bow River Inte-

grated Model (BRIM) (Wang et al., 2019).    

In the era of global change, the ability to represent the combined future evolution of hydrology and water uses is of paramount 75 

importance for water managers (Carmona et al., 2013; Voisin et al., 2017). For example, in France, it is identified by law as a 

key concern the fact that water resources must be managed in an integrated and sustainable way. In order to address this 

concern, the Water Agencies promote the formulation of a local water management strategy with the aim of restoring the 

quantitative balance of water resources and enhancing local knowledge in order to identify the causes of malfunctioning and 

assess the availability of water resources. To investigate such a topic, top-down and bottom-up approaches exist. As posited 80 

by Ludwig et al. (2014), top-down approaches, i.e. approaches using greenhouse gases emission scenario and climate projec-

tions to force IWRM models, often result in an explosiona large increase in uncertainty. WEAP and SWAT+ are often mobi-

lized within this context. Conversely, bottom-up approaches focus on risk and socio-economic vulnerability. In these simpli-

fied stress tests, possible future climate conditions are often represented by given variations of temperature or precipitation 

applied to climatic observations to evaluate its socio-economic impact. Their , which focus more on reducing socio-economic 85 

vulnerability, ignore uncertainty, and advocate for more risk-based approaches. The main limitation is that they ignore the 

uncertainty of the applied variations of climatic variables, which may be inconsistent with climate model projections and 

weaken the credibility of these approaches. To anticipate how both resources and uses will evolve, and how conflicts may arise 

due to water shortages, in top-down approaches, models are often applied in conjunction with climate projections (Hadri et al., 

2022) and water demand scenarios (Ahmad et al., 2025). Evaluating adaptation strategies through water demand scenarios is 90 

key to assessing the sustainability of water use, i.e. examining how future modifications in water use could improve or worsen 

the situation for both natural resources and water demand satisfaction (defined as the proportion of water that could actually 

be withdrawn compared to the demand volume, due to lacks of water resources, or restrictions) (Lemaitre-Basset et al., 2024). 

Top-down approaches are often criticized for their large uncertainties, making it difficult to stakeholders to make choices, or 

for the sensitivity to model biases (Brown et al., 2012). An alternative to top-down and bottom-up approaches is 95 

In the scenario-neutral approach;, the responsiveness of a local indicator (e.g., reservoir levels) to incremental adjustments in 

key driving climate variables (e.g., temperature, rainfall) is tested across a plausible range of changes in variable intensity and 

seasonality (Brochero et al., 2018; Danner et al., 2017). Such approaches can be framed as part of bottom-up approaches, given 

that they focus on the vulnerability of the system in relation to a range of potential conditions, regardless of specific scenarios 

and their inherent uncertainties (see e.g. van der Laan et al., 2023; O’Shea et al., 2024). Other approaches are the Info-Gap 100 
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(IG) decision theory, a non-probabilistic decision theory that seeks to maximise robustness to failure (Roach et al., 2015), and 

decision scaling, an approach that defines management objectives and system vulnerabilities, then tests them against a wide 

range of possible hydro-climatic conditions (Brown et al., 2012). Although the majority of scenario-neutral, IG theory or 

decision scaling studies are limited to mono-objective cases (e.g. the filling rate of a reservoir), some applications on more 

complex cases can be found (Tra et al., 2018). Still, these approaches are not without their limitations. For instance, the sce-105 

nario-neutral approach is dependent on the definition of the range and type of changes (Prudhomme et al., 2010), the IG theory 

is prone to risk-averse and more costly solutions (Roach et al., 2015), and decision scaling is strongly dependent on thresholds 

(Brown et al., 2012). 

In view of the restricted availability of human, financial and technical resources, a large proportion of the studies undertaken 

in France to formulate local water management strategies have been confined to cross-referencingcalculating water resources 110 

and water uses through a posterioriseparately and then comparing them comparison (EPTB Vienne, 2024; Syndicat Grand 

Lieu Estuaire, 2024). In a few recent studiesConversely, certain specific studies, such as HMUC studies (HMUC, for “Hydrol-

ogie, Milieux, Usages et Climat” - Hydrology, Environment, Uses and Climate), albeit less prevalent, advocate for the direct 

incorporation of water uses were directly incorporated into the hydrological modelling models (Etablissement Public Loire, 

2024). However, these studies do not explicit their assumptions nor refer to scientific publications, which shows a need for a 115 

methodological frameworkthe direct incorporation of water uses in hydrological modelling for formulating local water man-

agement strategies in France this approach remains un-elucidated within the reports and is not substantiated by scientific pub-

lications yet. We propose to present the incorporation of water uses in hydrological modelling that has been extensively im-

plemented in the Sèvre Nantaise catchment area in western France (Santos et al., 2023b), as we believe that this work is highly 

relevant both for this local context, but also that it could benefit to a broader perspective in other areas on a methodological 120 

point of view. In addition to the very detailed integration of water uses in the modelling and the description of the water use 

models, tThe novelty of this work first lies in the use in an IWRM approach of the a state-of-the-art and highly performing 

hydrological model, a GR model, which has exhibited high performance been used for simulating natural flows in numerous 

water resources, low-flow (Nicolle et al., 2014), high-flow (Berthet et al., 2020), climate change (Thirel et al., 2025) and 

forecasting (Royer-Gaspard et al., 2024) studies for simulating the natural water fluxes. The GR models have been used in 125 

many intercomparison works and are known for their high performance from the hydrological modelling community (see e.g. 

de Boer et al., 2017). It also lies in the use in a catchment resource study of Furthermore, despite using a classical top-down 

approach, we use a the “storyline-based approach” of Shepherd et al. (2018),.:  This approach relies, since, instead of using a 

large ensemble of projections and a statistical analysisassessing climate-related evolutions based on probabilities, as in classi-

cal top-down approaches, we used a limited set of contrasted plausible climate projections a selection of physically-consistent 130 

pathways adapted to the study objectives. that, instead of considering multiple projections or distribution statistics, proposes a 

limited number of consistent climate futures. The central objective of this study is twofold: i) to describe an IWRM modelling 

chain framework comprising a daily hydrological model, the use of climate input data, the use of water withdrawal and release 

models and the development of future water demand scenarios, and ii) to question the sustainability of water uses in a heavily 
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modified catchment, in order to assess the potential added value of adaptation strategies using water use scenarios, for both 135 

hydrology and water use satisfaction.   

2 Materials and methods  

2.1 Study area: the Sèvre Nantaise catchment 

2.1.1 Geophysical description of the Sèvre Nantaise catchment 

The Sèvre Nantaise is the most downstream tributary of the France’s longest river, the Loire. It flows into the Loire River at 140 

the city of Nantes. The catchment has a gentle relief, with the highest point reaching an altitude of 215 m. The river spans a 

total length of 136 km and the basin area is 2,350 km². Its main tributaries include the Maine on the left bank, which take 

streamflow from the Petite Maine and the Grande Maine, as well as the Ouine, the Ouin, the Moine and the Sanguèze on the 

right bank (Figure 1).  

The predominant land uses are agricultural (88.2 %, with mainly wheat, corn, rapeseed, sunflower, potatoes, vineyards, and 145 

meadows), followed by urban (8 %) and natural (3.5 %) areas. Urban areas are concentrated around one main city, Nantes, 

and several medium-sized cities (between 5,000 and 55,000 inhabitants), including Cholet and Clisson, amongst others. Open 

water constitutes the remaining surface area. The Sèvre Nantaise catchment is located within an area of granite bedrock that is 

composed of metamorphic, crystalline, and volcanic formations. 
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Figure 1: Map of the Sèvre Nantaise catchment (left) and location in France (right). Management units (MUs) represent spatial 

entities used for water resource planning (see details in section 2.3.1); hydrometric stations, detailed in Table A1, are used for 

model calibration and evaluation. All water withdrawals and releases are detailed in Appendix C and illustrated in Santos et al. 

(2022).  

2.1.2 Current hydrometeorological conditions 155 

Due to its proximity to the Atlantic Ocean, the study area has a temperate climate with oceanic influences, identified as Cfb in 

the Köppen-Geiger classification by Strohmenger et al. (2024). Based on climate data from the SAFRAN atmospheric reanal-

ysis (Vidal et al., 2010), mean monthly air temperature ranges from 4 to 19 °C. The average annual temperature over the period 

1958-2020 is about 10.5 °C upstream (south-east of the catchment), and 11.5 °C downstream (Nantes area), with a temperature 

increase ofincrease in about 0.2 to 0.3 °C per decade. The annual potential evapotranspiration, calculated with the Penman-160 

Monteith formulation (Allen et al., 1998), is slightly above 700 mm y-1 over the period 1958-2020, and follows an increasing 

trend. Annual precipitation varies between 700 and 1000 mm y-1 when averaged over the catchment. It is higher upstream 

(about 1000 mm y-1) and lower downstream (about 700 mm y-1) over 1958-2020. Monthly precipitation is relatively uneven, 

with winters (around 100 mm month-1) wetter than summers (less than 50 mm month-1). Based on the national HydroPortail 
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archive (Dufeu et al., 2022), we can qualify the hydrological regime of the Sèvre Nantaise as pluvial (Sauquet et al., 2024). 165 

Due to the bedrock underground, groundwater storage is very low in the basin which, in addition to the pluvial regime, leads 

to a strong seasonality in streamflow. Streamflow is therefore higher in winter, and very low in summer. Some parts of the 

smaller tributaries can even be impacted by periods of no flow.  

2.1.3 An anthropised catchment 

The hydrology of the Sèvre Nantaise is influenced by several hydraulic structures designed to meet the water demands of 170 

various human activities, including irrigation, drinking water supply, cattle watering and industry. The Bultière reservoir, 

located on the main course of the Grande Maine River (Figure 1), has a maximum capacity of 5 10⁶ m³ and supplies water to 

a water treatment plant with a maximum daily production capacity of 22,000 m³. The Ribou-Verdon reservoirs, located on the 

Moine River, have a combined maximum capacity of 17.6 10⁶ m³ and provide water to a treatment plant with a maximum 

daily production capacity of 24,000 m³. In addition to these large reservoirs, there are approximatively 11,500 smaller reser-175 

voirs, with a total volume estimated at 54.9 Mm3 (Table 1). These smaller reservoirs (when used) serve various purposes, 

including agricultural and industrial water supply, as well as recreational activities and their influence on hydrology remains 

partially unknown. Around 6 to 7 % of agricultural areas are irrigated. Furthermore, the operation of wastewater treatment 

plants within the catchment results in the release of water at multiple locations. Due to the area's geology, characterized by the 

absence of deep aquifers, most water abstraction occurs from surface water or shallow aquifers. In addition, water transfers 180 

between neighbouring catchments are possible. For example, about half of the drinking water is imported from outside of the 

Sèvre Nantaise catchment (around 12 Mm3); conversely, a small part of the Bultière reservoir water is used to provide drinking 

water to population living out from the Sèvre Nantaise basin. For a more comprehensive overview of the anthropogenic influ-

ences on the catchment, refer to Santos et al. (2022, 2023a). The following sections provide detailed data on water withdrawn 

and released volumes. 185 

 

Table 1: Number of small reservoirs on the Sèvre Nantaise catchment for three surface categories. 

