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Abstract: The water balance of groundwater- and surface water-fed peatlands depends on inputs 13 
from their catchment, which may be impacted by changes in catchment land use. The impacts of 14 
alternative land use on peatland hydrological conditions in a small headwater catchment within the 15 
granitic uplands of the Massif Central, France are investigated using a coupled MIKE SHE / MIKE 16 
11 model with evapotranspiration modelled using equations based on the HYLUC model. Replacing 17 
existing catchment vegetation, dominated by broadleaf woodland, with conifer plantations would 18 
reduce overland inflow to the peatland by 50% and groundwater inflow by 14%. Mean stream 19 
discharge would decline by 28–47%, with larger impacts in upstream channels compared to 20 
downstream of the mire. Discharge during low flow periods would be particularly impacted, with 21 
reductions in Q95 ranging from 46% to 82%. Groundwater table (GWT) depth would increase by up 22 
to 1 m at some locations, although such large changes would be largely restricted to mire margins 23 
and during the driest late summer months. Replacing existing vegetation with grassland or heathland 24 
would increase overland inflow by 29% and 22%, respectively. In both cases groundwater inflow 25 
would increase by 4%. Mean stream discharge would increase by between 9% and 29% depending 26 
on location, and Q95 by between 13% to 89%. In absolute terms, the impacts on GWT depth would 27 
be much smaller under the grassland and heathland scenarios compared to the conifer scenario 28 
since, under current conditions, the GWT is close to the ground surface for much of the year. 29 
 30 
Keywords: wetland; peatland; mire; afforestation; MIKE SHE; Massif Central 31 
 32 
INTRODUCTION 33 
 34 
Peatlands provide many valuable environmental services (Joosten and Clarke 2002; Parish et al. 35 
2008; Bonn et al. 2016; Tanneberger et al. 2021). In particular, even though they occupy a relatively 36 
small proportion of the Earth’s land surface, high carbon concentrations in peat make peatlands a 37 
globally important carbon store, with a major role in the global carbon cycle and climate system 38 
(Lindsay 2010; Frolking et al. 2011; Worrall et al. 2011; Yu et al. 2011; Loisel et al. 2021; Strack et 39 
al. 2021; Loisel and Gellego-Sala 2022). Mires, i.e. peatlands with active peat-accumulating 40 
vegetation, are the most efficient carbon store of all terrestrial ecosystems (Parish et al. 2008). Due 41 
to their organic soils and reductive conditions, peatlands can constitute major sinks for almost all 42 
metallic and metalloid pollutants, and can efficiently reduce pollutant loads in downstream 43 
watercourses (Sobolewski 1999; Brown et al. 2000; Ringqvist et al. 2002; Tipping et al. 2003; 44 
Rothwell and Evans 2004; González A et al. 2006; Rothwell et al. 2008; Langner et al. 2012; Lidman 45 
et al. 2012; Szkokan-Emilson et al. 2013; Nieminen et al. 2017; Turunen and Sallantaus 2023). In 46 
mid-latitudes, mires are relatively rare, providing distinctive environmental conditions and thereby 47 
making important contributions to biodiversity. For example, mires cover about 0.14% of the area of 48 
Metropolitan France (MEDDE/CGDD/SOeS and Fédération des Conservatoires d’Espaces Naturels 49 
2013), yet 9% of vascular plant species legally protected at the national level, 6% of International 50 
Union for Conservation of Nature (IUCN) Red List vascular species and 6% of all vascular plant 51 
species are only or principally found in mires (Julve 1996). In recognition of the environmental 52 
services they provide, most mire habitats within the European Union (EU) are now protected under 53 
the EU 92/43/EEC Habitats Directive that requires member states to designate Special Areas of 54 
Conservation (SAC) to contribute to the conservation of a list of habitats and species for which the 55 
EU has a global responsibility (European Commission 1992). 56 
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The long-term provision of environmental services by mires requires that the water balance of 57 
these wetlands is not altered, and that surface peat is maintained at saturation for most of the year 58 
(Strakova et al. 2012). Perturbations of mire water balances through drainage, peat extraction, direct 59 
afforestation, fire or climate change may lead to a reduction or even inversion in the provision of 60 
some services (Strack et al. 2004; Whittington and Price 2006; Sujetovienė and Dabašinskas 2025). 61 
A particular concern is the potential for a switch in the radiative forcing of peatlands from negative to 62 
positive in response to water level drawdowns (Parish et al. 2008; Harris et al. 2021; Chen et al. 63 
2024) The formation of Dissolved Organic Carbon (DOC) and its release to downstream 64 
watercourses have been shown to be promoted by lower and more variable groundwater levels 65 
(Freeman et al. 2001; Clark et al. 2005, 2009; Strack et al. 2008; Fenner et al. 2013; Pickard et al. 66 
2022). Similarly, nutrients and metallic pollutants stored in peat can be released into solution and 67 
then to watercourses if groundwater levels are lowered or become more variable, for instance 68 
following drainage (Rothwell et al. 2009; 2010, 2011; Schöner et al. 2009; Nieminen et al. 2017). 69 

In France, as in other mid-latitude countries, mires are preferentially located in upland and 70 
mountainous areas due to relatively high orographic precipitation and lower energy balance and 71 
potential evapotranspiration (Manneville et al. 1999; Rydin and Jeglum 2006). About one third of all 72 
French mires are within the Massif Central (MEDDE/CGDD/SOeS and Fédération des 73 
Conservatoires d’Espaces Naturels 2013), a range of uplands and small mountains in central 74 
France. In this area, 79 Special Areas of Conservation have been designated principally or in part 75 
for the conservation of mire habitats of European interest under the EU Habitats Directive. The water 76 
balance of most of these mires is strongly dependant on surface runoff and groundwater inputs from 77 
their wider catchments making them potentially vulnerable to environmental changes beyond their 78 
boundaries (Duranel 2015). 79 

Within the Massif Central, in common with many other upland areas in France and around the 80 
world (Helmschrot 2006; Mason 2007; He et al. 2014), shifts in the rural economy led to dramatic 81 
land use changes over the last century, especially after 1945. There was, in particular, large 82 
increases in forest cover, both through active plantation and spontaneous afforestation of land 83 
abandoned by farming (Dodane 2009; Derrière et al. 2013). For example, in Nouvelle-Aquitaine, on 84 
the western side of the Massif Central, heathlands covered a third of the regional area in the early 85 
19th century, and more than 75% of the landscape on the uplands of the Millevaches Plateau. Since 86 
then, 98% of heathlands have disappeared, converted to improved pasture or arable land in the 87 
lowlands, and to forests in the uplands. Forests now occupy up to 70% of the landscape in some 88 
upland districts (Feydel 2003). According to recent national forestry statistics (Inventaire Forestier 89 
National, http://inventaire-forestier.ign.fr), 56% of forests on the Millevaches Plateau are coniferous 90 
plantations, although this figure masks large local variations. Scots pines, mainly planted in the early 91 
20th century, cover 11% of forested land; Norway spruce 18% and Douglas fir 21%. The latter 92 
species, widely introduced after major storms in 1982, is now the species of choice for plantations. 93 

Detrimental impacts of direct afforestation, alone or in association with drainage, on wetlands 94 
and their hydrological and ecological integrity is now well known (Jackson 1987; Byrne and Farrell 95 
1997; Vompersky and Sirin 1997; Anderson et al. 2000; Heal et al. 2004; Beheim 2006; Haigh 2006; 96 
Oxbrough et al. 2006; Lewis et al. 2013; Limpens et al. 2014; Härkönen et al. 2023; Hughes et al. 97 
2024). At least in some countries, recent regulations and, in some cases, economic considerations 98 
have now limited the risks of wetlands, especially large sites, from being directly afforested whilst 99 
the viability of afforesting drained peatlands as a climate mitigation measure has been questioned 100 
(Jurasinski et al. 2024). However, the knock-on impacts of afforestation within the catchments of 101 
wetlands have rarely been investigated. To our knowledge, only a handful of studies have been 102 
carried out worldwide (e.g. Smith and Charman 1988; Grenfell et al. 2006; Helmschrot 2006; Krause 103 
et al. 2007; Weigandt et al. 2015; Xi et al. 2022). There is, however, strong evidence that in many 104 
cases forests are associated with much lower water yields than open habitats (e.g. Andréassian 105 
2004; Farley et al. 2005; Katzensteiner et al. 2011; Alonso et al. 2024; Zhang et al. 2024). For 106 
example, Sahin and Hall (1996) analysed results from 145 deforestation experiments carried out 107 
across the world and showed that 100% clear-felling would result in an average increase in water 108 
yield of 330 mm yr-1 in conifer forests and 169 to 201 mm yr-1 in deciduous forests depending on 109 
annual precipitation. Several studies have also reported lower groundwater recharge under conifer 110 
forests compared to broadleaf forests, and under broadleaf forests compared to grass, heath or 111 
arable land (Cooper 1980; van der Salm et al. 2006, 2007; Rosenqvist et al. 2010; Zhang et al. 2021; 112 
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Salem et al. 2023). The main reasons for this are the larger evapotranspiration and interception by 113 
trees (Calder 1998, 2003; Hudson et al. 1999; Harsch et al. 2009). 114 

There is palaeo-ecological evidence that large-scale deforestation due to the development of 115 
agriculture during the Holocene led to changes in the water balance of many wetlands, and in some 116 
cases even triggered the creation of new wetlands. Woodward et al. (2014) carried out a global 117 
meta-analysis of 205 wetland sites, including swamps and lakes, where Holocene deforestation had 118 
been evidenced and for which it was possible to assess the presence or absence of hydrological 119 
changes through palaeo-ecological or historical methods or via direct observation. Increased water 120 
inflow following deforestation was identified in 28% of these wetlands, and in 55% of “swamps” 121 
(which included all non-lacustrine wetlands). According to a simple water balance model, inflows to 122 
9-12% of wetlands globally, and to 20-40% of Ramsar-designated wetlands, may have increased 123 
due to Holocene deforestation. An analysis of the timing of peat inception in the eastern Massif 124 
Central also showed that peat formation in a large number of mires, and especially small fens with 125 
shallow peat deposits located at relatively low altitudes, could be related to the development of 126 
farming which led to both deforestation and the construction of small-scale water management 127 
structures (Cubizolle et al. 2012). Reversals of the historic trends of upland forest loss could, 128 
therefore, have consequences for peatlands in these areas.  129 

