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Abstract. Land-use changes are frequently indicated tol Introduction

be one of the main human-induced factors influencing the

groundwater system. For land-use change, groundwater résroundwater is a major source of drinking water across the
search has mainly focused on the change in water qualityvorld and plays a vital role in maintaining the ecological
thereby neglecting changes in quantity. The objective ofvalue of many areas (IPCC, 2007; UN/WWAP, 2006). How-
this paper is to assess the impact of land-use changes, froever, the quantity and quality of groundwater are changing
2000 until 2020, on the hydrological balance and in partic-due to human activity (Gehrels et al., 2001) jeopardizing the
ular on groundwater quantity, as results from a case studuitability of the groundwater system as a source of drinking
in the Kleine Nete basin, Belgium. New is that this study water and affecting natural reserves. Assessing the impact
tests a methodology, which couples a land-use change modein the groundwater system and predicting the magnitude of
with a water balance and a steady-state groundwater modethange in the future is therefore a major scientific challenge
Four future land-use scenarios (A1, A2, B1 and B2) basedTong, 2006; Wang et al., 2008). Land-use and land-cover
on the Special Report on Emission Scenarios (SRES) arehanges are one of the main human induced activities alter-
modelled with the CLUE-S model. Water balance com- ing the groundwater system (Calder, 1993). Nevertheless, the
ponents, groundwater level and baseflow are simulated usmpact of future land-use changes on the groundwater sys-
ing the WetSpass model in conjunction with a steady-statdem has not been investigated extensively. Throughout the
MODFLOW groundwater flow model. Results show that the entire history of mankind, intense human utilization of land
average recharge decreases with 2.9, 1.6, 1.8 and 0.8% faesources has resulted in significant changes of the land-use
scenario Al, A2, B1 and B2, respectively, over the 20 cov-and land-cover (Bronstert, 2004). Since the era of industri-
ered years. The predicted reduction in recharge results in alization and rapid population growth, land-use change phe-
small decrease of the average groundwater level in the basimomena have strongly accelerated in many regions.

ranging from 2.5 cm for scenario Al to 0.9cm for scenario  Land-use changes are known to impact the hydrology of
B2, and a reduction of the baseflow with maximum 2.3% andthe catchment area (e.g. Bhaduri et al., 2000; Fohrer et al.,
minimum 0.7% for scenario Al and B2, respectively. Al- 2001; Bronstert et al., 2002; Ott and Uhlenbrook, 2004; Hun-
though these averages appear to indicate small changes @echa and Brdossy, 2004; Tang et al., 2005). The research
the groundwater system, spatial analysis shows that mucbf the impact of land-use changes on surface hydrology has
larger changes are located near the major cities in the studsherefore received considerable attention from both field ob-
area. Hence, spatial planning should take better account adervations and model simulations.

effects of land-use change on the groundwater system and Experimental research studying paired catchments has
define mitigating actions for reducing the negative impactsshown that a reduction in forest cover causes an increase in
of land-use change. water yield, whereas an increase in forest cover causes a de-
crease in water yield. Coniferous forests consume more wa-
ter than deciduous hardwoods, brush and grasslands use less

Correspondence tal. Dams water than forests (Bosch and Hewlett, 1982; Brown et al.,
BY

(jefdams@vub.ac.be) 2005). Robinson et al. (2003) found that for north-western
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Fig. 1. Location of the study area.

Europe, apart from coniferous forest on poorly drained soils,ing predicted land-use from the CLUE-S model (Verburg et
changes in forest cover at a regional scale will likely have aal., 1999; Verburg et al., 2004). McColl and Aggett (2007)
relatively small effect on peak and low flows. In temperate test the hydrological model HEC-HMS together with the
zones it is almost uniformly observed that deforestation lead$and-use forecasting mod&/hat if?2 In these studies land-
to an increase in baseflow (Hornbeck et al., 1993). In urbanuse change models have shown to provide useful information
ized areas direct recharge due to infiltration of precipitationthat allows assessing the impact of future land-use on the hy-
is often reduced, but so is evapotranspiration. On the othedrology.
hand recharge is often increased by losses from water supply However, due to computational constraints, data avail-
and sewage systems§¥quez-Si€ et al., 2005). ability and model complexity above mentioned hydrologi-
Apart from those experimental studies a substantialC@ Models simulate the groundwater system in a simplified
way and hence do not provide information on the spatial dis-

amount of research on the hydrological impact of land-use"’
change is performed using hydrological models. Bahremandributed changes of groundwater levels. The effect of some

et al. (2006), Bultot et al. (1990) among others used a mogSimplified land-use change scenarios on the groundwater sys-