Surface category Number of small reservoirs Part of the total [%] Total volume [Mm3] 

S < 1000 m² 6917 60.25 3.2 

1000 m² < S < 10 000 m² 4104 35.75 21.1 

165 000 m² ≥ S > 10 000 m² 460 4.00 30.6 

 

The regulatory framework for water management in the Sèvre Nantaise catchment establishes priorities for water allocation, 

with health, safety, and drinking water supply taking precedence over other uses. In the event of a water shortage, local au-190 

thorities are empowered to impose a series of restrictions across sub-catchments, primarily based on streamflow observations 

from specific gauging stations (see Préfet de la Loire-Atlantique et al., 2021).   
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2.2 Data 

2.2.1 Observed hydrometeorological data 195 

Climate data from the SAFRAN atmospheric reanalysis were used (Vidal et al., 2010) for forcing the model over 2008-2020. 

This reanalysis provides daily precipitation, air temperature and potential evapotranspiration (PE) on an 8 x 8-km² regular grid. 

PE was estimated using a modified version of the Penman-Monteith formulation (Allen et al., 1998), in which radiation data 

were replaced with air temperature estimates following the Hargreaves formulation (Hargreaves and Samani, 1985). This 

modification ensures a homogeneous estimation of PE, as some regional climate models do not account for evolutive aerosols, 200 

which can impact their radiation estimation (Boé et al., 2020). Daily streamflow data were retrieved from the national Hydro-

Portail database (Dufeu et al., 2022). These datasets, which had previously been quality-checked by data providers, were 

subjected to further visual inspection in order to detect erroneous data. A total of 13 hydrological stations were selected for 

the study (Table A1). The data covered the 2008-2020 period, without any gap. It can be seen in Table A1 that the ratio between 

Q25 and Q75 can differ a lot between very contrasted stations (e.g. on the Sanguèze) or less contrasted stations (e.g. on the 205 

downstream Sèvre Nantaise).  

2.2.2 Climate projections 

To assess the impact of climate change on hydrology and water use satisfaction, a classical modelling chain was employed. 

To this end, we used climate projections produced by the Explore2 project, funded by the French Ministry of the Environment 

(Sauquet et al., 2025). The Explore2 dataset includes a selection of climate projections from 17 General Circulation Models 210 

(GCMs) / Regional Climate Models (RCMs) couples extracted from the Euro-Cordex initiative (Jacob et al., 2014, 2020), 

corresponding to the CMIP5 experiment (Taylor et al., 2012). Given the large volume of available data (Marson et al., 2024), 

a subset of five GCM/RCM projections was selected, using the greenhouse gases emission scenario corresponding to the 

Representative Concentration Pathway 8.5 (RCP 8.5) and using the ADAMONT bias-correction method (Verfaillie et al., 

2017). The RCP 8.5 was chosen because it was, at the time of its selection, the most likely scenario in terms of temperature 215 

increase, the scenario with the largest amount of available projections and the largest amount of feedback (see Marson et al., 

2024). The ADAMONT bias correction method is a variant of the quantile-mapping approach that forces the statistical distri-

bution of the simulated atmospheric variables to match that of the SAFRAN atmospheric reanalysis; it was applied on the 

1976-2005 period within the Explore2 project. The selection of the five GCM/RCM projections followed the recommendations 

of Marson et al. (2024). First, we relied on the dismissal by Marson et al. (2024) of climate projections whose seasonal pre-220 

cipitation and air temperature evolutions were outside the Q5/Q95 range of CMIP6 projections over France. CMIP6-based 

projections could not be used as they had not yet been regionalised over France. Second, we adopted the “storyline approach” 

introduced by Shepherd et al. (2018) and also selected recently for climate projections over France by Marson et al. (2024) 
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and Sauquet et al. (2025). The “storyline approach” relies, instead of using a large ensemble of projections and assessing 

climate-related evolutions based on probabilities, on a selection of physically-consistent pathways represented by a few con-225 

trasted climate projections. Such storylines must be adapted to the study objectives. The storyline approach is a way of con-

structing climate‑change information based on physically‑consistent, plausible pathways (storylines) rather than on probabil-

istic model ensembles. The goal is not to answer “What will happen?” as in the probabilistic use of a projection ensemble, but 

“What would be the impact of particular actions and climate change under this plausible climate realization?”. Consequently, 

we selected five projections whose seasonal precipitation and air temperature evolutions were contrasted, among the available 230 

projections of the Explore2 dataset. The objective was to propose example scenarios for catchment stakeholders to use in future 

planning. Therefore, rResults from the different projections will not be aggregated,. This choice is also justified by the fact 

that since the ensemble mean is a scenario that smoothens extremes, with  and that a much smaller the variability of the 

ensemble mean is much less than individual models or observations (Gleckler et al., 2008), and so does not represent a poten-

tially real climate (Abramovitz et al., 2014). A few contrasted The objective was to propose example scenarios are also much 235 

easier for catchment stakeholders to apprehend and to use in future planning.  

A comprehensive analysis of precipitation and temperature evolutions was conducted for RCP 8.5, focusing on the 2056–2085 

period relative to 1976–2005. This analysis encompassed annual and seasonal variations across the catchment. The five se-

lected projections are presented in Table 2, while Appendix B compares the actual evolution of precipitation and air tempera-

ture for the five projections across all available projections. All projections result in an increase in temperature year-round, 240 

particularly during summer and autumn. Furthermore, all projections indicate either an increase or no change in winter precip-

itation and a decrease or no change in summer and autumn precipitation, with contrasted patterns for spring and the entire year. 

Comparatively, the five projections describe the following storylines: A1 presents limited climate evolutions, while C1 pre-

sents a future with a large increase ofincrease in precipitation, C2 presents a future with a large contrast between summer/au-

tumn (decrease) and winter (increase) precipitation, F4 presents a future with a decrease of precipitation during spring, and B3 245 

presents a future with a precipitation decrease during summer and autumn and at the annual scale, and no increase during 

winter. 

 

Table 2: List of selected climate projections and their characteristics in terms of precipitation and air temperature evolution for 

2056-2085 relatively to the 1976-2005 period assessed in a qualitative way based on results from Appendix B. 250 

Name GCM RCM 
Precipitation evolution (in %) Temperature evolution (in °C) 

Year DJF MAM JJA SON Year DJF MAM JJA SON  

A1 

CNRM‐CER-

FACS‐

CNRM‐CM5 

CNRM‐AL-

ADIN63 
+0.1 +10.6 +4.6 -27.6 +2.4 +2.7 +2.2 +2.6 +3.0 +3.2 
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B3 
ICHEC‐EC‐

EARTH 

MOHC‐

HadREM3‐

GA7‐05 

-6.8 +1.0 +1.9 -26.9 -10.0 +3.4 +2.3 +2.9 +5.0 +3.4 

 

C1 
MOHC‐

HadGEM2‐ES 

CNRM‐AL-

ADIN63 
+9.9 +25.2 +23.5 -3.0 -7.4 +3.4 +2.8 +2.3 +4.0 +4.6 

 

C2 
MOHC‐

HadGEM2‐ES 

CLMcom‐

CCLM4‐8‐

17 

-5.3 +23.6 +2.5 -37.3 -19.7 +3.8 +3.2 +2.4 +4.9 +4.9 

 

F4 
NCC‐

NorESM1‐M 

DMI‐HIR-

HAM5 
-4.8 +12.7 -9.2 -21.5 -9.5 +3.1 +2.7 +2.7 +3.8 +3.2 

 

2.2.3 Water withdrawal and release data 

A close collaboration with stakeholders ensured the successful retrieval of water withdrawal and release data from national 

and local Water Agency databases, as well as directly from water users. Most data series were available from 2008 to 2020. 

While some data were available on a daily scale (particularly for large reservoirs), most were provided at coarser time intervals: 

monthly for wastewater treatment plant releases, or annually for industrial withdrawals and releases, as well as irrigation and 255 

cattle watering (although the latter was estimated knowing the number of heads). Regarding irrigation and drinking water 

withdrawals, data at finer scales were accessible, but only for a limited number of years. Finally, some areas had missing data 

because certain users did not provide their data. Please refer to Appendix C and Santos et al. (2023a) for more details about 

the water use database and its improvement. 

 260 

2.3 Hydrological modelling including integrated water resources management  

2.3.1 The rainfall-runoff model used for representing the natural hydrological cycle 

River streamflow is simulated with the GR6J hydrological model, using a semi-distributed approach. The GR6J model is a 

daily lumped process-based hydrological model that was developed for low-flow simulation (Pushpalatha et al., 2011; Tilmant 

et al., 2020). It is a modified version of the GR4J model (Perrin et al., 2003). The GR6J model is a bucket-type model with six 265 

parameters requiring calibration, X1 to X6. X1 is the production store capacity parameter (mm). X2 is the inter-catchment 

exchange coefficient (mm d-1). X3 is the routing store capacity parameter (mm). X4 is the unit hydrograph time base (in days). 

X5 is the inter-catchment exchange threshold (unitless). X6 is the exponential store capacity parameter (mm). The GR6J model 

used in this study is included in the airGR R package (Coron et al., 2017, 2020).  

The study catchment is subdivided into 32 sub-catchments on which the GR6J model is applied in a semi-distributed manner. 270 

This approach utilises specific climatic inputs (precipitation and potential evapotranspiration) along with parameter values for 
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each sub-catchment to simulate the corresponding streamflow. The upstream streamflow is then routed to the downstream sub-

catchment using a lag function and an additional parameter L (m s-1), which represents the in-stream celerity (Lobligeois et 

al., 2014). Semi-distributed versions of GR hydrological models have been successfully applied in the context of climate 

change (Sauquet et al., 2025; Thirel et al., 2025) and influenced hydrology (Lemaitre-Basset et al., 2024). The subdivision of 275 

the catchment into 32 sub-catchments was designed to align with locations of the 13 gauge stations (Appendix A) and the 11 

management units (MUs) used for water management planning in the Sèvre Nantaise (Figure 1). In addition, we refined some 

sub-catchments to obtain areas with relatively similar surfaces. For sub-catchments without a gauging station at their outlet, 

GR6J parameters are transferred from upstream catchments, as proposed by de Lavenne et al. (2019).  