The current study addresses the critical gap in our knowledge of the potential impacts of 130 
changes in catchment land use on the hydrology of upland peatlands of conservation significance. 131 
This is achieved using a high-resolution MIKE SHE / MIKE 11 coupled hydrological / hydraulic model 132 
of a small, but representative, catchment in the western Massif Central that contains a mire with 133 
several national and European conservation designations. A particular emphasis is placed on 134 
assessing the impacts of afforestation to reflect the land cover changes experienced within the region 135 
during much of the 20th century and the first quarter of the 21st century. The hydrological impacts 136 
that are assessed include changes in the water balance of the wider catchment and the mire. This 137 
focuses, in particular, on the impacts of both overland and groundwater inflows from the catchment 138 
to the mire given the importance of these fluxes for sustaining high water tables and saturated peat. 139 
In turn, the impacts of catchment land use change on shallow water tables within the mire are also 140 
assessed. In this way, the study aims to reinforce the need to consider whole-catchment approaches 141 
when formulating peatland conservation policies and practices. 142 
 143 
METHODS 144 
 145 
Study site 146 
 147 
The study site is a 231.3 hectare catchment broadly matching the boundaries of the Dauges National 148 
Nature Reserve (NNR), located near the small village of Saint-Léger-la-Montagne, in the 149 
administrative department of Haute-Vienne, Nouvelle-Aquitaine, France (latitude: 46°00'42"N, 150 
longitude: 1°25'07"E, Figure 1). It lies at the heart of the Monts d'Ambazac, a low altitude mountain 151 
range at the north-western limit of the Massif Central. The catchment has been described as a prime 152 
example of etch-basins (alvéoles in French) that are widely found in Hercynian mountains (Valadas, 153 
1998). It comprises a circus-like valley with a flat bottom, surrounded by gentle hills, and opening 154 
into a narrow linear valley that, beyond the study catchment’s outlet, leads itself to another etch-155 
basin further downstream. Elevation ranges from 532 m above sea level (NGF69) at the catchment 156 
outlet to 664 m at the top of Puy de la Garde, on the south-eastern catchment boundary. A 30 m-157 
high residual hill, Puy Rond, rises at the centre of the main basin. The catchment is entirely located 158 
on leucogranite, dissected by numerous veins of lamprophyres. According to Valadas (1998), 159 
Mauroux et al. (2009) and Duranel (2015), the saprolite layer on top of the leucogranite has been 160 
almost entirely removed by erosion and is generally less than 1-2 m deep. The site was designated 161 
as a NNR in 1998 mainly to ensure the conservation of a range of acidic mire habitats which cover 162 
a total of 43 hectares and are located principally at the bottom of the etch-basin (Durepaire and 163 
Guerbaa 2008). It was further designated as a Special Area of Conservation (FR7401135) under the 164 
EU Habitats Directive. Within the mire, the average peat depth is 0.80 ± 0.49 m, with a maximum of 165 
3.45 m at its centre (Duranel 2015). 166 

According to Joly et al. (2010), the catchment lies at the transition between an altered oceanic 167 
climate and a mountainous climate. Long-term (1981–2010) mean annual precipitation and 168 
temperature recorded 4 km away from the site and at an altitude of 629 m asl are 1367 mm and 169 
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10.1 °C, respectively. Shorter-term observations (1998–2013) provide corresponding figures for the 170 
middle of the mire of 1267 mm and 9.6 °C, respectively (Duranel 2015). Annual total Penman 171 
Monteith reference evapotranspiration in the middle of the mire (provided as a standardised estimate 172 
of atmospheric evaporative demand independent of vegetation type to enable comparison with sites 173 
in different geographical contexts) is 687 mm (Thompson et al. 2026). Precipitation is relatively well 174 
distributed throughout the year albeit with a winter peak and summer low whilst reference 175 
evapotranspiration is more variable through the year following the reverse seasonal distribution. 176 

The mire’s catchment is dominated by semi-natural beech (Fagus sylvatica), oak (Quercus 177 
robur) and chestnut (Castanea sativa) woodlands, with some permanent acidic grassland and 178 
heathland patches scattered across the site. A few coniferous plantations (mainly Douglas fir 179 
Pseudotsuga menziesii, with some Scots pines Pinus sylvestris) exist but are relatively limited in 180 
extent. Some wet woodlands, dominated by willow (Salix spp.) and birch (Betula spp.), are scattered 181 
within the mire and along its margins. 182 
 183 
Coupled hydrological / hydraulic modelling 184 
 185 
This study uses the coupled MIKE SHE / MIKE 11 hydrological / hydraulic model of the catchment 186 
developed by Duranel (2015), described by Duranel et al. (2021), and most recently employed in a 187 
comprehensive climate change impact study by Thompson et al. (2026). MIKE SHE is a 188 
deterministic, fully distributed model that simulates actual evapotranspiration, unsaturated flow, 189 
saturated flow and overland flow processes in an integrated manner (Graham and Butts 2005; 190 
Refsgaard et al. 2010). Previous studies have demonstrated the utility of the system for modelling a 191 
range of wetlands including investigating alternative scenarios involving climate change, water level 192 
management and environmental restoration (e.g. Al-Khudhairy et al. 1999; Thompson 2004; 193 
Thompson et al. 2004, 2017, 2023; Hammersmark et al. 2010; Bourgault et al. 2014; House et al. 194 
2016a&b; Clilverd et al. 2016, 2022; Gardner et al. 2019). MIKE SHE originates from the Système 195 
Hydrologique Européen (SHE) developed in the late 1970s and 1980s (Abbott et al. 1986a, 1986b). 196 
In the early stages of its development, SHE was fully physically-based: each hydrological process 197 
was modelled using a set of physical equations describing mass flow and momentum transfer, such 198 
as the Darcy equation for saturated flow in porous media, or the Richards equation for unsaturated 199 
flow. It was also fully distributed: the governing equations were solved using finite-difference 200 
approaches based on a gridded spatial discretisation common to all processes. MIKE SHE has 201 
evolved into a suite of modules that also include some simplified process descriptions that, providing 202 
assumptions are made and are justified for the system being modelled, allow for the use of simplified 203 
physical equations or even conceptual models based on distributed, semi-distributed or lumped 204 
approaches (Refsgaard et al. 2010). 205 

As described by Duranel et al. (2021), the Dauges model combines physically-based and 206 
conceptual modelling methods to reduce computational demand to acceptable run times whilst still 207 
providing appropriate representation of key hydrological processes. The empirical two-layer 208 
unsaturated zone (UZ) model (Yan and Smith 1994) was preferred to the full Richards (1931) 209 
equation. This choice was made principally for computation time reasons, but was also justified by 210 
the absence of detailed data on unsaturated zone properties as well as the particular suitability of 211 
this method for shallow water table conditions that characterise the mire (e.g. Thompson 2012). The 212 
lower number of parameters required by the two-layer model (saturated hydraulic conductivity, 213 
volumetric soil moisture at saturation, field capacity and wilting point) facilitates their estimation 214 
through calibration. Overland flow was modelled using a 2D, finite-difference, diffusive wave 215 
approximation of the Saint-Venant equations, solved using the successive over-relaxation method. 216 

The saturated zone (SZ) was modelled using an iterative implicit finite difference technique to 217 
solve the 3-dimensional Darcy equation. A 10 m × 10 m resolution was used, resulting in 23,111 218 
model cells. A no-flow boundary was assumed around most of the boundaries of the topographic 219 
catchment. At its downstream end a constant-gradient boundary was used, assuming that the slope 220 
of the phreatic surface broadly follows that of the topographic surface. Based on field investigations 221 
using geological drilling, electrical resistivity tomography and analysis of available outcrops (Duranel 222 
2015), two saturated zone computational layers were specified. The lower layer corresponds to the 223 
fissured granite, with a constant depth of 55 m below the topographic surface. The depth of the upper 224 
layer is variable. Within the mire, it follows the boundary between peat deposits and underlying 225 
mineral formations, with a minimum depth of 0.5 m to avoid numerical instabilities. On mineral soils, 226 
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it was 2 m deep, to match the estimated root depth of woodlands. This is because the root zone in 227 
MIKE SHE cannot extend beyond the bottom of the uppermost computational layer, whatever 228 
method is used to model evapotranspiration and unsaturated flow. When soils and superficial 229 
formations are relatively shallow, as in the Dauges catchment, a trade-off was made between 230 
appropriate representation of root depths, an essential factor driving differences in 231 
evapotranspiration between vegetation types, and an accurate representation of the physical 232 
properties of the material within the root zone. Here the uppermost computational layer on mineral 233 
soils corresponds to a complex of soil, peri-glacial formations, in-situ saprolite and, in a substantial 234 
part of the catchment, the top of the fissured granite layer. 235 

The MIKE SHE model was coupled to a MIKE 11 1D river model of the main channels within 236 
the catchment. To keep run times within acceptable limits, channel flow was modelled using a 237 
kinematic routing method, and water levels estimated a posteriori based on the Manning’s equation. 238 
This method is quick, and generally relatively accurate for fast-flowing streams where no backwater 239 
occurs. It is not expected to give very accurate representations of stream stage, and consequently it 240 
was assumed that exchanges between the overland component and watercourses occur towards 241 
the latter only, i.e. there is no over-bank flooding. This is acceptable since within the Dauges 242 
catchment over-bank flooding only occurs on a very narrow band along the main stream and in a 243 
limited area in the downstream part of the mire (see Duranel et al. 2021). The Dauges MIKE SHE / 244 
MIKE 11 model used an adaptive time-step, whilst results were aggregated to a daily resolution. 245 

 246 
Modelling evapotranspiration 247 
 248 
Since the aim of this study is to model the impact of catchment land use change on the hydrology of 249 
the mire, an accurate representation of evapotranspiration processes is required. For this reason, 250 
the approach used to model evapotranspiration is further detailed herein. Within MIKE SHE actual 251 
evapotranspiration (ET) is estimated in each model time-step by emptying a series of reservoirs in 252 
turn: snow storage (assumed to be zero in this study), interception storage, ponded water, the 253 
unsaturated zone and, finally, the saturated zone (provided the water table is above the depth 254 
defined by the sum of the root depth and capillary fringe thickness). When using the two-layer 255 
unsaturated zone approach in MIKE SHE version 2009 (employed herein), there is no distinction 256 
between evaporation and transpiration and ET is capped to reference evapotranspiration ETref 257 
multiplied by a crop coefficient Kc. This makes modelling evapotranspiration difficult when 258 
evaporation is large and proceeds at a substantially greater rate than transpiration, for instance in 259 
forests (Calder 1998; Granier et al. 1999). Furthermore, ETref is generally calculated using a grass 260 
reference (Allen et al. 1998). Therefore, capping actual evapotranspiration to an estimation of 261 
maximum evapotranspiration based on ETref multiplied by a fixed coefficient (1.2 in Granier et al. 262 
1999, for instance) may result in the under-estimation of evaporation from interception in forests, 263 
particularly in winter (Calder 2003). Indeed, the Penman-Monteith equation predicts that when the 264 
aerodynamic resistance is an order of magnitude lower than the canopy resistance, as is the case 265 
in forests, evaporation from interception proceeds at 3 to 5 times the transpiration rate under similar 266 
weather conditions (David et al. 2006). 267 