eling approach to assess the impact of reforestation on thif™M at mesoscale have been investigated Hyckihg and
hydrology. Bahremand et al. (2006) concluded that 50% in_HaberIandt (2002), Batelaan et al. (2003) and Batelaan and
crease of forest areas decreased the peak discharges by 120 Smedt (2007). However, so far the use of models for
Such hypothetical scenario approaches allow assessing tHand-use change in hydrological research has been limited to
impact of some fundamental changes in the land-use, thougftrface-runoff and flood prediction.  With the recently ap-
they do not allow assessing the future land-use. Land-us@roved EU Groundwater Directive a legal framework is es-

change models, however, have been developed to predict fjablished in which monitoring and predicting_human induced
ture land-use conditions (Verburg et al., 1999). Niehoff et changes of the groundwater resources requires a more exten-
al. (2002), Tang et al. (2005), Tong and Liu (2006), Lin SV& scientific support (EU, 2006).

et al. (2007) and McColl and Aggett (2007) couple land- The objective of this paper is to assess the impact of fu-

use change and hydrological models. Niehoff et al. (2002)lure land-use on the groundwater system quantitatively and
in a spatially distributed manner. A methodology is devel-

uses the land-use change modeling kit (LUCK) in conjunc- ! ) i )
tion with a modified version of the physically based hydro- oped in which a stochastic land-use change model is coupled

logical model WaSiM-ETH for flood prediction. Tang et with a calibrateq groundwater. flow model: Thisl co_upling is
al. (2005) applies the Land Transformation Model (LTM) in new and essential for evaluating the spatially d|str|bute_d ef-
combination with the Long-Term Hydrologic Impact Assess- fects' of land-use changes on groundwater levels as is e.g.
ment (LTHIA) model (Bhaduri et al., 2000). Lin et al. (2007) re_:quwed for the protection of groundwater dependent terres-
tests the generalized watershed loading functions model udfia! écosystems.
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The Nete basin, situated in Belgium, was chosen as astudg Methodology
area. Due to the sandy soils and low slopes a large fraction of
the effective rainfall in thelbasin is pgrc;olating tq the ground- 31 Overview
water. The groundwater in the basin is extensively used for
drinking water production, while important groundwater de-
pendent wetlands are present. In the past decades strong urhe methodology consists of three parts. In the first part,
banization processes have significantly changed land-use aritie near future land-use change in the study area is mod-
are expected to continue, posing negative impacts on grouncelled. Yearly land-use maps have been created starting from
water resources. the original land-use map (2000) until 2020. Next, the fu-
ture land-use maps are used in the WetSpass (Batelaan and
De Smedt, 2007) model to calculate the yearly recharge in
2 Study area the catchment. Finally, the recharge is used in a steady-
state MODFLOW model to determine the groundwater lev-
The study area is located in Belgium about 60 km north-easels and fluxes. The grid resolution is 50 by 50 m, which is
of Brussels (Fig. 1). It comprises 581 krand covers a ma- mainly based on the arguments that with this resolution still
jor part of the Kleine Nete basin. Geologically, it belongs to the whole catchment can be modelled and reasonable homo-
the Campine basin, a subsidence area north of the Massivgeneous land-use classes can be distinguished. Furthermore,
of Brabant (Wouters and Vandenberghe, 1994). From themany of the available data layers do not allow, from informa-
Late Cretaceous until the end of the Tertiary, the basin wention content point of view, a finer resolution than 50 m.
through a subsidence period with deposits of marine sedi-
ments: Duriqg the early Oligocgne, th_e Clay of Boom wasg 5 Modelling land-use change
deposited; this heavy clay layer is considered to be an imper-
vious base of the aquifer system. In the Miocene period, the
Formation of Berchem and Diest were deposited in a marinel he land-use change model, Conversion of Land-Use and its
environment. During the Pliocene, the study area was domiEffects at Small regional extent (CLUE-S) (Verburg, 1999),
nated by a shallow marine environment, resulting in the sands used to simulate future land-use change. The CLUE-S
deposits of Kattendijk and Kasterlee. During the Quaternarymodel dynamically allocates land-use changes based on a
the sea level decreased and sand sediments were deposited@ymbination of empirical and spatial analyses (Verburg et al.,
the River Rhine. In the north of the study area, these sand$999). This model has been selected based on the criteria:
were covered by the Complex of the Campine, a complex offlexibility on the input data (driving forces); the possibility
fine sand with clay layers. During the late Pleistocene, theof linking the output to the WetSpass model; and free access
study area was covered by an eolian sand and loess layer & the model (US EPA, 2000).
about two meters thick. Finally, during the Holocene, the ex- The CLUE-S modelling procedure consists of two parts;
isting river valley was filled with fluvial sediments with an @ non-spatial analysis part with a land-use demand module
average thickness of one meter. and a spatial analysis part with a land-use allocation mod-
The basin has a gradually decreasing slope from thelle. The land-use demand data (2000-2020) of the study re-
Campine plateau, where the Kleine Nete has its origin, sit-gion needed for the non-spatial analysis is obtained using the
uated north-east of the study area to the mouth of the Netg@resent land-use in combination with the European trend cal-
River in the south-west (Fig. 1). The elevation above seaculated in the EURURALIS project (Klijn et al., 2005). The
level ranges from 3 to 48 m, the average elevation is abouEURURALIS project is a European project whose aim is to
24 m, the average slope 0.4%. Interfluves are slightly el-guide European policy makers in taking decisions for the fu-
evated, the valleys broad and swampy (Wouters and Vanture of agriculture in Europe. In EURURALIS the land-use
denberghe, 1994). The average precipitation in the area ig§emand for different land-use classes is calculated for the
about 840 mm/y. The dominant soil texture is sand, thoughwhole of Europe using a combination of the LEITAP model,
in the valleys some loamy sand, sandy loam and sandy clay i8n adapted version of the Global Trade Analysis Project
present. In 2000, the land-use of the study area consisted dfSTAP), and the Integrated Model to Assess the Global En-
38% agriculture, 19% meadow, 16% coniferous forest, 11%vironment (IMAGE) (Klijn et al., 2005).
urban, 7% deciduous forest, 4% mixed forest, 2% open wa- For the land-use change allocation procedure four inputs
ter, 1% heather and 2% other (OC GIS-Vlaanderen, 2001). are required: spatial policies and restrictions, land-use type
specific conversion settings, location characteristics and fu-
ture land-use requirements (Fig. 2).
In the input section “spatial policy and restrictions” of the
CLUE-S model, areas that are protected for nature conserva-
tion can be excluded from certain types of land-use change.
For this study, forest, heather and meadow land-use types
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Fig. 2. Overview of CLUE-S input (Verburg et al., 2004).