2.3.2 Integrated water resources management modelling 280 

To accurately represent the hydrological processes of the Sèvre Nantaise catchment, which are influenced by water withdraw-

als and releases, an IWRM modelling approach was employed. This entails modelling natural water resources (i.e. streamflow) 

while incorporating withdrawals, releases and management practices of water (e.g. restrictions). The open source airGRiwrm 

R package was used for this purpose (Dorchies et al., 2023). This package facilitates the establishment of hydrological mod-

elling with semi-distributed GR models, leveraging the capabilities of the airGR R package, which provides the GR hydrolog-285 

ical models, including GR6J. Beyond the functionalities of airGR, the airGRiwrm package automates the semi-distribution of 

the GR models and integrates human water uses (e.g. withdrawals, releases, and dams), as well as water management practices. 

In this case, human water uses can be derived either from observed time series or from water demand models. This tool ensures 

that the human-influenced part of the water cycle is taken into account by water demand models (or their observed time series) 

and water restriction rules, while the natural water cycle is represented through the rainfall-runoff model. The hydrological 290 

model parameters thus describe a more natural rainfall-runoff relationship.  

To prepare the integrated model, four steps were undertaken, as described below. These four steps could be replicated in other 

studies:  

- Gather and analyse water withdrawal and release measured data and analyse them (see section 2.2.3 and Appendix 

C).  295 

- Fill gaps in water withdrawal and release data if necessary. As this is a highly data dependent work, we do not further 

elaborate on it and refer toplease see Santos et al. (2023) for more details.  

- Propose water demand and release models (see below) bBased on the local context and the understanding of the 

processes, propose water demand and release models (see below). 

- Evaluate the performance of the water demand and release models. Such an evaluation can be done in two manners: 300 

i) compare the water withdrawal and release volumes simulated by the models to the measured water withdrawal and release 

measured data and ii) assess the performance of the integrated models, i.e. that incorporates both natural hy-drology and water 

uses, in terms of simulated influenced streamflow. The first point is not present in the manuscript, as such data are sparse and 

of limited quality, but the second point is given in section 3.1. 
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As mentioned above, several water demand models were implemented, namely for drinking water, irrigation, cattle watering 305 

and industry. In addition, water release models were implemented for industry, drinking water and wastewater treatment. All 

these models are necessary to estimate future water use fluxes. Their equations are detailed, in addition to the Ribou-Verdon 

and Bultière dams management, in Appendix D, and the associated fluxes are schematically presented in Figure 2. In essence, 

the cattle water demand is proportional to the number of heads and the respective consumption per head, partly withdrawn 

from the drinking water network or from the natural environment, and is distributed over the year. The industrial water demand 310 

is estimated based on the consumption from each industry, and is partly withdrawn from the drinking water network or from 

the natural environment and distributed over the year. The returning water for industry is partly released to the wastewater 

treatment network and to the natural environment. The drinking water withdrawal is proportional to the number of inhabitants, 

to the unit consumption, and to the losses of networks, whereas the release is proportional to the percentage of habitations 

linked to the wastewater treatment plants, and to the withdrawals. Regarding irrigation, the CropWat (Allen et al., 1998) irri-315 

gation demand model described in Soutif-Bellenger et al. (2023) is used. The demand for irrigation water is determined by 

various factors, including the type of crop, the availability of a small reservoir, the percentage of irrigated area, and the pre-

vailing climate conditions. This demand is then met through the withdrawal of water from either the natural environment or 

small reservoirs. 

Specific resource management rules (i.e. restrictions) were implemented during periods of drought to address situations in 320 

which water resources are insufficient to satisfy all the uses simultaneously. Crisis management streamflow are used to trigger 

water use restrictions based on streamflow levels, protect ecosystems by maintaining minimum streamflow in watercourses, 

and prioritise water uses. They are also used for anticipation, with the aim of avoiding reaching alert thresholds, heightened 

alert thresholds and, above all, crisis thresholds. The first level of restriction leads to a suppression of irrigation as well as a 

25 % reduction of industrial withdrawals outside the drinking water network. At the second level of restriction, irrigation and 325 

industry withdrawals are stopped, and the drinking water withdrawals are reduced by 5 %. In circumstances where streamflow 

is at its lowest, the model implements an order of priority for the uses, emulating the real-world practices, as follows: drinking 

water production, cattle watering, industrial production, irrigation, and finally, small reservoirs filling up. For each sub-catch-

ment, the aforementioned uses are satisfied in this order. 
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 330 

Figure 2: Schematic of the functioning of the integrated hydrological model. Two catchments are shown: the upstream catchment 

includes a dam reservoirlarge dam (corresponding to MU1 and MU3 in the Sèvre Nantaise catchment), while the downstream catch-

ment does not include any dam reservoirlarge dam (corresponding to all other MUs). Small reservoirs and the related water de-

mands, as well as wastewater treatment plants, can be present in both cases but are shown in the downstream catchment only for 

graphical purposes. The dam reservoir outflow (Qdam) is determined according to the management rules given in Table D1 and is 335 
delayed towards the catchment outlet proportionally to the hydraulic distance from the dam to the outlet. The simulated streamflow 

in the downstream catchment (Qsimd) is given by a GR6J model. Part of this (α) is captured by small reservoirs. The total streamflow 

at the outlet is the sum of all streamflows (from the dam, the downstream catchment and the water releases) minus the water with-

drawals, which are delayed according to the hydraulic distances between the withdrawal and release points. All other fluxes and 

notations are detailed in Appendix D. Natural fluxes are in dark green, streamflow is in blue, water withdrawals in light green, and 340 
water releases in dark orange. 

2.3.3 Hydrological modelling set-up 

In the following, we use the model under three configurations (Figure 3): i) the model that incorporates observed withdrawals 

and releases into the GR6J model that is used for calibration (i.e. the calibrated model, hereafter referred to as “Calib”), ii) the 

GR6J model alone, i.e. not considering water uses; this model allows assessing the impact of water uses on the Sèvre Nantaise 345 

hydrology and the projected evolution of natural water resources (i.e. the uninfluenced model, hereafter referred to as “Uninf”), 

and iii) the model, in which water uses are determined from water demand and release models and incorporated into GR6J 

together with management rules; this version of the model is necessary to investigate the impact of climate change and future 

water use scenarios (i.e. the integrated water resources management model, hereafter referred to as “iwrm”). Note that the 

GR6J model in the “Uninf” and “iwrm” models was not recalibrated and uses the “Calib” parameter values.  350 
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The “Calib” model will mainly be used for optimising the GR6J model parameters. The three models, forced by SAFRAN 

over 2008-2020, will be evaluated by comparing the simulated streamflow to observed streamflow at the 13 gauging stations 

(section 3.1). The “Uninf” model will be used to illustrate the impact that not considering water uses can have on the perfor-

mance of modelling (section 3.1), and to provide an assessment of the evolution of natural streamflow under climate change 

(section 3.2). Finally, the “iwrm” model will be used to assess the impact of climate change on influenced streamflow, water 355 

demand, and water demand satisfaction (sections 3.3, 3.4 and 3.5). These two last applications will necessitate the use of 

climate projections, both for the reference period and for the future period, and, for “iwrm”, of water use scenarios. We express 

water demand satisfaction as the ratio in percentage between water withdrawal and water demand. 

 

Figure 3: The three conceptual hydrological modelling frameworks integrating, or not, water uses, and their objectives. The hydro-360 
logical model is only calibrated in the “Calib” version.  

 

Before using the model for prospective objectives, we first calibrated it (“Calib” model) against measured, therefore influ-

enced, streamflow values. Based on the work of Santos et al. (2018) and Thirel et al. (2024), we applied the KGE criterion 

(Gupta et al., 2009) with a Box–Cox transformation of streamflow, which normalizes the streamflow distribution, giving a 365 

similar weight to high and low flows. The model parameters were optimised sequentially, i.e. from upstream catchments to 

downstream catchments, using a version of the model in which the observed water releases and withdrawals described in 

section 2.2.3 were incorporated. Parameter optimisation was based on streamflow data, observed between 2008 and 2020, the 

period for which water use data were available, with an initialization of the model over the 2006 and 2007 years. To ensure 

that the parameters are not overly specific to this time period, we conducted a calibration-control test (i.e. a verification of 370 

parameter performance and values over an independent period), as advised by Klemeš (1986). The data period was divided 

into two equal 6-year sub-periods (Oct. 2008-Sep. 2014 and Oct. 2014-Sep. 2020), which were used for two separate optimi-
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sations. Performance was then evaluated over these sub-periods to check that performance degradation, outside the optimisa-

tion period, was low. The results showed that performance losses remain limited, suggesting that the selected parameters are 

applicable for future periods (not shown here). 375 

2.3.4 Hydrological model evaluation 

In this article, we present the model performance for the period from 2008 to 2020. The performance is assessed using the 

KGE criterion (Gupta et al., 2009) along with its bias component. To place more emphasis on low flows, we also provide the 

KGE criterion value after applying a Box–Cox transformation. To evaluate the impact of climate change and water uses on 

streamflow, we use a set of hydrological indicators that scan different segments of the streamflow range. Specially, we focus 380 

on the average streamflow (QA) and the mean annual minimum monthly streamflow with a 5-year return period (noted 

QMNA5 and widely used in French water management regulation as a low-flow indicator). Note that the KGE criterion com-

pares observed data (i.e. influenced streamflow) with, respectively, simulated data from the “Calib” model (i.e. influenced 

simulated streamflow), from the “Uninf” model (i.e. uninfluenced simulated streamflow) and from the “iwrm” model (i.e. 

estimate of influenced simulated streamflow based on uses and management rules). 385 

 

2.4 Exploratory scenarios for projections of water demands  

Since the modelling framework explicitly includes water demand models and the mechanisms for meeting this demand through 

water management rules, it allows to consider the water demand evolution at the catchment scale, in conjunction with the 

impact of climate change on water resources availability. To cover a wide range of potential water demand changes, and in 390 

agreement with Beck and Bernauer (2011) and Zhang et al. (2023), three distinct scenarios were proposed, each adapted to the 

different water use sectors, through a three-step process:  

- First, national to regional reports describing adaptation plans were reviewed to create an initial set of three scenarios, 

each representing a possible evolution of water demand for every water use sector.  

- Second, these three scenarios were presented to the local stakeholders (agricultural advisors, drinking water and 395 

wastewater treatment companies, environmental representatives, and local and regional officials) during a workshop 

in which we reviewed and discussed each hypothesis and the corresponding water demand evolution. 

- Third, modifications of the water demand projections were made based on feedback from the stakeholders, who then 

validated the revised scenarios. 