In view of these limitations, a different evapotranspiration modelling approach to those directly 268 
available within MIKE SHE was employed with alternative methods being specified in tall and short 269 
vegetation types. The original distribution of vegetation within the Dauges catchment was based on 270 
a map of CORINE biotope vegetation classes (Commission of the European Communities 1991) 271 
reclassified to nine categories (needle-leaved evergreen woodlands, broad-leaved deciduous 272 
woodlands, mixed woodlands, heathland, clearings and shrubs, meadows and pastures, wet 273 
woodlands, wetland, impervious areas). The approach employed to model evapotranspiration in 274 
areas of different vegetation was based on the limits concept developed by Calder (1998). As 275 
proposed by Calder (2003), a distinction was made for tall vegetation (woodland, heathland and 276 
shrubs) between wet-time evaporation (corresponding to evaporation from interception) and dry-time 277 
evapotranspiration (which includes transpiration and any other evaporation from the ground surface). 278 
Evaporation from interception was modelled outside MIKE SHE using the same equations as those 279 
implemented in the HYLUC model developed by Calder (2003), and widely used to evaluate the 280 
contrasting impacts of forests and short vegetation on water resources (Haria and Price 2000; Jewitt 281 
et al. 2004; Green et al. 2006; Calder et al. 2009; Delgado et al. 2010). Daily evaporation from 282 
interception (I) was calculated as follows: 283 
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 284 𝐼 = 1)ߛ − ݁−ఋ௉) (1) 

 285 
where γ and δ are calibrated, empirical parameters, and P is daily rainfall. As proposed by Calder 286 
(2003), Eq. (1) was further simplified by assuming that: 287 
ߜ 288  =  (2) ߛ/1

 289 
In HYLUC, dry time evapotranspiration (ETdry) is modelled as: 290 

ܧ 291  ௗܶ௥௬ = 1)்ܧ݉ߚ −  (3) (ݓ

 292 
The ߚ coefficient accounts for differences in transpiration between different vegetation types 293 

in the absence of soil moisture stress and is somewhat analogous to the basal crop coefficient Kcb 294 
in the FAO dual coefficient method (Allen et al. 1998). Reduction in transpiration under water stress 295 
conditions is accounted for by a soil moisture regulation function m. ET is Penman (1948) potential 296 
evapotranspiration for short grass, used as the reference evapotranspiration in HYLUC. Finally, w is 297 
the fraction of the day when the canopy is wet and not able to transpire, It is estimated from daily 298 
precipitation and the δ parameter: 299 
ݓ 300  = 1 − ݁−ఋ௉ (4) 

 301 
In the current study, dry time evapotranspiration was modelled in a similar way within MIKE 302 

SHE, by specifying as the “potential evapotranspiration” a crop-specific dry time potential 303 
evapotranspiration calculated externally as: 304 
ܧ 305  ௣ܶ௢௧ ௗ௥௬ = ௢(1ܧߚ −  (5) (ݓ

 306 
where Eo is the FAO Penman-Monteith reference evapotranspiration for grass (Allen et al. 1998). 307 
The reduction of transpiration under limiting soil moisture conditions was accounted for by the two-308 
layer unsaturated flow component within MIKE SHE. Similarly, the “precipitation” rate specified in 309 
MIKE SHE was actually the throughfall rate, after interception modelled using Eq. (1) was subtracted 310 
from precipitation. The simulated actual evapotranspiration was post-processed to include the 311 
interception rate calculated externally. 312 

As recommended by Calder (2003), no distinction was made between wet time evaporation 313 
and dry time evapotranspiration for short vegetation types (grassland and wetland). This is justified 314 
since the Penman-Monteith equation predicts that evaporation from interception and transpiration 315 
occur at similar rates when aerodynamic and canopy resistances are of the same order, which is the 316 
case in short vegetation (David et al. 2006). For short vegetation types, the precipitation rate 317 
specified in MIKE SHE was therefore the actual precipitation rate, and the potential 318 
evapotranspiration the FAO Penman-Monteith reference evapotranspiration multiplied by a crop 319 
coefficient. In grassland, this coefficient was assumed to be 0.9 in summer and 0.6 in winter, based 320 
on values measured by Janssen (1994, in Spieksma et al. 1996) in oligotrophic acidic grassland on 321 
sandy soils in the absence of water stress. In the wetland, a value of 1.05 was used, corresponding 322 
to the FAO-recommendation for open water (Allen et al. 1998). Several studies have measured 323 
ET/ETref ratios close to unity in acidic fens and bogs, in particular those dominated by Molinia 324 
caerulea (Lafleur 1990; Sijtsma and Veldhuizen 1992, in Spieksma et al. 1996; Schouwenaars 1993; 325 
Kim and Verma 1996; Wastiaux 2000). Since most of these studies used the Penman (1948) open 326 
water evaporation as ETref, this corresponds to a crop coefficient of approximately 1.05 when using 327 
the FAO Penman-Monteith method to calculate reference evapotranspiration. Others have shown 328 
that the ET/ETref ratio from Sphagnum-dominated bogs can be substantially lower (Kellner 2001 - 329 
around 0.50-0.75; Koerselman and Beltman 1988; Lafleur and Roulet 1992; Wastiaux 2000; Lafleur 330 
et al. 2005), particularly when the capitulum dries out. In a degraded bog in the Netherlands, 331 
Schouwenaars (1990, 1993, cited by Spieksma et al. 1996) showed that the actual 332 
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evapotranspiration of Sphagnum spp. equalled Penman open water reference evaporation when the 333 
water table was within 10–15 cm of the ground surface, but dropped when the water table fell below 334 
this critical level. Actual evapotranspiration by Molinia caerulea was maintained at around the 335 
reference evaporation rate for much longer periods under dry conditions. In the Dauges model, 336 
evapotranspiration in wetland areas was therefore assumed to be driven by vascular plants, in 337 
particular by Molinia caerulea, when they are dominant in summer, but by Sphagnum mosses in 338 
winter when M. caerulea leaves are senescent and reduced in extent due to late summer and autumn 339 
grazing. This seasonality was modelled by adopting a crop coefficient of 1.05 at all times and defining 340 
the maximum root depth as 60 cm in summer and 15 cm in winter (see below). 341 

In the case of tall vegetation, documented values that could be used to estimate β are virtually 342 
non-existent. A review of available studies is presented in Supplementary Materials Table 1. Values 343 
are very variable due to differences in crop coefficient definition, the methods used to measure actual 344 
evapotranspiration or transpiration, the reference evapotranspiration used and forest stand 345 
characteristics. Very few studies have compared transpiration in trees in the absence of water stress 346 
with reference evapotranspiration. The method proposed by Allen et al. (1998) and Allen and Pereira 347 
(2009) was therefore used to estimate β based on climate, vegetation height, leaf area index and 348 
mean leaf resistance. The basal crop coefficient Kcb (equivalent to Calder’s β) can be estimated as: 349 

௖௕ܭ 350  = ௖ ௠௜௡ܭ + ௖௕ ௙௨௟௟ܭ)ௗܭ −  ௖ ௠௜௡) (6)ܭ

 351 
where Kc min is the minimum crop coefficient when the soil is bare (about 0.15), Kd is a vegetation 352 
density coefficient and Kcb full is the estimated basal crop coefficient during peak plant growth with full 353 
ground cover. Kd can be estimated from ground cover or from leaf area index (LAI): 354 
ௗܭ 355  = 1 − ݁−0.7௅஺ூ (7) 
  

Kcb full is estimated as a function of plant height and climate: 356 
௖௕ ௙௨௟௟ܭ 357  = ௥ܨ (݉݅݊(1.0 + 0.1ℎ, 1.2) + 2ݑ)0.04] − 2) − ௠௜௡ܪܴ)0.004 − 45)] (ℎ3)0.3) 

(8) 

 358 
where h is the vegetation height, u2 and RHmin are the average wind speed and minimum relative 359 
humidity at 2 m during the particular growth stage, respectively. The Fr parameter allows for a 360 
reduction in the crop coefficient if the vegetation has a higher degree of stomatal control than the 361 
reference grass crop. It is given by: 362 
௥ܨ 363  ≈ ∆ + 1)ߛ + ∆(2ݑ0.34 + ߛ (1 + 2ݑ0.34  (௟100ݎ

(9) 

 364 
where rl is the mean leaf resistance, Δ is the slope of the saturation vapour pressure versus air 365 
temperature curve and ϒ is the psychrometric constant. The values used to estimate β (=Kcb) for 366 
each tall vegetation type are provided in Table 1. LAI and mean leaf resistance, as well as root depth, 367 
were estimated using values from the literature for similar vegetation types in similar geographical 368 
contexts (see Tables 2, 3 and 4 in Supplementary Materials). For woodlands, vegetation height was 369 
estimated based on canopy height measured as part of the National Forest Inventory 370 
(http://inventaire-forestier.ign.fr) in plots with similar dominant species in the same eco-region 371 
(Plateaux limousins) as the Dauges catchment to ensure similarity in climatic and edaphic conditions. 372 
In the case of wet woodlands, only plots on hydromorphic soils were included, but the sampling area 373 
was extended to the nearby Plateaux granitiques ouest du Massif central eco-region to compensate 374 
for the small number of records available. Mature woodland canopy height was estimated for each 375 
woodland type by averaging records obtained from large trees (at least 37.5 cm in diameter) only, 376 
except for Salix spp. and Betula spp. For non-woodland vegetation classes, canopy height was 377 
estimated from informal field observations and published values (Rameau et al. 1994). 378 
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To parameterise the interception model, a literature survey of bulk annual or seasonal 379 
interception ratios, maximum interception capacities or γ values (for studies using the HYLUC model) 380 
recorded in similar vegetation types and climatic conditions to those of the Dauges catchment was 381 
undertaken (Tables 5 and 6 in Supplementary Materials). These studies suggest a relatively constant 382 
annual interception fraction in conifers with a similar architecture, independent of the location and 383 
annual precipitation provided the latter is higher than around 700-800 mm (Figure 1 in Calder 2003). 384 
In contrast, values for the maximum interception capacity in general and for the HYLUC γ parameter 385 
in particular are much more variable. This may result from different methodologies when measuring 386 
the maximum interception capacity, or equifinality issues when calibrating the γ, δ and β parameters 387 
of the HYLUC model. When, as in the present study, no interception or soil moisture data are 388 
available, it may therefore be preferable to calibrate the γ parameter against expected long-term 389 
interception ratios, an approach adopted by Delgado et al. (2010) to model the hydrological response 390 
of a Mediterranean basin to changes in land cover. In the present study, the γ parameter was 391 
calibrated against the mean of the bulk interception ratios (annual for evergreen conifers and 392 
heathlands, seasonal for deciduous woodlands) cited in the literature for each vegetation type. The 393 
bulk interception ratios and the resulting γ parameters are given in Table 1. No published estimates 394 
of the summer and winter bulk interception in wet woodlands were identified. Therefore, and based 395 
on their estimated LAI, bulk interception ratio in summer was assumed to be intermediate between 396 
those recorded in beech and oak woodlands during the leafed and leafless seasons, and to be 397 
identical to those of beech and oak woodlands in winter. Mixed woodlands were assumed to have 398 
LAI, canopy height, mean leaf resistance and bulk interception fraction values intermediate between 399 
deciduous and evergreen woodlands. 400 

Following Granier et al. (1999), evergreen needle-leaved species were assumed to have a 401 
constant LAI throughout the year, whilst LAI in deciduous broad-leaved species was assumed to 402 
increase linearly over 30 days starting at bud break from LAImin to LAImax (Bréda 1994). In autumn, 403 
LAI was assumed to decrease linearly over 30 days before leaf fall. Leaf fall was assumed to be 404 
complete 10 days after the leaf colouring date. Mean bud break and leaf colouring dates were 405 
estimated to be the 10th of April and the 17th of October, respectively, based on figures in Lebourgeois 406 
et al. (2010). Based on Janssen (1994, in Spieksma et al. 1996) and informal field observations in 407 
the Dauges catchment, grassland LAI was assumed to increase linearly from the start of April to the 408 
end of June, and to decrease throughout October. Within the wetland,  field observations show that 409 
vegetation starts to develop in late May. Full development is only reached in late June-early July. 410 
This matches LAI measurements carried out in similar wetlands in western Europe (Nieveen et al. 411 
1998; Sijtsma and Veldhuizen 1992; Spieksma et al. 1997; Bortoluzzi et al. 2006). During transition 412 
periods in spring and autumn, crop coefficients, root depths and γ coefficients were linearly 413 
interpolated between their minimum (winter) and maximum (summer) values following phenological 414 
curves identical to those for LAI. In common with other MIKE SHE-based modelling studies (e.g 415 
Thompson et al. 2004, 2009, 2023; Singh et al. 2010; Chan et al. 2020), all evapotranspiration model 416 
parameters were assumed to be constant for each vegetation type from year to year and across the 417 
site. Based on data presented by Granier et al. (1999), transpiration from roots was assumed to be 418 
increasingly reduced when the soil moisture deficit drops below 0.4. 419 

 420 
Model calibration and validation 421 
 422 
A detailed account of the original calibration and validation of the model is provided by Duranel 423 
(2015) and Duranel et al. (2021), so only a brief summary is provided here. Calibration parameters 424 
were selected based on a sensitivity analysis and included Manning’s n of the streams represented 425 
within MIKE 11, the hydraulic parameters of the saturated zone in both peat and fissured granite 426 
(horizontal and vertical saturated hydraulic conductivity, specific yield), and the unsaturated zone 427 
parameters for both peat and mineral soils (saturated hydraulic conductivity, volumetric soil moisture 428 
at saturation, field capacity and wilting point).  429 

The model was calibrated and validated against observed daily mean discharge and 430 
groundwater table depth. Discharge was recorded at the wetland outlet (Pont de Pierre gauging 431 
station, Figure 1) and in three small permanent watercourses in the upper part of the catchment 432 
(Girolles, Marzet and Rocher gauging stations, Figure 1). Groundwater table depth below the surface 433 
was recorded using automatic loggers in 16 shallow dip wells located within the wetland or on mineral 434 
soils on lower slopes. High resolution (15 min) discharge and groundwater table depth 435 
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measurements were aggregated to daily means (see Duranel (2015) for more details on hydrological 436 
monitoring methods). The model was run from 01/08/1998 (corresponding to the installation of a 437 
permanent automatic meteorological station at Saint-Léger-la-Montagne, 4.2 km from the centre of 438 
the Dauges wetland) to 31/12/2013, including an approximately 2.5-year warm-up period from 439 
01/08/1998 to 31/12/2000. To accommodate slightly different data availabilities, the calibration 440 
period was defined as 01/01/2011–30/06/2012 for stream discharge and 01/01/2011–31/12/2012 for 441 
groundwater table depth. The validation period was 01/07/2012–31/12/2013 for discharge and 442 
01/01/2013–31/12/2013 for groundwater table depth. 443 

According to model performance guidelines commonly accepted in hydrological modelling 444 
literature (Moriasi et al. 2007), model performance with regard to stream discharge was satisfactory 445 
(Nash-Sutcliffe efficiency >0.5) to very good (NSE>0.75) depending on the gauging station. In part 446 
due to the large number of observation points against which the model was calibrated and validated, 447 
performance with respect to groundwater table depth was variable (see Duranel (2015) and Duranel 448 
et al. (2021) for a detailed discussion). Here simulation results are considered for seven dip wells 449 
located within the mire, where daily groundwater table depth was available for most of the calibration 450 
and validation periods, and where model performance was assessed to be satisfactory (NSE>0.50) 451 
to very good (NSE>0.75) depending on the period. The locations of these dip wells are shown as 452 
D3, D7, D13, D15, D18, D20 and D21 in Figure 1. The root mean square error over the 2011–2013 453 
monitoring period was between 0.068 m and 0.137 m. A sample of observed and simulated 454 
discharge and groundwater table depth time-series are shown in Figure 2. 455 

 456 
Land use change scenarios 457 
 458 
The hydrological impacts of three land use change scenarios were investigated by specifying 459 
alternative vegetation distributions within the MIKE SHE / MIKE 11 model. The simulation period 460 
employed for each scenario was defined as 01/08/1998 to 31/12/2013 with, as for model calibration 461 
/ validation, the c.2.5 years up to 31/12/2000 acting as a warm-up period. For each scenario, model 462 
results were compared to the baseline, i.e. the calibrated / validated model employing the current, 463 
CORINE-based, vegetation distribution. Land use change within the mire was not simulated because 464 
for legal, economic and technical reasons large mires in the French Massif Central have rarely been 465 
actively afforested. Therefore, the focus of this study is on land use changes within the catchment. 466 
The scenarios were defined by replacing all of the current vegetation categories except wetland and 467 
wet woodland with conifers, grassland and heathland, respectively. A fourth scenario, corresponding 468 
to replacement of existing vegetation except wetland and wet woodland with broadleaf woodland, 469 
was also initially investigated. Expectedly, given the current dominance of broadleaf woodland within 470 
the catchment, the results of this scenario were broadly similar to the baseline. In the interests of 471 
clarity, results from this scenario are therefore not included in the figures and tables below although 472 
they are referred to in the text when relevant. The three scenarios that provide the focus of the 473 
analysis represent the range of hydrological impacts expected due to plausible changes in catchment 474 
land use. They also replicate existing conditions in many mire catchments within the Massif Central, 475 
with some catchments having been entirely afforested while others are still dominated by open 476 
habitats. Figure 3 shows the distribution of vegetation types under the baseline and three land use 477 
change scenarios. The proportions of the entire model area, as well as sub-areas for which water 478 
balance analyses were undertaken (see below), covered by each vegetation type for the baseline 479 
and land use change scenarios are shown in Table 2. 480 

For each land use scenario, a water balance for the period 2001-2013 was computed using 481 
the MIKE SHE water balance tool for two areas upstream of the main wetland outlet located at Pont-482 
de-Pierre in which peat and mineral soils predominate, respectively. The boundaries of these areas 483 
are shown in Figure 3. The water balance was not calculated over the entire modelled area for two 484 
reasons: first, to reduce potential errors caused by uncertainty in boundary conditions at the north-485 
west end of the modelled area as well as the sparser hydrogeological and hydrological data 486 
downstream of Pont-de-Pierre (Duranel 2015); and second, to constrain the focus of the analysis on 487 
the majority of designated mire habitats which are upstream of Pont-de-Pierre. 488 

Groundwater table (GWT) depth, exfiltration rate from the saturated zone to overland flow, and 489 
upwelling rate from lower to upper computational layers simulated over the 2001–2013 period were 490 
mapped across the entire catchment for each scenario and compared to the baseline. Stream flow 491 
simulated over the 2001–2013 period at the four gauging stations was summarised using discharge 492 
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exceedance curves, discharge quantiles and discharge totals for the baseline and each land use 493 
change scenario. A detailed comparison of simulated baseline and scenario GWT depth time series 494 
at the locations of seven dip wells focussed on the period 2011–2013 for which, as demonstrated 495 
above, the model was determined to satisfactorily reproduce observed conditions (Duranel 2015; 496 
Duranel et al. 2021). Scenario impacts on GWT depth were further summarised using exceedance 497 
curves for each well that were established using simulation results for the longer 2001–2013 period. 498 

 499 
RESULTS 500 
 501 
Water balance 502 
 503 
Table 3 shows the mean annual simulated water balance computed using the MIKE SHE water 504 
balance tool over the period 2001–2013 for both the mire and its catchment (peat and mineral soils 505 
upstream of Pont-de-Pierre, respectively) for the baseline and each land use change scenario. Since 506 
fluxes are expressed in mm yr-1 and the catchment and mire differ in extent, horizontal fluxes 507 
(boundary inflow or outflow, flow to or from watercourses) should not be directly compared between 508 
catchment and wetland water balances. Figures 4 and 5 show changes in the mean monthly water 509 
balance under the different land use scenarios relative to the baseline for the catchment and mire, 510 
respectively. Following the MIKE SHE convention, change in storage is positive when increasing, 511 
and error is positive when outflows are larger than inflows. 512 

The model simulates substantial impacts on most hydrological fluxes within the mire catchment 513 
in response to land use change. Actual evapotranspiration increases by 45% (+249 mm) under the 514 
conifer scenario, while it is reduced by 20% (-112 mm) and 17% (-96 mm) under the grassland and 515 
heathland scenarios, respectively. The impacts of both the conifer and grassland scenarios are 516 
larger in winter, while under the heathland scenario changes are larger in summer. This reflects the 517 
much larger difference in interception capacity between conifers and broadleaved trees in winter, 518 
the larger differences in interception capacity and crop coefficient between heathland and 519 
broadleaved trees in summer, and, for grassland, a larger summer crop coefficient and a greater 520 
control of the Penman-Monteith reference evapotranspiration on actual evapotranspiration due to 521 
the absence of a distinction between wet-time and dry-time evapotranspiration. 522 

Since within grasslands, and unlike woodland and heathland, interception is not modelled 523 
independently of other evapotranspiration fluxes, comparison of individual fluxes within actual 524 
evapotranspiration should be made with care. Nevertheless, it is clear that the largest impacts are 525 
on interception under the conifer scenario (+96%, +228 mm) and transpiration from the unsaturated 526 
zone under the heathland scenario (-20%, -59 mm). The latter differences are due to a lower summer 527 
crop coefficient and a smaller root depth for heath compared to broadleaf trees. When compared to 528 
the broadleaf scenario, the conifer and heathland scenarios (in which there is no difference in the 529 
way actual evapotranspiration is estimated) lead to interception changes of +77% (+203 mm) and -530 
22% (-58 mm), respectively.  531 