The first scenario assumes a constant water demand. The second scenario reflects future water demand following recent trends, 400 

while the third scenario presents an alternative future, with large changes in demand. Namely, for the alternative scenario, 

higher efforts are being made to improve the efficiency of both the drinking water network and industrial consumption per 

unit. The number of cattle heads is reduced, and a greater proportion of water withdrawal for livestock coming from the 

drinking water network. In addition, there is a halt of the decrease in the total cultivated area as well as a modification of crop 
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rotation. The details of the three scenarios and the added value of the stakeholder workshops are presented in Appendix E and 405 

in Santos et al. (2023b). 

3 Results 

3.1 Performance of the hydrological models  

Table 3 shows that the “Calib” model, which is the only calibrated one, performs reasonably well overall when forced by 

SAFRAN over the 2008-2020 period, with most KGE values above 0.8, with only few exceptions. The “Calib” model has a 410 

limited bias (only a slight underestimation of streamflow in some stations) but shows high performance for low flows (KGE-

boxcox indicator). For most stations, the KGE values are rather similar across the three models, with differences of less than 

0.02. This means that the water releases and withdrawals have a limited impact on the overall streamflow regime at most 

stations. Exceptions are observed on the Moine River, where the Ribou-Verdon dams are located. Specially, the upstream 

Cholet station (where the calibrated model performs best) and the more downstream Roussay and St-Crespin-sur-Moine sta-415 

tions (where the integrated model performs the worst) show differing results. These findings indicate that the Ribou-Verdon 

dams impact a lot the streamflow regime (when comparing “Calib” vs “Uninf”), and that their representation in the “iwrm” 

model may be imperfect (when comparing “Calib” vs “iwrm”).  

Looking at the bias score, we observe that streamflow is underestimated when the Ribou-Verdon dams are neglected or repre-

sented by a model. This issue may be related to assumptions made to try to represent the dam operations, in the absence of any 420 

measurement regarding infiltration, evaporation or upstream streamflow, that may lead to an underestimation of downstream 

streamflow. However, this issue is somewhat mitigated when examining the KGE Box–Cox values, that focus on low flows. 

Indeed, this criterion shows that the “iwrm” model outperforms the “Uninf” model for almost all stations, including those on 

the Moine River, where the KGE values were deficient. This means that the “iwrm” model performs well for low flows, which 

is important for the representation of water resources and the evaluation of water use satisfaction under climate change.  425 

These observations are further supported by Figure 4, where the observed interannual streamflow regimes are very well repro-

duced by all three model versions at most gauge stations. Discrepancies between the models are most notable on the Moine 

River (Cholet, Roussay, St-Crespin-sur-Moine), where low flows are underestimated by the uninfluenced model, and high 

flows are underestimated by all the models even the one incorporating observed influences. All models also show slightly 

weaker performance at the Sanguèze (Tillières) station.  430 

 

Table 3: Performance criteria for the three model versions forced by SAFRAN for 2008-2020 for the 13 gauge stations. For each 

criterion, the score for the best model is shown in bold, and the score for the worst model is shown in italics. The KGE and KGE box 

cox criteria are negatively oriented and the best value is 1. The Bias best value is 1, and a value above 1 depicts an overestimation, 

while a value below 1 depicts an underestimation.  435 

Criterion KGE Bias KGE box cox 
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Hydrological station \ 

model 

Calib Uninf iwrm Calib Uninf iwrm Calib Uninf iwrm 

Breuil-Bernard 0.86 0.87 0.87 0.96 1.01 1.00 0.91 0.90 0.93 

St-Mesmin 0.85 0.85 0.86 0.97 0.99 0.99 0.97 0.93 0.96 

Mauléon 0.81 0.81 0.82 0.96 0.96 0.97 0.96 0.94 0.95 

Tiffauges 0.80 0.81 0.81 0.91 0.94 0.92 0.96 0.91 0.96 

Cholet 0.78 0.70 0.67 0.92 0.76 0.78 0.89 0.56 0.78 

Roussay 0.82 0.80 0.76 0.92 0.84 0.84 0.94 0.71 0.87 

St-Crespin-sur-Moine 0.83 0.83 0.79 0.92 0.86 0.86 0.94 0.75 0.90 

Clisson 0.86 0.87 0.86 0.95 0.96 0.95 0.97 0.97 0.97 

Tillières 0.66 0.67 0.66 0.87 0.90 0.89 0.84 0.90 0.92 

St-Fulgent 0.89 0.89 0.89 0.99 0.98 1.00 0.94 0.95 0.95 

St-Georges-de-Mon-

taigu 

0.71 0.71 0.71 0.94 0.95 0.97 0.89 0.92 0.90 

Remouillé 0.76 0.81 0.79 0.94 1.00 0.98 0.94 0.94 0.94 

Nantes 0.79 0.81 0.80 0.94 0.95 0.94 0.97 0.97 0.96 
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Figure 4: Interannual streamflow regime over 2008-2020 for the 13 gauge stations, observed and simulated by the three model 

versions using SAFRAN as input 

 440 
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3.2 Evolution of uninfluenced streamflow under climate change  

Figure 5 illustrates the interannual streamflow regime, uninfluenced by water uses, for five climate projections, and the refer-

ence period, at the Sèvre Nantaise catchment outlet in Nantes. It is evident from the Figure 5 that the streamflow evolution is 

contingent on the climate projections. Overall, the evolution appears limited for projection A1, which represents the scenario 

with the lightest climate evolution. Projection F4 shows a moderate increase in streamflow during winter and few changes the 445 

rest of the year. Evolutions for the other projections are more contrasted, in accordance with the climate evolutions described 

in Table 2. Generally, streamflow tends to increase in winter and early spring for projections C1 and C2, and to decrease in 

autumn for all projections. These trends are consistent across the rest of the catchment, as seen in Appendix F for the Cholet 

and St-Fulgent stations. Low-flow evolutions are not visible in Figure 5 or Appendix F due to the already low streamflow 

values.  450 

Figure 6 shows that the evolution of several indicators is highly dependent on the climate projection for the 2056-2085 period, 

which we focus on as it is particularly relevant for water managers facing significant climate changes. Regarding average 

streamflow (QA), the A1 and C1 projections - which indicate stagnation and increased annual precipitation, respectively - lead 

to slight to moderate increases in this indicator for most Management Units. In contrast, other projections lead to limited 

evolutions or even decreases. The projections for low flows (QMNA5) show more intense evolutions. It is clear that all pro-455 

jections lead to a decrease for this indicator, consistent with the decrease in summer precipitation, except for projection C1 for 

the Sanguèze (north of the catchment). This implies that for low flows, even a favourable climate evolution would result in 

decreased water resources, especially during dry periods. Regarding spatial patterns, only MU3 and MU4, located along the 

Moine River (north-east of the catchment), show a distinct pattern, with less intense evolutions, for low flows. The Sanguèze 

sub-catchment (MU7), located in the north, shows more contrasted evolutions for all indicators. 460 
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Figure 5: Interannual streamflow regime for the projected uninfluenced streamflow for the Nantes gauge station (main outlet of the 

catchment) for 2056-2085 for the five climate projections. 
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 465 

 

Figure 6: Evolution in percentage of the hydrological indicators obtained with the “Uninf” model under five climate projections for 

the 11 Management Units of the Sèvre Nantaise for 2056-2085 compared to 1976-2005. The shaded bars indicate the -50 to +50 % 

range. QA stands for mean flows and QMNA5 is an indicator of low flows.  

 470 

3.3 Evolution of water demand under climate change and water demand scenarios for 2056-2085 

It is important to remind that water demand refers to the theoretical amount of water requested by the different uses, independ-

ent of actual water availability or climate conditions. As shown in Figure 7, only the demand for irrigation water is impacted 

by the choice of the climate projection, as it is the only water use for which water demand varies regarding climate projection. 

This makes sense, as none of the other water uses are strongly influenced by climate, except for cattle watering that increases 475 

a bit when air temperature exceeds 30 °C. Indeed, irrigation tends to increase more under climate projections where precipita-

tion decreases the most (B3, C2 and F4). We can also observe that irrigation and cattle watering are the water uses exhibiting 

the largest relative evolutions. However, it is important to remember that the volumes of water concerned by these changes are 

not of the same order (see Appendix C for observed volumes in 2008-2020), with irrigation and drinking water accounting for 

the overall largest withdrawn volumes. We find that the alternative scenario leads to overall lower or similar water demand 480 

compared to the constant and trend scenarios, while the trend scenario leads to the largest water demand, except for cattle 
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watering, for which the current decrease is extended. Differences between MUs (see Appendix G) mainly relate the fact that 

specific water uses are absent, such as drinking water for many MUs, or industry for MU10 and MU11, a result from the 

multiplying factors applied to translate the water use scenarios into actual demands (Appendix E).  

 485 

Figure 7: Relative evolution of water demand for the different uses (in rows) and scenarios (in columns) under five climate projec-

tions aggregated at the Sèvre Nantaise scale for 2056-2085 compared to 1976-2005. See Appendix G for spatialised indicators.  
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3.4 Evolution of streamflow under climate change and water demand scenarios around 2050 

We begin by comparing the streamflow evolution under climate change for three water use scenarios with that under uninflu-490 

enced conditions at the catchment scale (Figure 8). Figure 8 clearly shows that average streamflow (QA) is primarily impacted 

by climate change, with only minor influence from the water demand scenarios or the consideration of water use in general. 

This means that water consumption is not large enough to alter the total amount of water flowing into the rivers at the catchment 

scale. This may be explained by the fact that, except for irrigation, a significant part of withdrawn water is released in the 

catchment.  495 

Nevertheless, the situation is different for the QMNA5 low-flow indicator. For QMNA5, while climate change remains a major 

driver of the streamflow indicators evolution, projection C1 leading to lower decreases of QMNA5 for example, water demand 

scenarios also influence its evolution. Generally, the alternative scenario results in the smallest decreases in QMNA5. It is 

expected, as the alternative scenario involves the greater efforts to decrease water withdrawals in the Sèvre Nantaise catchment, 

as shown in the water demand evolutions (Figure 7). Conversely, the constant scenario is the one that leads to an intermediate 500 

decrease of the QMNA5, and the trend scenario leads to the largest decrease. Again, this is logical as the trend scenario leads 

to the largest water demand. Interestingly, the evolution of QMNA5 from the uninfluenced simulations leads to even larger 

decreases of QMNA5. This may be due to the fact that water uses are accompanied by regulations that aim at targeting a 

minimal streamflow especially downstream of the dams, therefore limiting the relative impact of climate change. One must 

note however that actual QMNA5 values differ in the reference period between the uninfluenced and the influenced simula-505 

tions. Because the QMNA5 values can be very small in some MUs (< 0.1 m3 s-1), we do not show spatialized results in order 

to avoid showing values impacted by numerical noise related to the model water management.  
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Figure 8: Evolution of mean flows (QA, row 1) and low flows (QMNA5, row 2) indicators at the catchment outlet (Sèvre Nantaise at 510 
Nantes) for the uninfluenced simulation and the three future scenarios for the five climate projections (in columns). The evolutions 

are calculated from 2056-2085 to 1976-2005.  