Whatever the scenario, evaporation from ponded water and transpiration from the saturated 532 
zone are relatively small components of the actual evapotranspiration budget, and therefore inter-533 
scenario differences are very small in absolute terms. Differences in throughfall between land use 534 
classes result in differences in surface runoff: the overland boundary outflow (which is principally 535 
comprised of surface runoff across the mineral soils/peat soils boundary) is reduced by 50% (-536 
235 mm) under the conifer scenario, while it increases by 29% (+134 mm) and 22% (+102 mm) under 537 
the grassland and heathland scenarios, respectively. The impacts of land use changes are most 538 
noticeable in winter and spring, following patterns in actual evapotranspiration and, probably, in soil 539 
moisture deficit and infiltration capacity. Given the small length of the watercourses that are located 540 
on areas underlain by mineral soils, overland flow to watercourses is quantitatively small, but trends 541 
under the different scenarios are similar to those described for overland boundary outflow. 542 

Changes in throughfall also impact infiltration from overland to both the unsaturated zone and, 543 
when groundwater is at the surface, the saturated zone. The former is reduced by 19% (-180 mm) 544 
under the conifer scenario, while it is increased by 21% (201 mm) and 2% (+22 mm) under the 545 
grassland and heathland scenarios, respectively. Timing of these changes varies between 546 
scenarios, reflecting differences in the seasonal patterns of change in interception. As a result, 547 
changes are larger in winter under the conifer scenario, relatively constant throughout the year under 548 
the grassland scenario, and larger in summer under the heathland scenario. Changes in percolation 549 
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from the unsaturated zone to the saturated zone (which, given the limited infiltration from overland 550 
water to the saturated zone, can be equated to groundwater recharge) logically follow changes in 551 
actual evapotranspiration: it is reduced by 32% (-213 mm) under the conifer scenario, and increased 552 
by 14% (+94 mm) and 12% (+80 mm) under the grassland and heathland scenarios, respectively. 553 
Seasonal patterns closely replicate those of actual evapotranspiration. Changes in groundwater 554 
recharge translate into changes in groundwater outflow, either as saturated zone boundary outflow 555 
or as seepage from the saturated zone to the surface. The former is reduced by 13% (-53 mm) under 556 
the conifer scenario, while it increases by 3% (+13 mm) and 4% (+15 mm) under the grassland and 557 
heathland scenarios, respectively. Saturated zone exchanges to the surface decline by 47% (-558 
157 mm) under the conifer scenario and increase by 23% (+78 mm) and 21% (+69 mm) under the 559 
grassland and heathland scenarios, respectively. Seepage from the saturated zone to overland on 560 
mineral soil occurs principally in the low-lying areas around the mire boundaries and contributes 561 
substantially to overland boundary outflow (Duranel 2015). 562 

Hydrological impacts of changes in land use within the catchment translate into impacts on the 563 
water balance of the mire. Under the conifer scenario, overland boundary inflows are reduced by 564 
half (-50%, -799 mm), while they are increased by 29% (+456 mm) and 22% (+349 mm) under the 565 
grassland and heathland scenarios, respectively. In absolute terms, impacts are smaller in summer 566 
under the conifer and grassland scenarios, and in spring under the heathland scenario. Groundwater 567 
inflows are also impacted: groundwater flow from the lower to the upper computational layer 568 
(corresponding to upwelling from the underlying mineral formations to the peat) is reduced by 14% 569 
(-149 mm) under the conifer scenario and increased by 4% (+38 mm) and 4% (+46 mm) under the 570 
grassland and heathland scenarios, respectively. Fewer MIKE SHE cells are simulated as 571 
discharging groundwater under the conifer scenario and there is a 41% (+14 mm) increase in 572 
downward flow between computational layers. The opposite occurs under the grassland and 573 
heathland scenarios, with a 7% (-3 mm) decrease in downward flow in both cases. In absolute terms, 574 
the impact of the grassland and conifer scenarios on groundwater upwelling within the mire is 575 
relatively constant throughout the year, albeit with very slightly larger changes in autumn. This 576 
reflects, with some temporal buffering, the timing of changes in groundwater recharge throughout 577 
the catchment. The smaller upwelling inputs to the peat layer under the conifer scenario result in 578 
reduced seepage from the saturated zone to overland flow (-17%, -163 mm), whereas this seepage 579 
increases under both the grassland (+4%, +42 mm) and heathland (+5%, +53 mm) scenarios. 580 

Even though none of the scenarios include change in land use within the mire, they still result 581 
in small changes in actual evapotranspiration from the mire: it is reduced by 2% (-13 mm) under the 582 
conifer scenario and increased by +2 mm (+0%) and +4 mm (+1%) under the grassland and 583 
heathland scenarios, respectively. In all cases the impacts are larger in summer, and effectively 584 
negligible in winter. As discussed below, this is a consequence of changes in summer GWT depths 585 
within the mire, which themselves result from changes in the inputs to the mire described above. 586 
Interception within the mire, as expected, does not change between scenarios since it is only driven 587 
by precipitation and canopy characteristics, which are identical across the mire in all scenarios. 588 
Evaporation from ponded water is reduced under the conifer scenario (-12%, -52 mm) and increased 589 
under the grassland (+2%, +8 mm) and heathland (+5%, +20 mm) scenarios, suggesting that the 590 
mire surface is less and more frequently flooded, respectively. Transpiration from the unsaturated 591 
zone is increased (+29%, +28 mm) under the conifer scenario while it is reduced under the grassland 592 
(-4%, -4 mm) and heathland (-11%, -11 mm) scenarios. This points to changes in the proportion of 593 
the mire where the GWT depth is below the ground surface such that an unsaturated zone can 594 
develop and transpiration from this zone can occur. The simulated changes in transpiration from the 595 
saturated zone (increased under the conifer scenario and reduced under the grassland and 596 
heathland scenarios) may seem initially counter-intuitive given the latter explanation. However, this 597 
is a consequence of the order in which individual evapotranspiration fluxes are used to fulfil potential 598 
evapotranspiration, and of the proportion of potential evapotranspiration that is still available for 599 
transpiration from the saturated zone once all other components have been satisfied. Changes in 600 
GWT depth and, consequently, the depth and extent of the unsaturated zone within the mire can 601 
also explain changes in infiltration from the surface to the unsaturated zone and in percolation from 602 
the unsaturated zone to the saturated zone. Both these fluxes increase under the conifer scenario 603 
(+27%, +43 mm and +24%, 15 mm, respectively) but reduce under the grassland (-4%, -6 mm and -604 
4%, -2 mm, respectively) and heathland (-9%, -14 mm and -5%, -2 mm, respectively) scenarios. 605 
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Changes in catchment land use also have consequences on outflows from the mire. The model 606 
simulates a 27% (-677 mm) reduction of overland to stream outflows under the conifer scenario, 607 
whereas these outflows increase by 13% (+321 mm) under the grassland scenario and 10% 608 
(+260 mm) under the heathland scenario. Almost all water balance error is caused by the overland 609 
flow component, and is the result of lack of convergence in some model cells due to the use of the 610 
successive over-relaxation method to decrease model run times (see Duranel et al. 2021). This error 611 
is small on mineral soils (1.6% of total inputs for the baseline), giving high confidence in simulated 612 
inputs to the mire, but is larger within the mire (9.9% of total inputs) due to the shallower slopes. In 613 
all scenarios, the water balance error is negative, meaning that total outputs (and more specifically 614 
total outputs from the overland flow component) are underestimated. The absolute overland error 615 
within the mire is reduced under the conifer scenario (due to reduced inputs to the overland flow 616 
component) and increased under the grassland and heathland scenarios (for the opposite reason). 617 
Overland flow outputs (in particular overland flow to watercourses) are therefore underestimated to 618 
a lesser degree under the conifer scenario compared to the baseline, and under the baseline 619 
compared to the grassland or heathland scenarios. Consequently, simulated differences between 620 
scenarios in terms of overland outflow to watercourses should be viewed as a minimum. This is 621 
important when considering differences in simulated stream discharge, since it means that the 622 
impacts of changes in catchment land use simulated by the model are, if anything, slightly 623 
underestimated, particularly for the wetland outlet at Pont-de-Pierre. 624 

 625 
Simulated stream discharge 626 
 627 
The model simulates substantial impacts of changes in catchment land use on stream discharge 628 
(Figure 6, Table 4). Replacement of the current catchment vegetation by conifer plantations would 629 
result in a reduction in discharge at all four gauging stations. Mean discharge is reduced by between 630 
28% and 47% depending on the station. Impacts are larger in absolute terms for high flows compared 631 
to low flows, but larger in percentage terms for low flows with declines in Q95 (i.e. discharge that is 632 
equalled or exceeded 95% of the time) ranging between 46% and 82% compared to an equivalent 633 
range of declines for Q5 (discharge equalled or exceeded for 5% of the time) of 22-45%. 634 

The grassland and heathland scenarios result in increased mean, Q5 and Q95 discharges at 635 
all gauging stations although the magnitude of changes is smaller than for the conifer scenario. Mean 636 
discharge increases by between 13% and 29% under the grassland scenario and by between 9% 637 
and 26% under the heathland scenario. Again, the impact is generally larger in absolute terms for 638 
high flows but larger in percentage terms for low flow, although this pattern is less clear than under 639 
the conifer scenario. Increases in high flow (Q5) are larger under the grassland scenario than under 640 
the heathland scenarios whereas increases in low flows (Q95) are larger for the heathland scenario. 641 
For example, Q95 increases by between 13% and 31% under the grassland scenario but by between 642 
33% and 89% under the heathland scenario. This is due to the larger interception capacity and 643 
therefore increased actual evapotranspiration for heathland in winter compared to grassland, and 644 
conversely a larger root depth and summer crop coefficient and therefore increased actual 645 
evapotranspiration for grassland in summer compared to heathland (Table 1, Figure 4).  646 