 

3.5 Evolution of water demand satisfaction for 2056-2085 

Figure 9 presents the water demand satisfaction levels for each water use, each climate projection, and each water demand 515 

scenario, aggregated at the catchment scale. The analysis reveals that water uses are not uniformly affected by climate change 

and water demand scenarios. For instance, drinking water satisfaction appears to be barely affected by both factors. This can 

be attributed to the prioritization of drinking water supply. Conversely, irrigation – the lowest-priority water use – is signifi-

cantly impacted by climate change. Compared to the reference period (illustrated in grey), the irrigation satisfaction rate de-

clines under all climate projections except C1 (green), where the decrease is relatively modest and can even lead to an increase 520 

in some MUs (Appendix G). The alternative scenario results in higher irrigation satisfaction rates than the other scenarios. In 

between, industry and cattle watering, which have an intermediate priority among water uses, are only slightly affected by 

climate change, with the exception of MU9 for cattle watering. The alternative scenario provides only limited benefits in these 

sectors. 

Irrigation largely depends on water use from small reservoirs, whose filling levels are also affected by climate change and 525 

water use scenarios (Figure 10). While the C1 climate projection results in a modest decline in the filling rate of these reser-

voirs, due to favourable precipitation conditions, all other projections lead to substantial reductions. These declines can be 
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partially, though not entirely, mitigated by the alternative scenario. The MUs unaffected by these decreases are rare (e.g., 

MU8). 

 530 

Figure 9: Water demand satisfaction (in %) for the different uses (in rows) and scenarios (in columns) under five climate projections 

at the catchment scale for 2056-2085 (projections A1, B3, C1, C2, F4) and for 1976-2005 (the reference historical period, R).  Results 

for all other MUs are given in Appendix G.  
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535 

 

Figure 10: Probability of filling small irrigation reservoirs for the three scenarios under five climate projections for the 11 MUs for 

2056-2085 (under the three scenarios) and 1976-2005 (historical).  



27 
 

     

4 Discussion 540 

4.1 Consequences of climate change and water use scenarios for water resources management on the Sèvre Nantaise 

catchment 

The future evolution of water resources in the Sèvre Nantaise catchment appears to be contingent on climate-driven changes. 

Precipitation is expected to increase during winter and decrease during summer, impacting streamflow patterns similarly. 

However, the magnitude of these changes varies across different climate projections, with all but one projection indicating a 545 

substantial decline in low-flow indicators, and all but one projection predicting a decrease of total water resources (mean 

streamflow), albeit less pronounced than the evolution of low flows. These results are coherent with the results of the recent 

nation-wide Explore2 project (Sauquet et al., 2025), which indicates a decrease of low flows in summer and mean streamflow 

for most of France with 17 climate projections and up to nine surface hydrological models.  

Water use scenarios illustrate a general reduction in cattle water demand, and an increase for irrigation and drinking water 550 

demands. This decline in cattle water demand is attributable to a reduction in cattle populations. However, irrigation demands 

increase in all scenarios, albeit to a limited extent in the alternative scenario, which concords with Konzmann et al. (2012) or 

Aslam et al. (2025). This rise is attributable to higher crop evapotranspiration due to increasing air temperatures and declining 

soil moisture, resulting from reduced precipitation. Once again, only the C1 projection limits this increase. The increase in 

drinking water demand is driven by population growth and is compensated neither by improved network efficiency nor by the 555 

decline in water demand for livestock. 

The increase in drinking water demand is attributable to an increase in population, which a better network efficiency and a 

decrease of cattle water demand do not counter.  

The findings pertaining to average streamflow are noteworthy: its evolution is driven by climate change rather than water 

withdrawals, which is consistent with Lemaitre-Basset et al. (2024), for instance. While some water withdrawals may be sub-560 

stantial, they constitute a negligible proportion of the annual water resource. Furthermore, these withdrawals are partially 

compensated by water releases within the catchment. Conversely, both water withdrawals and climate change have a major 

impact on the low-flow evolution. The evolution is complex, but the alternative scenario generally leads to less negative evo-

lutions. Among all climate projections, the C1 is the least detrimental. However, these evolutions in water resources and 

demand lead to overall decrease of water demand satisfaction throughout the Sèvre Nantaise catchment. Although the primary 565 

intention of the alternative scenario was to propose adaptation strategies to help compensate for the impact of climate change, 

it is possible that the discussions with stakeholders may have limited this objective. The adaptation scenario may have been 

toned down due to the reluctance of certain actors to disadvantage their water demand sector, or perhaps due to the challenges 

associated with considering realistic, drastic changes in water uses. Consequently, this has led to a limitation in the contrasts 

between the results of the different water use scenarios, thereby hindering the identification of a “desirable future”. While the 570 
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priority water use, i.e. drinking water, remains largely safeguarded, lower-priority uses, particularly irrigation, face a drastic 

reduction in satisfaction. The most favourable combination of climate projection and water use scenario (C1 projection under 

the alternative scenario) still leads to a limited deterioration of the situation. In addition, it is highly improbable that small 

reservoirs are likely to maintain current filling rates in the future, even under the most favourable conditions. These facts are 

concerning, as the most optimistic scenario requires both strong and proactive local action to curtail the escalating water de-575 

mand and a global reaction to climate change, characterised by limited climate change response to greenhouse gas concentra-

tions. In any other case, restrictions on water use, impacting sectors such as irrigation, industry, and cattle watering, will 

become severe, resulting in significant local economic consequences. It can be posited that local stakeholders possess the 

capacity to mitigate the repercussions of climate change; however, the efficacy of existing solutions may be insufficient in 

case no disruptive societal trajectory is adopted. In addition, the consequences for aquatic life and more generally environmen-580 

tal issues might be severe.  

4.2 On the complexity of a real-life catchment-scale water resources management 

The in-depth representation of a real-life catchment-scale water resources management system must reflect multi-factorial and 

complex ensembles of careful decisions and interactions between water uses and the evolution of water resources. Catchment-

scale integrated water resources management modelling is therefore the only means to accurately describe these intricate rela-585 

tionships. Larger and coarser representations of IWRM can fall short in accurately representing local management practices 

and in ensuring the acceptance of their conclusions by local stakeholders. Furthermore, adaptation strategies are predominantly 

driven by the specific characteristics of the local context, in addition to national policy directives. 

Deploying a detailed modelling tool remains challenging, as it requires a comprehensive understanding of the catchment func-

tioning. First, the access to water use data is often difficult, with limited available databases typically being incomplete or not 590 

available in digital format, covering short time periods or featuring inadequate temporal resolution (Lopez et al., 2024). Despite 

this difficulty, the detailed water use database and how gaps were filled are rarely mentioned in the literature, or very coarse 

datasets are used (se e.g. Beck and Bernauer, 2011; Zhang et al., 2023; Purnamasari et al., 2025). In the present study, thanks 

to a close collaboration with stakeholders, we could retrieve an important amount of data. However, as mentioned in Appendix 

C, some data were missing or only available at a coarse resolution. In addition, these data cannot be made freely available, 595 

preventing from the reproducibility of the research or its use by other teams.  

Second, human decisions-making has a strong impact on water resources. Farmers' decisions regarding irrigation, as well as 

authorities' decisions to restrict water withdrawals and users' compliance, are key factors. While agent-based models (van Oel 

et al., 2010; Sousa et al., 2025) incorporate these behaviours, doing so necessitates a high level of model intricacy. Furthermore, 

it necessitates in-depth in situ investigation to comprehend human behaviours, which is difficult to undertake in large-scale 600 

basins. In our case for example, we could notnever access obtained the information about which the type ofthe irrigation system 

is being used in the catchment, and although we had access to authorities’ water withdrawal suppressions are public, we had 
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no information about the farmers’ rate of thecompliance respect of those. Similarly to what can be done with SWAT+ (Bieger 

et al., 2017), providing we had the information about the irrigation system, we could have included it in our IWRM modelling.  

Finally, it is a challenge to implementing in the model the complexity of the natural and influenced water transfers into the 605 

model., both natural and influenced, is a challenge. In this study, the airGRiwrm tool allowed us to model in details more than 

11,000 small reservoirs with their specific locations, as well as intercatchment water transfers, dam reservoirs and diverse uses 

such as drinking water, industries, irrigation and cattle watering, and to consider wastewater treatment plants in their locations. 

This is The airGRiwrm tool gives a very complete representation of the management of the catchment, which seems much 

more detailed than in most studies (see e.g. Sánchez-Gómez et al., 2025 with 65 reservoirs, and Wu et al., 2020 with 157 610 

reservoirs), as far as we could see, as such details are rarely provided in the scientific literature. The main limitation of our 

approach is that underground groundwater water withdrawals could not bewere not considered explicitly. They are negligible 

in the Sèvre Nantaise catchment, due to its cristallinecrystalline underground. Ongoing work tries to use link the exponential 

reservoir of the GR6J model to do solink this reservoir to groundwater levels and ultimately allow for groundwater withdrawal 

in the model (Pelletier et al., 2022), which would allow to incorporate groundwater withdrawals in airGRiwrm, but it is not 615 

yet operational. In this study, however, the fact that underground groundwater water withdrawals are limited in the Sèvre 

Nantaise catchment justifies our approach. Another limitation of the modelling is that returns from irrigated areas are not 

considered.  

One important originality of the present approach is that, instead of primarily developing an IRWM model to which we add a 

hydrological component, we rely on a well-known and very performing hydrological model providing high performance, from 620 

the GR rainfall-runoff model family. These models have been developed for decades, and showed their performances for the 

simulation of streamflow for forecasting (Royer-Gaspard et al., 2024), low flows (Nicolle et al., 2014), high flows (Berthet et 

al., 2020), and climate change applications (Thirel et al., 2025). By doing so, we ensure that the volumes of water simulated 

in the rivers, which are very important when we deal with water resource availability, are precisely simulated. We must also 

note that the GR models are conceptual models, while other approaches rather rely on physically-based approaches.  625 

Sèvre Nantaise water managers are currently developing a catchment water management initiative (in French: projets de terri-

toire pour la gestion de l'eau, PTGE), despite the uncertainties identified in this work. This process is law-based and predicated 

on a comprehensive, joint approach to water resources for every water use within a coherent area from a hydrological or 

hydrogeological point of view. The resultant commitment on the part of all users in the area (drinking water, agriculture, 

industry, inland navigation, energy, fisheries, recreational uses, etc.) is to achieve a long-term balance between needs and 630 

available resources. This must be achieved while respecting the proper functioning of aquatic ecosystems and anticipating and 

adapting to climate change, and we hope that the developed tool will help to that direction. 
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4.3 About uncertainties 

Uncertainty quantification is a critical issue when dealing with climate change impacts and water demand scenarios. In this 

study, we did not perform a systematic quantification of the contribution of the different modelling steps to the total uncer-635 

tainty, as could be done with an analysis of variance (ANOVA) method (see e.g. Evin et al., 2025). While the application of 

such a method is increasingly prevalent in studies that integrate climate projections and hydrological modelling (see, for ex-

ample, Lemaitre-Basset et al., 2021), its use in conjunction with water use modelling within the modelling chain, as in the 

present study, remains relatively uncommon. This may warrant further investigation. Nevertheless, the present study helps 

identifying some of the primary drivers of uncertainty in water resources, water demand, influenced streamflow, and water 640 

demand satisfaction evolutions, as discussed in the previous sections. Specifically, climate projections appear to be the domi-

nant source of uncertainty for natural water resources, influenced streamflow, water use satisfaction, and irrigation water de-

mand evolutions. Water use scenarios introduce a certain degree of uncertainty regarding water demand, influenced stream-

flow, and water use satisfaction evolutions, albeit generally at a lower level than climate projections. This underscores the need 

for further research in both climate and water use modelling. It should be noted that the uncertainty related to greenhouse gas 645 

emission scenarios and hydrological modelling was not assessed in this study for the sake of simplicity. However, previous 

studies have shown that these modelling steps can constitute a substantial source of uncertainty, especially for low flows (Vidal 

et al., 2016).  

The substantial uncertainties identified in such studies can be perplexing for stakeholders. Indeed, the sometimes-opposite 

trends in water resources evolution, or the limited effect of adaptation strategies on the actual evolution of influenced water 650 

resources or water demand satisfaction, may lead stakeholders to believe that the situation is too uncertain to take action. While 

the primary focus of this study was on the 2056 – 2085 period, it was observed that the evolution of uninfluenced water 

resources in the XXIst century may exhibit varying patterns prior to this period, with potential more positive phases as well as 

potentially more negative phases. These fluctuations are attributed to climate variability, rather than variability in water use, 

which was assumed to evolve progressively.  655 

As mentioned in the introduction, other approaches that do not depend exclusively on climate projections have been developed, 

including decision scaling, the scenario-neutral approach, and the info-gap theory (Prudhomme et al., 2010; Brown et al., 2012; 

Roach et al., 2015). The implementation of these methodologies in this context is conceivable, however limitations may 

emerge. Firstly, the French government has recently adopted a reference trajectory for adaptation to climate change in France, 

known as the TRACC (Trajectoire de Réchauffement de référence pour l'Adaptation au Changement Climatique). This trajec-660 

tory delineates three levels to which the country must prepare for, corresponding to +1.5 °C global warming in 2030, +2 °C in 

2050 and +3 °C in 2100 compared to 1850–1900 (Corre et al., 2025). The objective of the TRACC is to establish a unified 

framework for climate change impact studies, encompassing climate services, the definition and analysis of adaptation actions, 

the standardisation of practices on a nationwide scale, and the facilitation of a coherent response to climate challenges. We did 
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not implement this methodology in the current study due to its emergence following the completion of the calculation. How-665 

ever, in accordance to the TRACC objective, the same approach as our study could be used, as it is only necessary to identify 

in the future climate projections periods corresponding to the three warming levels. With the exception of the scenario-neutral 

approach, for which we could prescribe a given temperature increase, decision scaling and info-gap theory could not be de-

ployed to respect this governmental objectiveare not compatible with the now wide-spread global warming level approach (see 

e.g. Corre et al., 2025, for France). One critique of the climate projections-based approaches is the large uncertainties. In the 670 

current study, there remains a degree of uncertainty. However, the storyline approach prevents from dealing with a burden of 

projections with large uncertainties. Here,, but the objective is to delineate plausible future scenarios rather than calculating 

probabilities of events or risks of failure. This approach is useful as in a real-casecatchment like this one, with many inter-

related water usesuse sectors present in the catchment, and inter-related, it is important to keep a consistence between the 

impacts across the different water use sectors.   675 

5 Conclusion 

The present study has sought to describe an integrated water resources management modelling chain and to assess the impact 

of climate change and water demand evolution on the Sèvre Nantaise catchment, a pluvial temperate watershed in western 

France. In this work, we described in details an integrated model relying on the GR6J rainfall-runoff model whose performance 

in terms of streamflow simulation was shown in the past studies. We included in the integrated model more than 11,000 small 680 

reservoirs, two major dam reservoirslarge dams, irrigation, industry and, drinking and cattle water demand, as well as 

wastewater treatment plants and inter-catchment transfers. Thanks to the efficiency of the modelling framework in terms of 

computational time, all the points water uses could be precisely located and their impacts considered with regards to the dis-

tance from hydrological stations. We also defined three tailored future water use scenarios that were discussed with local 

stakeholders.  685 

We show that while the future evolution of annual natural streamflow remains uncertain, a decrease of low flows is highly 

likely. An integrated water resources management model was then established thanks to which we showed that both influenced 

low flows and water demand satisfaction are expected to deteriorate. The impact of water demand evolution proved limited—

even under an alternative scenario reducing demand—on changes in streamflow and water demand satisfaction proved limited, 

compared to the effects of climate change, even under an alternative scenario reducing demand. The impact of water demand 690 

evolution, through an alternative scenario leading to water demand reduction, was deemed to be limited on streamflow and 

water demand satisfaction evolution, compared to the impact of climate evolution. It was also observed that irrigation will be 

the most impacted water use, due to its low priority.  

The methodological framework of this study provided water sector managers with tailor-made results to support the design of 

effective adaptation measures. It could be transferred to other catchments. 695 
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Such a catchment-scale integrated water resources management modelling effort provides a more detailed understanding of 

the local drivers of climate change impact and adaptation than efforts at a larger scale (e.g. continental or global scale), which 

offer a broader but less detailed picture. Notwithstanding, Sèvre Nantaise water managers are currently developing a catchment 

water management initiative (in French: projets de territoire pour la gestion de l'eau, PTGE), despite the uncertainties identified 700 

in this work. This process is law-based and predicated on a comprehensive, joint approach to water resources for every water 

use within a coherent area from a hydrological or hydrogeological point of view. The resultant commitment on the part of all 

users in the area (drinking water, agriculture, industry, inland navigation, energy, fisheries, recreational uses, etc.) is to achieve 

a long-term balance between needs and available resources. This must be achieved while respecting the proper functioning of 

aquatic ecosystems and anticipating and adapting to climate change, and we hope that the developed tool will help to that 705 

direction. 
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Code availability 

The iwrm model was implemented thanks to the airGRiwrm R package version 0.7.0 that can be downloaded directly from 

the Comprehensive R Archive Network (CRAN): https://cran.r-project.org/web/packages/airGRiwrm/index.html.  
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Data availability 

The SAFRAN daily atmospheric reanalysis is provided on a free basis by Météo-France on the following website: 

https://www.data.gouv.fr/datasets/donnees-changement-climatique-sim-quotidienne. Daily observed streamflow data are pro-

vided on a free basis on the following website: https://hydro.eaufrance.fr/. Some of the withdrawal data can be retrieved on 
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Appendix A. List of the hydrometric stations used in the study 

Table A1: Hydrometric stations (see Figure 1 for location), on which the model is calibrated and evaluated, and their observed 995 
characteristics. Q25 and Q75 are the 25th (i.e. exceeded 75 % of the time) and 75th (i.e. exceeded 25 % of the time) quantiles of daily 

streamflow, respectively. The 2008-2020 period is used.  

Station code Name River 
Catchment 

area (km²) 

Q25 

streamflow 

(m3 s-1) 

Mean 

streamflow 

(m3 s-1) 

Q75 

streamflow 

(m3 s-1) 

M700561010 
Breuil-Ber-

nard 
Ouine 63 0.04 0.71 0.81 

M702241010 St-Mesmin Sèvre Nantaise 364 0.48 4.24 4.89 

M704401010 Mauléon Ouin 60 0.06 0.60 0.68 

M711241010 Tiffauges Sèvre Nantaise 817 1.00 9.33 10.80 

M720302010 Cholet Moine 176 0.45 1.31 1.27 

M721301010 Roussay Moine 287 0.61 2.14 2.20 

M721302010 
St-Crespin-

sur-Moine 
Moine 366 0.75 3.00 2.94 

M730242011 Clisson Sèvre Nantaise 1381 1.85 13.90 15.80 

M731401010 Tillières Sanguèze 93 0.01 0.76 0.62 

M741301010 St-Fulgent Grande Maine 132 0.08 1.26 1.27 

M743311010 
St-Georges-

de-Montaigu 
Petite Maine 192 0.06 1.66 1.41 

M745301010 Remouillé Maine 595 0.31 5.24 4.58 

M7502410 Nantes Sèvre Nantaise 2354 2.47 22.76 24.20 
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Appendix B. Evolution of annual and seasonal precipitation and temperature of the 5 cli-

mate projections selected among the Explore2 dataset, relatively to the 1976-2005 period for 1000 

RCP 8.5 and the 2056-2085 period. 

 

 

Figure B1: Evolution of the annual average precipitation (P) and temperature (T) for RCP 8.5 and for 2056-2085 relatively to 1976-

2005. The colours highlight the five selected projections and allow to compare them to the complete Explore2 dataset (not detailed 1005 
here). The letters stand for the global climate models and the numbers for the regional climate models. 

 



43 
 

  

Figure B2: Evolution of the seasonal average precipitation (P) and temperature (T) for RCP 8.5 and for 2056-2085 relatively to 1976-1010 
2005. The colours highlight the five selected projections and allow to compare them to the complete Explore2 dataset (not detailed 

here). DJF: December-January-February; MAM: March-April-May; JJA: June-July-August; SON: September-October-Novem-

ber.  

 

  1015 
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Appendix C. Water withdrawal and release data 

Spatial and temporal extrapolation of water withdrawal and release data, as well as temporal disaggregation, were carried out 

and validated by local water stakeholders from the Sèvre Nantaise catchment. After extensive analysis, a daily time step data-

base was compiled for all the water uses within the catchment area. However, this article does not focus on that aspect of the 

research. Readers are therefore encouraged to refer to Santos et al. (2023a) for a more comprehensive description of the data-1020 

base extension. In the present work, the water withdrawal and release data are considered as granted, though it is recognised 

that uncertainties exist, as is the case with other observed data, such as climatic or hydrological data.  