In percentage terms, the impact of the different scenarios on discharge is larger at the 647 
upstream gauging stations (Girolles, Rocher and Marzet) than at the catchment outlet (Pont-de-648 
Pierre). However, this may be explained, at least in part, by the previously discussed smaller 649 
absolute overland flow error within the mire under the conifer scenario than under the baseline, and 650 
under the baseline than under both the grassland and heathland scenarios. 651 
 652 
Simulated groundwater table depth 653 
 654 
Figures 7, 8 and 9 show the spatial distribution of change compared to the baseline in simulated 655 
mean monthly GWT depth (2001–2013) across the whole model domain under the different land use 656 
change scenarios. The same results are shown in Figures 10, 11 and 12 but with a geographical 657 
focus on the peat soils upstream of Pont-de-Pierre. Overall, the conifer scenario results in a drop in 658 
GWT depths within both the wider catchment and the mire (Figures 7 and 10). The grassland 659 
(Figures 8 and 11) and heathland (Figures 9 and 12) scenarios result in higher GWT levels, with the 660 
exception of areas where grassland under the baseline is replaced by heathland and vice-versa. 661 
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The largest overall impacts of changes in land use on GWT depth are around the catchment 662 
boundaries, and smallest in topographic depressions, especially within the main mire. Within the 663 
mire, the largest impacts are around the wetland boundaries, particularly in small peripheral 664 
extensions of the peat away from the centre of the mire. Changes in GWT are smaller, but still occur, 665 
in the centre of the mire and at its downstream end. On mineral soils within the wider catchment, the 666 
impacts of the conifer scenario are largest in late autumn and winter (maximum mean anomaly in 667 
December), and smallest in summer and early autumn (minimum mean anomaly in September). A 668 
similar pattern occurs under the grassland scenario, with the largest impacts in November and the 669 
smallest in August. Under the heathland scenario, changes in GWT depth are largest in autumn 670 
(maximum mean anomaly in October) and smallest in late winter and early spring (minimum mean 671 
anomaly in April). Within the wetland seasonality of change is different: in all cases impacts are 672 
largest in late summer and early autumn. The largest changes occur in September for the conifer 673 
and heathland scenarios, and in October for the grassland scenario. The smallest changes occur in 674 
January for the conifer and grassland scenarios and in April for the heathland scenario. 675 

Figure 13 shows simulated GWT depths at the location of selected dip wells within the mire for 676 
the baseline and each land use change scenario. These data are shown for the period 01/01/2011–677 
31/12/2013 (i.e. the combined calibration and validation period for which, as described above, model 678 
performance in terms of GWT at these locations is at least satisfactory – see also Duranel et al. 679 
2021). As shown in Figure 1, dip wells D3 and D13 are located relatively close to the mire boundary, 680 
D7, D15, D18 and D20 are further towards the mire centre, while dip wells D18 and D21 have an 681 
intermediate position. Figure 14 shows the simulated GWT depth exceedance frequency curves for 682 
the same dip well locations, but for the entire simulation period (excluding the warm-up period – i.e. 683 
2001–2013). The percentage of time during which simulated GWT depth at each dip well location 684 
falls below specified depths below ground level is shown and for each scenario in Table 5. 685 

Model results for the seven dip wells further demonstrate that land use change within the 686 
catchment impacts GWT depths within the mire. These impacts are strongly seasonal, are largely 687 
restricted to the 3–4 driest months of the year, generally in summer and early autumn, and vary with 688 
location. Impacts are large in dip wells located in sloping parts of the mire and close to its margins, 689 
particularly at D3, but also D13 and to a lesser extent D21. Changes are much smaller (D7, D15, 690 
D18) or almost non-existent (D20) at the locations of dip wells that are further into the centre of the 691 
mire. As revealed by the previous review of changes in monthly mean GWT, the largest impacts are 692 
simulated under the conifer scenario, with a drop in GWT depth close to the mire margins. For 693 
example, the model suggests that in the autumn of 2011, coinciding with a period of drought, GWT 694 
at D3 drops by up to an additional 1.3 m compared to the baseline (Figure 13). In the wetter years 695 
of 2012 and 2013, GWT depth at D3 (as well as D13, also close to the mire’s margin) drops less 696 
markedly, by up to an additional 0.6 m. In winter, when the peat is saturated to the surface, land use 697 
change within the catchment has no or very little effect. At this time of year, inputs to the mire far 698 
exceed outputs through evapotranspiration and groundwater losses to the river network (Duranel 699 
2015), and very large reductions in inputs from surface runoff and groundwater upwelling would be 700 
required to have a noticeable impact on GWT depth within the peat. Across the selected dip wells, 701 
and compared to the baseline, the amount of time when GWT is below the ground surface and then 702 
further than 0.1 m and 0.2 m below ground level increases by 7 to 36 days per year (increases from 703 
the baseline of between 4% and 41%), 3 to 48 days (3–124%) and 3 to 49 days (4–178%), 704 
respectively (Table 5). 705 

Compared to the conifer scenario, the impacts of the grassland and heathland scenarios on 706 
GWT depths within the mire are much smaller. It should be noted that the scope for change in GWT 707 
depth in the peat soils in response to the increases in inflows to the mire reported above for these 708 
two scenarios is relatively limited since the GWT is already at, or very close to, ground level for most 709 
of the year under baseline conditions. As a result, additional inputs to the mire for much of the time 710 
will not increase GWT but instead contribute to the enhanced groundwater exfiltration and saturation-711 
excess surface runoff to watercourses revealed by the water balance analysis. Nevertheless, both 712 
scenarios generally result in a slight reduction compared to the baseline in the magnitude of the 713 
seasonal fall in groundwater levels during the driest months of the year. For instance, under the 714 
baseline and during the 2011 drought year, the GWT at dip well D3 drops to about 30 cm below 715 
ground in autumn, whereas it is maintained at ground level under the heathland scenario (Figure 716 
13). At dip wells D18 and D20, the grassland scenario actually results in a very slight increase in the 717 
number of days (4, 3 and 4, respectively) when the GWT is deeper than 0.0, 0.1 and 0.2 m below 718 
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ground (Table 5). Given that these increases are only simulated for these two dip wells, and that the 719 
water balance analysis indicates a general increase in inputs to the mire under the grassland 720 
scenario, the reason for this is likely linked to the water balance error associated with the overland 721 
flow component of the model. At the locations of all other dip wells, this scenario leads to a reduction 722 
in the number of days when the GWT exceeds these thresholds (up to 11, 13 and 12 days). The 723 
heathland scenario also results in a reduction of these durations for all dip wells of up to 19 days. 724 

 725 
DISCUSSION 726 
 727 
Parameterisation of the evapotranspiration model 728 
 729 
In the absence of an independent calibration of the evapotranspiration model against observed 730 
interception, transpiration or soil moisture content, it is important that model parameters are carefully 731 
chosen based on the best published evidence in order to reduce uncertainties. In the current study, 732 
the HYLUC γ parameter was calibrated against the mean of bulk interception ratios (annual for 733 
evergreen conifers and heathlands, seasonal for deciduous woodlands) cited in the literature for 734 
each vegetation type (Table 5 in Supplementary Materials). The simulated interception fractions can 735 
therefore be considered as representative of average conditions in similar habitats, but may differ 736 
from those within the Dauges catchment. The literature suggests remarkably similar annual bulk 737 
interception ratios in Douglas fir plantations in a range of Western European countries (0.37 ± 0.02), 738 
possibly because of relatively standardised forestry practices for this species. Therefore, the 739 
confidence associated with this value for conifers within the Dauges catchment is relatively high. 740 
Reported interception ratios in broadleaf woodlands are more variable (0.28 ± 0.07 in summer, 741 
0.16 ± 0.08 in winter), probably due to varied forestry practices and stand characteristics (Bansept 742 
2013). The applicability of an average interception ratio for broadleaf trees within the Dauges 743 
catchment is therefore more uncertain. Conversely, the absence of data to parameterise interception 744 
in wet woodlands, and the assumptions that had to be made as a result, are likely to have negligible 745 
consequences on model results given that the area occupied by this vegetation class is small and 746 
does not vary between land use scenarios. 747 

Estimation of the β parameter (or basal crop coefficient) was more complex. As its name 748 
suggests, the crop coefficient method used in both HYLUC and MIKE SHE to estimate actual 749 
evapotranspiration in the absence of water stress was primarily designed for agricultural applications 750 
(Allen et al. 1998). In contrast to widely cultivated crops, for which a large volume of data is available, 751 
crop coefficients have rarely been estimated for natural and semi-natural vegetation, including 752 
forests. In the current study, these coefficients were estimated based on climate, vegetation height, 753 
leaf area index and mean leaf resistance using equations proposed by Allen et al. (1998) and Allen 754 
and Pereira (2009). This method suggested almost identical basal crop coefficients for deciduous 755 
and coniferous woodlands in summer (0.77 and 0.78, respectively), which agreed with the value of 756 
0.75 used by Granier et al. (1999) for both broadleaved and coniferous species in BILJOU, the 757 
reference forest ecohydrology model used in France. Based on a literature review and their own 758 
data, Granier et al. (1999) showed that the ratio of transpiration to reference evapotranspiration (in 759 
their case Penman’s reference evapotranspiration assuming an albedo of 0.11) in the absence of 760 
water stress is relatively constant for stands with LAI equal to or exceeding 6, and similar in 761 
broadleaved and coniferous species. Kantor (1995, cited by Katzensteiner et al. 2011) came to 762 
similar conclusions for mature Norway spruce and beech stands. Other researchers have also found 763 
T/ETref ratios in the absence of water stress of around 0.7-0.8 in both broadleaved and coniferous 764 
trees (Aussenac and Boulangeat 1980; Čermák et al. 1982; Nizinski et al. 1989; Bréda et al. 1993; 765 
Biron 1994; Bréda and Granier 1996; Ladekarl 1998; Haria and Price 2000). 766 

Very little data were found to assess the reliability of basal crop coefficient estimates obtained 767 
for forests in winter (Table 1 in Supplementary Materials). Tiktak and Bouten (1994) suggested 768 
slightly lower values in winter than in summer for Douglas fir. For broadleaved woodlands, values 769 
range from 0 (Nizinski et al. 1989) to 0.82 (Calder et al. 2002). The 0.38 value used in this study is 770 
compatible with some residual transpiration from the understorey and tree trunks (Kozlowski 1943) 771 
and increased evaporation from ponded water during the leafless season. Given the relatively low 772 
reference evapotranspiration in winter, the uncertainty associated with this value is unlikely to have 773 
a large impact on model results. Similarly, values available in the literature to validate basal crop 774 
coefficients in wet woodlands are very variable. However, as previously noted, wet woodlands only 775 
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cover a small proportion of the Dauges catchment and this does not vary within the different land 776 
use scenarios. Consequently, uncertainty associated with crop coefficients for this vegetation class 777 
is also unlikely to have major impacts on model results. 778 

Basal crop coefficients estimated for heathland were 0.60 and 0.69 in winter and summer, 779 
respectively. These values are compatible with T/ETref ratios measured or estimated in similar 780 
habitats across Western Europe (Table 1 in Supplementary Materials). For instance, Calder (1986) 781 
measured annual values in a Scottish heather-rich moorland (based on Penman grass reference 782 
evapotranspiration) that ranged between 0.58 and 0.67 whilst Jansen (1994, in Spieksma et al. 1996) 783 
measured a T/ETref ratio of 0.6 in a dry heathland in the Netherlands (based on Penman open water 784 
reference evapotranspiration). Researchers who have investigated differences in ET/ETref or T/ETref 785 
ratios also found only slightly lower values in winter than in summer (Eggink and Vink 1989; Janssen 786 
1994, in Spieksma et al. 1996; Calder et al. 2002). Grassland crop coefficients (0.6 in winter and 0.9 787 
in summer) were based on values measured by Janssen (1994, in Spieksma et al. 1996) in 788 
oligotrophic acidic grassland on sandy soils in the absence of water stress. These values are 789 
intermediate between the reference values recommended by the FAO (Allen et al. 1998) for 790 
extensively grazed pastures (0.3 and 0.75 in winter and summer respectively) and for rye-grass hay 791 
meadows (0.95 and 1.05), and within the range of values measured by Pôças et al. (2013) in 792 
mountain grasslands in Portugal. 793 