Figure C1 illustrates the evolution of annual water withdrawals across four sectors (drinking water, cattle watering, irrigation 

and industry) and annual water releases for three sectors (wastewater treatment plants, drinking water leakage and industry). 

It clearly shows that the volume of water withdrawn for drinking water supply, cattle watering and industry, remains relatively 1025 

stable in time, whereas withdrawals for irrigation are more variable, likely due to their sensitivity to climatic variations. Re-

garding water releases, the volumes from industry and drinking water leakage remain stable over the period, while the amount 

released by wastewater treatment plants exhibits greater variability. This variability is likely attributable to fluctuating precip-

itation levels that locally contribute to the release. Additionally, it is notable that total water withdrawals exceed water releases 

within the catchment by approximatively 35 % (Figure C1). This water withdrawal exceedance is mainly explained by irriga-1030 

tion and cattle watering even if it is partially compensated by drinking water importation from outside of the catchment. We 

also see that releases from the wastewater treatment plants are generally higher (except for a couple of MUs) than the drinking 

water withdrawals, which is mainly due to water transfers with neighbouring basins (around the same volume of water as is 

withdrawn for drinking water inside the catchment). The intra-annual variability of the water demand differs according to the 

water use. Namely, drinking water and industrial water demands are rather stable. We only noted a slight increase of in drinking 1035 

water demand during the June to September period, due to both tourism and an increase ofincrease in the cattle water demand. 

The irrigation water demand is logically higher during summer months. 

Substantial spatial heterogeneities in water withdrawn also exist within the catchment (Table C1). Specifically, drinking water 

supply are concentrated in a few management units, including the two where the major dams are located, whereas releases 

from wastewater treatment plants and network leakage are scattered. Other water uses are also unevenly distributed over the 1040 
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Sèvre Nantaise catchment. In addition, the Ribou-Verdon dam aims at sustaining low flows, but the Bultière dam does not, 

and small reservoirs tend to delay the streamflow increase after the low-flow period.  

 

 

Figure C1: Left: Evolution of annual water volumes withdrawn for drinking water, cattle watering (excluding water withdrawn 1045 
from the drinking water supply), irrigation and industry. Right: Evolution of annual water volumes released by wastewater treat-

ment plants, drinking water leakage and industry. All data are measured or interpolated from measurements (see Santos et al., 

2023a).  

 

Table C1: Management Units (MUs), on which water uses are discussed, their upstream areas, and their withdrawn and released 1050 
mean annual volumes over 2008-2020 for each water use. SN stands for Sèvre Nantaise and Ind. stands for Industries.  

ID MU Name 

Catch-

ment area 

(km²) 

Mean annual withdrawals (Mm3) Mean annual releases (Mm3) 

Drink-

ing wa-

ter sup-

ply 

Irriga-

tion 

Cattle 

water-

ing 

Ind. 

Total 
Wastewater 

treatment 

plants 

Drink-

ing wa-

ter leak-

age 

Ind. 

Total 

MU1 
Grande 

Maine 
159 5.34 0.93 0.36 0.01 

6.64 
1.39 0.22 0.01 

1.62 

MU2 Maine aval 676 - 3.16 0.54 0.20 3.90 2.37 0.50 0.76 3.63 

MU3 
Moine 

amont 
133 4.69 0.79 0.25 - 

5.73 
0.50 0.07 - 

0.57 
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MU4 Moine aval 384 - 1.44 0.43 0.07 1.94 6.31 0.51 0.03 6.85 

MU5 Ouin 100 0.21 0.17 0.21 0.23 0.82 0.51 0.06 0.23 0.80 

MU6 Petite Maine 192 - 0.99 0.44 0.10 1.53 0.89 0.26 0.15 1.30 

MU7 Sanguèze 161 - 0.35 0.20 - 0.55 1.02 0.14 0.27 1.43 

MU8 SN amont 364 - 0.94 0.71 - 1.65 0.50 0.14 - 0.64 

MU9 SN aval 2354 - 0.33 0.04 0.58 0.95 1.84 0.76 0.58 3.18 

MU10 SN Clisson 1381 - 2.13 0.37 - 2.50 1.05 0.14 0.01 1.20 

MU11 SN moyenne 817 1.73 2.30 0.85 - 4.88 2.05 0.33 - 2.38 

Whole catchment 11.97 13.53 4.40 1.19 31.09 18.43 3.13 2.04 23.60 
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Appendix D. Water demand and release models 

Below are described the water demand and release models used in this study. The water demand and release models rely on 1055 

diverse variables, that are listed on the right column of Table D1 and Table D2. The values of these variables for the 2008-

2020 period were obtained thanks to many sources, including reports or local databases. These data sources are not listed here. 

We refer the reader to Santos et al. (2024a) that lists all data sources and also all hypotheses made to deal with missing data. 

In addition, this report provides values for some variables that are uniform over the catchment, such as the list of the 16 cattle 

types or the unit consumptions for each cattle type. We believe that the models proposed thereafter can be re-employed or 1060 

adapted to other case studies. Note that the irrigation water demand model is the CropWat model, whose equations are not 

given here (see Allen et al., 1998, Soutif-Bellenger et al., 2023).  

For the application of the water demand and release models on the future period with scenarios, the evolution of these variables 

is prescribed relatively to their values over 2008-2020 (see Appendix E). The dams management rules are presented in Table 

D3.  1065 

 

Table D1: Water demand models and variables. 

Water de-

mand sector 

Equation for location a and day d. Locations can be either municipali-

ties or plots (for irrigation). The water demands are thereafter summed 

up over the diverse locations a of each sub-catchment 

Variables 

Cattle water-

ing 

The daily water demand made on drinking water for cattle for location a and 

day d is: 

𝑄𝐶𝑊,𝐷𝑊(𝑎, 𝑑) = ∑ 𝑛(𝑖, 𝑎, 𝑦) ∗ 𝐷𝑒𝑚(𝑖, 𝑦) ∗ 𝑅𝐷𝑊(𝑖, 𝑦) ∗ 𝑅𝐷(𝑑)

𝑖=𝑐𝑎𝑡𝑡𝑙𝑒𝑡𝑦𝑝𝑒

 

 

The daily water demand made on the natural environment for cattle for lo-

cation a and day d is: 

𝑄𝐶𝑊,𝑁𝐸(𝑎, 𝑑) = ∑ 𝑛(𝑖, 𝑎, 𝑦) ∗ 𝐷𝑒𝑚(𝑖, 𝑦) ∗ (1 − 𝑅𝐷𝑊(𝑖, 𝑦))

𝑖=𝑐𝑎𝑡𝑡𝑙𝑒𝑡𝑦𝑝𝑒

∗ 𝑅𝐷(𝑑) 

𝑛(𝑖, 𝑎, 𝑦) is the number of 

heads for cattle type i, loca-

tion a and year y [-] 

𝐷𝑒𝑚(𝑖, 𝑦)  is the demand 

per head for cattle type i 

and year y [m3 y-1] 

𝑅𝐷𝑊(𝑖, 𝑦) is the fraction of 

water demand made on 

drinking water for cattle 

type i and year y [-] 

𝑅𝐷(𝑑)  is the fraction of 

yearly water demand made 

on day d [-] 
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Industry The daily water demand made on drinking water for industry for location a 

and day d is: 

𝑄𝐼𝑛𝑑,𝐷𝑊(𝑎, 𝑑) = ∑ 𝐷𝑒𝑚𝐼𝑛𝑑(𝑖, 𝑦) ∗ 𝑅𝐷𝑊2(𝑖, 𝑦) ∗ 𝑅𝐷2(𝑑)

𝑖=𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦(𝑎)

 

 

The daily water demand made on the natural environment for industry for 

location a and day d is: 

𝑄𝐼𝑛𝑑,𝑁𝐸(𝑎, 𝑑) = ∑ 𝐷𝑒𝑚𝐼𝑛𝑑(𝑖, 𝑦) ∗ (1 − 𝑅𝐷𝑊2(𝑖, 𝑦)) ∗ 𝑅𝐷2(𝑑)

𝑖=𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦(𝑎)

 

𝐷𝑒𝑚(𝑖, 𝑦)  is the demand 

for industry i and year y 

[m3 y-1] 

𝑅𝐷𝑊2(𝑖, 𝑦)  is the fraction 

of water demand made on 

drinking water for industry 

i and year y [-] 

𝑅𝐷2(𝑑)  is the fraction of 

yearly water demand made 

on day d [-] 

Irrigation The daily water demand made for irrigation for location a and day d is: 

𝑄𝐼𝑟𝑟𝑖𝑔(𝑎, 𝑑) = ∑ 𝑆𝑢𝑟𝑓(𝑖, 𝑎, 𝑦) ∗ 𝐷𝑒𝑚𝑢𝑛𝑖𝑡(𝑖, 𝑑) ∗ 𝑅𝐼𝑟𝑟𝑖𝑔(𝑖, 𝑦)

𝑖=𝑐𝑟𝑜𝑝𝑡𝑦𝑝𝑒

 

 

𝑆𝑢𝑟𝑓(𝑖, 𝑎, 𝑦)  is the culti-

vated surface for crop i, lo-

cation a and year y [-] 

𝐷𝑒𝑚𝑢𝑛𝑖𝑡(𝑖, 𝑑)  is the de-

mand for 1 m² for crop i on 

day d of year y [m3 d-1] 

𝑅𝐼𝑟𝑟𝑖𝑔(𝑖, 𝑦)  is the fraction 

of irrigated surface for crop 

i and year y [-] 

Vine spray-

ing to pre-

vent frost 

damage 

The daily water demand made for vine water spraying for location a and day 

d is: 

𝑄𝑣𝑖𝑛𝑒(𝑎, 𝑑) = 𝑆𝑢𝑟𝑓(𝑣𝑖𝑛𝑒, 𝑎, 𝑦) ∗ 𝐷𝑒𝑚𝑢𝑛𝑖𝑡(𝑣𝑖𝑛𝑒, 𝑑) ∗ 𝑅𝑠𝑝𝑟𝑎𝑦𝑒𝑑𝑣𝑖𝑛𝑒(𝑖, 𝑦) 

𝑆𝑢𝑟𝑓(𝑣𝑖𝑛𝑒, 𝑎, 𝑦)  is the 

cultivated surface for vine, 

location a and year y [m²] 

𝐷𝑒𝑚𝑢𝑛𝑖𝑡(𝑣𝑖𝑛𝑒, 𝑑)  is the 

demand vine spray under 

freezing conditions for 

1 m² and day d [m3 d-1 m-2] 

𝑅𝑠𝑝𝑟𝑎𝑦𝑒𝑑,𝑣𝑖𝑛𝑒(𝑖, 𝑦)  is the 

fraction of vine surface 

concerned by spraying in 

freezing condition and year 

y [-] 
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Drinking 

water 

The daily water demand made for drinking water for location a and day d is: 

𝑄𝐷𝑊(𝑎, 𝑑) = (𝑄𝐶𝑊,𝐷𝑊(𝑎, 𝑑) + 𝑄𝑖𝑛𝑑,𝐷𝑊(𝑎, 𝑑) + 𝑝𝑜𝑝(𝑎, 𝑦)

∗ 𝐶𝑜𝑛𝑠𝑢𝑛𝑖𝑡)/𝐸𝑓𝑓(𝑎, 𝑦) 

The daily water demand is then aggregated for each withdrawal point pro-

portionally to its origin. 