The forest scenarios used in the current study assume complete coverage of catchments by 794 
woodland that is mature enough to form a closed canopy. In reality, even in catchments where 795 
forestry is the dominant land use, open habitats are generally present due to clear-cutting, 796 
particularly in conifer plantations (e.g. Swift et al. 1975; McCaughey 1981). Model results should 797 
therefore be viewed as representing the likely maximum hydrological impact of land use change at 798 
the catchment scale in general and on mire hydrological conditions in particular. 799 

 800 
Simulated impacts of catchment land use on water yield 801 
 802 
The simulated impacts of the different land use scenarios on water fluxes within the catchment are 803 
consistent with a number of observational studies worldwide. For instance, simulations show that 804 
44%, 64%, 45%, 37% and 35% of annual precipitation is lost through evapotranspiration under the 805 
baseline and the conifer, broadleaf, heathland and grassland scenarios, respectively. The values for 806 
conifers and grassland are almost identical to those reported by Harsch et al. (2009) from a 40-year 807 
long lysimeter experiment in Germany: 65% in a pine forest and 36% in a grassland. The result for 808 
the broadleaf scenario (45%) is, however, smaller than that observed in this earlier study in an oak-809 
beech forest (56%). The ratio of annual transpiration over precipitation simulated by the model for 810 
the broadleaf scenario (23%) is, however, compatible with those observed in European beech stands 811 
under similar annual precipitation and reviewed by Schipka et al. (2005). Ratios ranging from 17% 812 
to 25% were reported in areas with annual precipitation in the order of 1200–1300 mm. 813 

In the current study, simulated groundwater recharge is 53%, 36%, 52%, 59% and 60% of 814 
annual precipitation under the baseline and the conifer, broadleaf, heathland and grassland 815 
scenarios, respectively. The difference between the conifer and broadleaf scenarios is slightly larger 816 
than that recorded by Kantor (1995, cited by Katzensteiner et al. 2011) in mature Norway spruce 817 
and beech stands in the Czech Republic (16% vs. 10%). It corresponds to a 205 mm yr-1 difference 818 
in absolute terms and is also substantially larger than the 60–100 mm yr-1 difference obtained by 819 
Rosenqvist et al. (2010) when comparing Norway spruce and common oak stands in Denmark and 820 
Sweden. However, the soil and climate conditions in these previous studies differed markedly from 821 
those within the Dauges catchment. Cooper (1980) recorded groundwater recharge that was 44% 822 
lower under a Scots pine plantation than under a nearby grassed clearing on sandy soils in eastern 823 
England, a figure very similar to the 41% decrease in simulated groundwater recharge for the conifer 824 
scenario when compared to the grassland scenario in the Dauges catchment. 825 

Simulated water yield (here defined as the sum of overland boundary outflow and stream 826 
discharge from the mineral catchment) for the grassland scenario is 387 mm yr-1 and 148 mm yr-1 827 
larger than those of the conifer and broadleaf scenarios, respectively. In a meta-analysis of 145 828 
deforestation experiments worldwide, Sahin and Hall (1996) reported an average increase in water 829 
yield of 330 mm yr-1 after removal of conifer forests and of 201 mm yr-1 and 169 mm yr-1 after removal 830 
of broadleaf forests in areas where mean annual precipitation was below and above 1500 mm, 831 
respectively. However, across all of the studies reviewed, a wide range of changes was reported 832 
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with this range being particularly large for broadleaf compared to conifer forests. In a review of 26 833 
afforestation experiments carried out in paired catchments worldwide, Farley et al. (2005) found that 834 
annual runoff was reduced by on average 44% (±3%) when grasslands were afforested. The Dauges 835 
model simulates relatively similar values: when compared to the grassland scenario and depending 836 
on the gauging station, simulated mean stream discharge is reduced by between 13% and 25% 837 
under the broadleaf scenario and by between 36% and 57% under the conifer scenario. Reductions 838 
in discharge are larger in the small upstream reaches. 839 

Low flows are most affected in relative terms: the model simulates a decrease in Q95 of 840 
between 12% and 30% under the broadleaf scenario and between 52% and 85% under the conifer 841 
scenario, with the largest impacts, once again, being simulated in the upstream reaches. These 842 
results are in accord with the findings of a literature review of the effects of forestry on river low flows 843 
undertaken by Johnson (1998). This concluded that most clear-felling experiments produced 844 
increases in low flows with the magnitude of changes varying between 15% and 350% depending 845 
on the area of the catchment felled and the catchment’s physical characteristics. Robinson and 846 
Dupeyrat (2005) identified increases in Q95 of 20% and 40% for two Plynlimon catchments (Wales) 847 
following felling of 26% and 49% of total catchment area (approximately half the forested area in 848 
each case given the original 48% and 99% coverage of conifer plantations).  849 

Overall, the simulated impacts of the different land use scenarios on water fluxes within the 850 
Dauges catchment are compatible with the observational evidence available from similar 851 
environments. Although a few studies suggest a larger impact of the broadleaf forests that dominate 852 
current land use on water fluxes than those simulated, this is not unexpected given the large variation 853 
in forestry practices and stand characteristics in these forests, as discussed above. The impacts 854 
simulated as part of this study should, therefore, be viewed as representative of average forestry 855 
practices. Notwithstanding these issues, a key concern highlighted by the results is the potential for 856 
an expansion in tree cover, especially coniferous forests, to reduce downstream river flows, 857 
especially in summer when discharge is already low (i.e. the large simulated declines in Q95). 858 
Thompson et al. (2026) have shown that declining summer stream flows dominate the climate 859 
change signal for the Dauges catchment. There is, therefore, potential for larger declines than those 860 
reported herein if coniferous plantations were combined with projected changes in climate. Such 861 
additive impacts of multiple perturbations could be explored using the MIKE SHE / MIKE 11 model. 862 

Although the Dauges catchment is relatively small, it is broadly representative of many upland 863 
catchments and their mires across the granitic Massif Central that sustain larger river systems. A 864 
number of communities in the region have had water supplies, especially in summer, repeatedly 865 
impacted by drought (Meunier 2001; TF1 2023) whilst further afield, warnings have been issued that 866 
the exacerbation of low flow conditions could impact cooling of nuclear power stations, including the 867 
Civaux plant on the Vienne River of which the Dauges catchment is a headwater (Cour des Comptes 868 
2023). The potential for exacerbating these water resources problems will clearly need to be 869 
considered, alongside the implication for upland peatlands that are discussed below, in the 870 
formulation of land use and forestry policies. 871 

 872 
Impacts of catchment land use on peatland hydrological conditions 873 
 874 
Despite the growing body of literature demonstrating the differential impacts of forests and open 875 
habitats on the hydrological cycle, only a handful of studies worldwide have investigated the impact 876 
of catchment afforestation on hydrological or ecological conditions within wetlands, and direct 877 
evidence is patchy and weak. 878 

Smith and Charman (1988) showed that for blanket bogs surrounded by conifer plantations in 879 
Northumberland (UK), the proportion of species they classified as “ombrogenous” (but are in fact 880 
characteristic of relatively wet conditions in acidic mires generally speaking) was inversely 881 
proportional to the length of time elapsed since conifers were planted. Conversely, the proportion of 882 
species characteristic of drier mire habitats was larger in mires surrounded by older conifer 883 
plantations. Using the MMS/PRMS hydrological model, Helmschrot (2006) evaluated potential 884 
impacts of catchment afforestation in a primarily grass-covered South-African catchment on several 885 
hydrogeomorphic wetland types. Runoff, interflow and groundwater discharge to wetlands were 886 
predicted to decline in nearly all cases. Krause et al. (2007) modelled several complex land use 887 
scenarios, including increases or reductions in forest cover, on the hydrology of a large floodplain 888 
wetland in Germany. They found only minor effects on the floodplain water balance as alterations in 889 
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vertical groundwater flow were counter-balanced by both lateral groundwater flow and the close 890 
interactions between surface water and groundwater within the floodplain. In contrast, Grenfell et al. 891 
(2006) used a simple rainfall-runoff model to show that surface and subsurface inflows to a small 892 
hillslope seepage wetland in South Africa may have been considerably reduced following the 893 
plantation of Eucalyptus trees across the entire catchment. Discrepancies between wetland 894 
boundaries mapped using floristic and edaphic indicators also indicated that the extent of wetland 895 
plant communities may have been reduced following afforestation. Conversely, in an observational 896 
study in Patagonia, Weigandt et al. (2015) failed to identify reductions in surface runoff to hillslope 897 
wetlands surrounded by pine plantations compared to those in which grassland dominated the 898 
catchment. The impacts of catchment land cover change upon the hydrology, and in turn, ecology 899 
of wetlands is therefore likely to be conditioned by a range of factors. These include, most obviously, 900 
the nature of the changes (e.g. physical extent of the land cover changes, location of changes with 901 
respect to the wetlands, vegetation types involved) but also the hydrogeological setting and baseline 902 
hydrological conditions including the water balance and water level regime.  903 

The current study provides much needed evidence on the potential impacts of land cover 904 
change on peatlands within headwater catchments of basement regions, environments which are 905 
underrepresented in the literature. It demonstrates that catchment afforestation can have substantial 906 
impacts on the water balance by reducing surface and groundwater inflows to the hillslope, 907 
depression or valley bottom wetlands that are often found in these regions (Pinault 2025). It shows 908 
that plantations of conifer species with a large interception capacity may have a more detrimental 909 
impact than semi-natural broadleaf woodlands. Changes in GWT depth within the wetland due to 910 
catchment land use change are particularly noticeable in late summer, a time when the GWT is 911 
already relatively deep, and when recent climate change impact assessments suggest a dominant 912 
trend towards lower GWT depths (Thompson et al. 2026). Again, the simulation of combined land 913 
use and climate change scenarios would be a useful future extension of research employing the 914 
Dauges MIKE SHE / MIKE 11 model. 915 