𝑝𝑜𝑝(𝑎, 𝑦) is the population 

of location a and year y [in-

hab.] 

𝐶𝑜𝑛𝑠𝑢𝑛𝑖𝑡  is the daily unit 

consumption per human 

being [m3 d-1 inhab.-1] 

Eff(a,y) is the drinking wa-

ter network efficiency for 

location a and year y [-] 
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Table D2: Water release models and variables 1070 

Water re-

lease sector 

Equation for location a and day d. The water releases are thereafter 

summed up over the diverse locations a of each sub-catchment 

Variables 

Industry The daily water release made in the drinking water network for industry for 

location a and day d is: 

𝑅𝑒𝑙𝐼𝑛𝑑,𝐷𝑊(𝑎, 𝑑) = ∑ 𝑅𝑒𝑙𝐼𝑛𝑑(𝑖, 𝑦) ∗ 𝑅𝐷𝑊3(𝑖, 𝑦) ∗ 𝑅𝐷2(𝑑)

𝑖=𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦(𝑎)

 

 

The daily water release made in the drinking water network for industry for 

location a and day d is: 

𝑅𝑒𝑙𝐼𝑛𝑑,𝑁𝐸(𝑎, 𝑑) = ∑ 𝑅𝑒𝑙𝐼𝑛𝑑(𝑖, 𝑦) ∗ (1 − 𝑅𝐷𝑊3(𝑖, 𝑦)) ∗ 𝑅𝐷2(𝑑)

𝑖=𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦(𝑎)

 

𝑅𝑒𝑙𝐼𝑛𝑑(𝑖, 𝑦) is the water re-

lease for industry i and year 

y [-] 

𝑅𝐷𝑊3(𝑖, 𝑦)  is the fraction 

of water release made in 

the drinking water network 

for industry i and year y [-] 

𝑅𝐷2(𝑑)  is the fraction of 

yearly water release made 

on day d [-] 

Wastewater 

treatment 

The daily wastewater treatment release for location a and day d is: 

𝑅𝑒𝑙𝑊𝑊(𝑎, 𝑑) = 𝑅𝑒𝑙𝐼𝑛𝑑,𝐷𝑊(𝑎, 𝑑) + 𝑄𝐷𝑊(𝑎, 𝑑) ∗ 𝐸𝑓𝑓(𝑎, 𝑦) + 𝑃(𝑃

> 10𝑚𝑚) 

The daily wastewater treatment release is then aggregated for each sewage 

plant proportionally to its destination. 

𝑃(𝑃 > 10𝑚𝑚)  is the the 

daily rainfall higher than 

10 mm [m3 d-1] 

Eff(a,y) is the drinking wa-

ter network efficiency for 

location a and year y [-] 

Drinking 

water net-

work losses 

The daily drinking water network losses for location a and day d are: 

𝑅𝑒𝑙𝐷𝑊𝑙𝑜𝑠𝑠(𝑎, 𝑑) = 𝑄𝐷𝑊(𝑎, 𝑑) ∗ (1 − 𝐸𝑓𝑓(𝑎, 𝑦)) 

𝐸𝑓𝑓(𝑎, 𝑦)  is the drinking 

water network efficiency 

for location a and year y [-] 

 

Many small reservoirs are present in the basin. We processed as follows for each small reservoir: 

1. The hydraulic distance between the small reservoir and the outlet of the sub-basin in which the small reservoir is 

located is calculated (in order to take into account the delay in the small reservoir’s influence in the model). 

2. The catchment area upstream of the small reservoir is defined in order to calculate the runoff intercepted by the small 1075 

reservoir. 

3. For each day, potential evaporation, runoff from the upstream catchment area and water demand for irrigation are 

calculated. 

4. A daily balance is calculated to determine the change in the volume of the water body and the volumes withdrawn 

from the watercourse by the model. Evaporation is calculated based on the surface area of the water body (the water body is 1080 

considered to have an inverted pyramid shape) and the potential evaporation. The evaporation value in millimetres is equal to 
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0.75 times the potential evaporation. This coefficient has been optimised by analysing the modelling results against observed 

flow values. 

5. If the runoff from the upstream basin of the potential evaporation is not sufficient to completely fill the potential 

evaporation during the period from December to March, active filling from the river is considered during this same period, in 1085 

order to ensure that the potential evaporation is filled to full capacity. 

Finally, we present below the dams management rules.  

 
Table D3: Dams management rules. 

Dam Minimum outflow Condition for minimum outflow Other management rules 

Ribou-Verdon 200 l s-1 From September to May Objective to maintain a stock of 

3,75 Mm3 out of 5 Mm3 from December 

to February to mitigate floods 
400 l s-1 From June to August 

100 l s-1 If stored water is lower than 5 Mm3 

Bultière 160 l s-1 All year round until 2020 - 

260 l s-1 From November to March past 2020 

160 l s-1 In April and May past 2020 

100 l s-1 From July to October past 2020 

 1090 
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Appendix E. Water demand and release parameters for each scenario 

The water use scenarios are presented in Table E1. Globally, the scenarios that were initially proposed were not rejected by 

the stakeholders, but the workshops lead to some modifications of the initially proposed scenarios. Some elements that emerged 

are (non-exhaustive list): 1095 

- The bird flu that was ongoing on the territory was not considered in the initial scenarios. As it seems to lead to a 

significant decrease of poultry cattle, the scenarios were modified to consider that; 

- Vine spraying to prevent frost damage is an emerging issue in the catchment. The scenarios were modified to add this 

water demand; 

- The need to consider specific practices, such as agroecology or the type of irrigation. The agronomic modelling cannot 1100 

consider this and information about the current practices could not be provided by stakeholders, so the scenarios were 

not modified following these remarks; 

- The trends of the evolution of populations were modified to better represent the local dynamics (see the evolutions in 

urban areas in the scenarios); 

- The alternative scenario, previously named “adaptative” scenario, was renamed as some evolutions cannot be con-1105 

sidered as adaptations; 

- A newly planned inter-catchment water transfer was added.  

We describe below the resulting scenarios. Note that the cattle types for which we provide scenarios were reduced to only five 

types, due to the very low number of heads for the other types, which are therefore considered constant. 

 1110 
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Table E1: Water use scenarios 

Item Spatial scale Unit Reference Scenario 

Constant Trend Alternative 

Drinking water and sewage treatment 

Population Heterogene-

ous over the 

catchment 

Percentage 

of evolution 

2008-

2020 

Unchanged From 0 to +0.5 % 

between 2023 

and 2059 follow-

ing a linear trend. 

Stable after 2059. 

Main cities fol-

low a higher in-

crease (+0.1 %), 

while rural areas 

follow a lower in-

crease (-0.1 %) 

From 0 to +0.5 % 

between 2023 

and 2059 follow-

ing a linear trend. 

Stable after 2059. 

Main cities fol-

low a higher in-

crease (+0.2 %), 

while rural areas 

follow a lower in-

crease (-0.2 %) 

Consumption per unit Unchanged Stable overall, 

but +50 L/inh./d 

for rural areas, -

50 L/inh./d for 

urban areas 

Stable overall, 

then -1 % per 

year from 2040 to 

2050 

Drinking water network 

efficiency 

Whole catch-

ment 

Unchanged +0.013 % per 

year 

+0.08 % per year 

Partition between collec-

tive and individual sew-

age treatment 

Rate Unchanged Incoming population considered as 

within the collective network 

Inter-catchment transfers - Unchanged Unchanged except if already planned 

Agriculture 

Dairy cows Whole catch-

ment 

Percentage 

of evolution 

of the num-

ber of heads 

2008-

2020 

Unchanged -0.6 % per year 

Suckler cows Unchanged -2.0 % per year -1.4 % per year 

Calves Unchanged -0.7 % per year 

Porks Unchanged -0.4 % per year -0.5 % per year 

Poultry Unchanged -2.0 % per year -1.4 % per year 
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Consumption per unit L d-1 head-1 Unchanged Unchanged Unchanged (ex-

cept during days 

with air tempera-

ture > 30 °C) 

Part of water withdrawal 

coming from the drinking 

water network 

Rate Unchanged Unchanged 

+20 % 

Total cultivated area Percentage 

of evolution 

Unchanged -0.2 % per year Unchanged 

Crop rotation Type of 

crop 

Unchanged 10 % reduction 

over 10 years in 

vineyards and 

forage crops, re-

placed by wheat, 

maize, rapeseed 

and market gar-

dening (in equal 

proportions, de-

pending on what 

was already pre-

sent) 

Wheat is partly 

replaced by bar-

ley, and maize by 

sorghum, at a rate 

of 0.5 % per year. 

Vine water spraying - Unchanged On half of vineyards 

Irrigation practices - Unchanged Unchanged 

Irrigated surfaces km² Unchanged +15 % 

Industries 

Industrial activity Whole catch-

ment 

Percentage 

of evolution 

2008-

2020 

Unchanged +3 % 

Consumption per unit Unchanged -6 % -8 % 
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Appendix F. Uninfluenced future streamflow regimes for additional stations 

 
Figure F1: Interannual streamflow regime for the projected uninfluenced streamflow for the Cholet gauge station (downstream of 1115 
the Ribou-Verdon dams) for 2056-2085 for the five climate projections.  
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Figure F2: Interannual streamflow regime for the projected uninfluenced streamflow for the St-Fulgent gauge station (upstream of 

the Bultière dam) for 2056-2085 for the five climate projections. 

  1120 
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Appendix G. Spatialised evolution of indicators 

 

Figure G1: Relative evolution of water demand for the different uses and scenarios (in columns) under five climate projections for 

the 11 management units (in rows) of the Sèvre Nantaise for 2056-2085 compared to 1976-2005. Empty panels represent the cases 

where a water use is not present in a MU.   1125 



58 
 

 

 

 

Figure G2: Water demand satisfaction (in %) for the different uses and scenarios (in columns) under five climate projections for the 

11 MUs (in rows) for 2056-2085 (projections A1, B3, C1, C2, F4) and for 1976-2005 (the reference historical period, R). Empty panels 1130 
represent the cases where a water use is not present in a MU. The scale used for satisfaction goes from 50 to 100 %.  