Given the sensitivity of mire vegetation to GWT, including seasonal draw-downs (e.g. 916 
Bragazza and Gerodi 1999; Hilbert et al. 2000; Hose et al. 2014), the declines simulated following 917 
afforestation may have important consequences for biodiversity conservation should water tables 918 
become “out of range” with respect to requirements of specific wetland plant species or communities 919 
(e.g. Wheeler et al. 2004; Clilverd et al. 2022; Thompson et al. 2023). Results from the current study 920 
therefore offer a potential explanation to Smith and Charman’s (1988) findings related to the decline 921 
in wetland species over time following afforestation. Interestingly, these authors also showed that 922 
species indicative of wetter conditions were more frequent in mires with a relatively short boundary 923 
with the forest compared to their area. This supports the findings of the current study whereby larger 924 
impacts of land use changes on GWT were simulated along the mire margins. Ongoing research 925 
within the Dauges catchment seeks to establish the hydrological (e.g. water level) controls upon 926 
specific peatland vegetation species. This would facilitate an assessment of spatially distributed, 927 
species-specific, impacts of land cover change via the combination of the mire-wide simulated 928 
hydrological conditions for each scenario and peatland vegetation hydrological requirements using 929 
the approaches described by Clilverd et al. (2022) and Thompson et al. (2023). 930 

Model results suggest that the impacts of land cover change on stream discharge are larger 931 
upstream of the mire compared to downstream of it whilst the hydrological changes that modify 932 
recharge of the catchment’s fissured granite aquifer have a larger impact on GWT depth close to the 933 
mire margins compared to at its centre. Duranel et al. (2021) demonstrated that under baseline 934 
conditions these marginal areas experienced some of the greatest upwelling of groundwater and are 935 
exemplars of edge-focussed discharge (Richardson et al. 2001) or margin seepage (Hare et al. 936 
2017). Such focussed groundwater influxes can be critical in maintaining water table levels and 937 
surface saturation in upland wetlands (Devito et al. 1996). This suggests that any monitoring or 938 
surveillance schemes aimed at detecting environmental changes resulting from perturbations within 939 
the mire’s catchment, for instance land use changes such as those investigated herein but also 940 
groundwater abstraction, surface water diversions, or climate change, should include mire margins 941 
rather than just the central areas of the peatland, as well as small headwater tributaries above the 942 
mire. Long-term surveillance of GWT depth in observation wells located within the fissured zone 943 
upstream of the mire could also provide an early warning system for hydrological changes within the 944 
catchment, even before their impacts begin to be manifest within the mire. 945 
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Changes in GWT depth within the mire due to land use change within the catchment may have 946 
effects on the superficial peat geochemistry with the potential for further knock-on impacts. For 947 
example, declines in GWT depths in acidic mires have been linked to increased carbon exports to 948 
the atmosphere and to downstream watercourses (Freeman et al. 2001; Clark et al. 2005, 2009; 949 
Strack et al. 2008; Fenner et al. 2013; Nieminen et al. 2017), and to releases of heavy metals, 950 
metalloids and radionuclides sequestered in the saturated peat (Owen and Otton 1995; Rothwell et 951 
al. 2009, 2010, 2011; Schöner et al. 2009). In this way, widespread land use changes across the 952 
region, in particular coniferous afforestation as revealed by this study, could enhance radiative 953 
forcing as well as contributing to additional water resources management problems. The implications 954 
of enhanced element release to surface waters could, for example, be amplified by reduced dilution 955 
because of the declines in discharge discussed above (Whitehead et al. 2009). 956 

The current study clearly demonstrates that policies aimed at the conservation of mire habitats 957 
in sites of similar hydrogeomorphic settings to the Dauges mire, and more largely in groundwater- 958 
and surface water-fed wetlands, should encompass their whole catchment. For example, Article 6 of 959 
the EU 92/43/EEC Habitats Directive states that “any plan or project […] likely to have a significant 960 
effect thereon, either individually or in combination with other plans or projects, shall be subject to 961 
appropriate assessment of its implications for the site in view of the site's conservation objectives”. 962 
The present study shows that any activity likely to result in changes in groundwater flow within granite 963 
weathering formations upstream of protected mires, even beyond SAC boundaries, falls within the 964 
remit of this article. This includes changes in land cover within the catchments of these mires, in 965 
particular the conversion of open habitats to woodland or the conversion of broadleaf forest to 966 
coniferous plantations. Policies should be implemented to avoid long-term cumulative impacts of 967 
small-scale forestry operations that may, if considered individually, not have a significant impact or 968 
fall below area thresholds set by environmental legislation or regulators. Afforestation programmes 969 
for upland areas are growing in number and extent as a means of addressing climate and other 970 
environmental targets (e.g. Valette et al. 2024; Glinel 2025; Syder et al. 2025). Results from the 971 
Dauges catchment demonstrates that such programmes may impact the hydrology of upland 972 
peatlands with consequences for the ecosystem services and conservation benefits these wetlands 973 
provide. There is therefore potential for conflicts between different environmental and conservation 974 
policies supporting the argument that robust, scientifically grounded, trade-off mechanism will be 975 
required to balance competing demands and priorities (e.g. Iversen et al. 2024; Minter et al. 2025). 976 

 977 
CONCLUSIONS 978 
 979 
Hydrological modelling using the MIKE SHE / MIKE 11 system has shown that changes in catchment 980 
land use may have significant impacts on the water balance and hydrological conditions of 981 
groundwater- and surface water-fed peat-based wetlands within an upland catchment of the Massif 982 
Central. Results suggest that planting conifer species with a high interception capacity may have a 983 
particularly detrimental impact. This could include a reduction in both overland and groundwater 984 
inflows to the mire, leading to a lowering of mire groundwater tables, especially during the already 985 
relatively dry summer period. Some of the largest changes are concentrated around the wetland 986 
margins. These findings have implications for the development and implementation of policies and 987 
practical measures aimed at protecting wetland sites of high conservation value. They demonstrate 988 
the need to consider interactions between wetlands and their wider catchments rather than just 989 
focussing on the geographical limits of conservation sites. This imperative to take a catchment-wide 990 
approach is strengthened given the potential for climate change to further impact the hydrology of 991 
upland catchments and their mires. Further research should be undertaken to investigate any 992 
ecological and geochemical changes that may already have taken place in sites impacted by 993 
catchment afforestation, or the impacts that could occur in the future with expansion of conifer 994 
plantations, in order to inform assessments of potential ecosystem impacts driven by the hydrological 995 
changes revealed by the current study. 996 
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Figure captions 1745 
 1746 
Figure 1. The Dauges catchment and hydrological monitoring equipment. 1747 
 1748 
Figure 2. Observed and simulated discharge and groundwater table depth at a sample of monitoring 1749 
locations within the Dauges catchment. The vertical line separates the calibration and validation 1750 
periods. 1751 
 1752 
Figure 3. Distribution of vegetation types within the modelled area under current conditions (baseline) 1753 
and three land use change scenarios. 1754 
 1755 
Figure 4. Simulated impacts of changes in catchment land use on the catchment mean monthly 1756 
water balance (2001–2013, absolute changes relative to baseline). OL: overland; SZ: saturated 1757 
zone; UZ: unsaturated zone. 1758 
 1759 
Figure 5. Simulated impacts of changes in catchment land use on the mire mean monthly water 1760 
balance (2001–2013, absolute changes relative to baseline). OL: overland; SZ: saturated zone; UZ: 1761 
unsaturated zone. 1762 
 1763 
Figure 6. Simulated flow exceedance frequency curves (2001–2013) at the four stream gauging 1764 
stations for the different catchment land use scenarios. 1765 
 1766 
Figure 7. Spatial distribution of change relative to the baseline in simulated monthly mean 1767 
groundwater table depth (2001–2013) under the conifer scenario. 1768 
 1769 
Figure 8. Spatial distribution of change relative to the baseline in simulated monthly mean 1770 
groundwater table depth (2001–2013) under the grassland scenario. 1771 
 1772 
Figure 9. Spatial distribution of change relative to the baseline in simulated monthly mean 1773 
groundwater table depth (2001–2013) under the heathland scenario. 1774 
 1775 
Figure 10. Spatial distribution of change relative to the baseline in simulated monthly mean 1776 
groundwater table depth (2001–2013) within the mire under the conifer scenario. Only grid cells 1777 
corresponding to peat soils upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have 1778 
been masked out. The colour scale has been skewed to aid visual clarity and interpretation. 1779 
 1780 
Figure 11. Spatial distribution of change relative to the baseline in simulated monthly mean 1781 
groundwater table depth (2001–2013) within the mire under the grassland scenario. Only grid cells 1782 
corresponding to peat soils upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have 1783 
been masked out. The colour scale has been skewed to aid visual clarity and interpretation. 1784 
 1785 
Figure 12. Spatial distribution of change relative to the baseline in simulated monthly mean 1786 
groundwater table depth (2001–2013) within the mire under the heathland scenario. Only grid cells 1787 
corresponding to peat soils upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have 1788 
been masked out. The colour scale has been skewed to aid visual clarity and interpretation. 1789 
 1790 
Figure 13. Simulated groundwater table depth (2011–2013) in selected dip wells within the mire for 1791 
the different catchment land use scenarios. 1792 
 1793 
Figure 14. Simulated groundwater table depth exceedance frequency curves (2001–2013) for 1794 
selected dip wells within the mire for the different catchment land use scenarios. 1795 
 1796 



Figures

Figure 1

The Dauges catchment and hydrological monitoring equipment.



Figure 2

Observed and simulated discharge and groundwater table depth at a sample of monitoring locations within
the Dauges catchment. The vertical line separates the calibration and validation periods.



Figure 3

Distribution of vegetation types within the modelled area under current conditions (baseline) and three land
use change scenarios.



Figure 4

Simulated impacts of changes in catchment land use on the catchment mean monthly water balance
(2001–2013, absolute changes relative to baseline). OL: overland; SZ: saturated zone; UZ: unsaturated zone.



Figure 5

Simulated impacts of changes in catchment land use on the mire mean monthly water balance (2001–
2013, absolute changes relative to baseline). OL: overland; SZ: saturated zone; UZ: unsaturated zone.



Figure 6

Simulated flow exceedance frequency curves (2001–2013) at the four stream gauging stations for the
different catchment land use scenarios.



Figure 7

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) under the conifer scenario.



Figure 8

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) under the grassland scenario.



Figure 9

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) under the heathland scenario.



Figure 10

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) within the mire under the conifer scenario. Only grid cells corresponding to peat soils
upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have been masked out. The colour scale
has been skewed to aid visual clarity and interpretation.



Figure 11

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) within the mire under the grassland scenario. Only grid cells corresponding to peat soils
upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have been masked out. The colour scale
has been skewed to aid visual clarity and interpretation.



Figure 12

Spatial distribution of change relative to the baseline in simulated monthly mean groundwater table depth
(2001–2013) within the mire under the heathland scenario. Only grid cells corresponding to peat soils
upstream of Pont-de-Pierre are shown. Grid cells on mineral soils have been masked out. The colour scale
has been skewed to aid visual clarity and interpretation.



Figure 13

Simulated groundwater table depth (2011–2013) in selected dip wells within the mire for the different
catchment land use scenarios.



Figure 14

Simulated groundwater table depth exceedance frequency curves (2001–2013) for selected dip wells within
the mire for the different catchment land use scenarios.
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