are not allowed to change to urban, industrial or agriculturalstrength of the land-use type. In the third step, a preliminary
land-use types if they are situated in areas protected for naand-use change allocation is made using the same value for
ture conservation. the iteration variable for all land-use types. Lastly, the total
The input section land-use type specific conversion setallocated area for each land-use type from the previous step
tings characterize the reversibility of a certain land-useis compared to the land-use requirements (demand). If the
change. Conversion settings are based on data described allocated area is smaller than the demand, the iteration value
Verburg et al. (2004). for that land-use is increased. If the allocated area is greater
The driving forces behind the allocation of land-use than the demand the iteration value is decreased. Steps two

changes used in this study are soil texture, topography;, slopé‘? four are repeated until the demand is equal to the area al-
groundwater depth, distances to major cities and distance gpcated.

major roads and cannels. To calculate the location charac:-3 3 Rech q dwat deli
teristics for the different pixels a forward stepwise logistic **° T cc'afge and groundwater modeting

regression is performed for each land-use type, using IC’rese'airoundwater recharge, actual evapotranspiration and sur-

land-use as de_pendent vanable. qnd the drlymg forces as Nace runoff is simulated with the distributed Water and En-
dependent variables. The coefficients obtained from the lo-

isti . din the CLUE-S model t lcul tergy Transfer between Soil, Plants and Atmosphere un-
gIstic regression are used in ine -> Modet o caiculateyq quasi-Steady State model (WetSpass) (Batelaan and De
the probability maps for all land-use types.

! i ) Smedt, 2007). The model takes into account distributed soil,
Finally, land-use requirements, calculated in the non-jang.use, slope, groundwater depth and hydro-climatological
spatial analysis part, serve as the last input for the allocationnaps with associated parameter tables.

procedure of the CLUE-S model. The change in land-use Groundwater recharge is simulated in WetSpass as the
demand is assumed to be linear over the modelled 20 yearsyagiqual term of the water balance:

The allocation procedure of the CLUE-S model is shown
in Fig. 3. The first step is the determination of the grid cells
that are allowed to change using the spatial policiesandconR =P — S — ET — E — I 2)
version settings. In the next step, all grid cells are populated
with a probability for each land-use type. This probability is where R is groundwater recharge [CH}], P is the average
obtained by taking the summation of the suitability of each seasonal precipitation [LT!], S is runoff over land surface
grid cell for a certain land-use type (based on the logistic[LT ~Y], ET is the actual evapotranspiration [t¥], E is
regression), the conversion elasticity for that land-use typesvaporation from the bare soil [C#] and I is the intercep-
and an iteration variable indicating the relative competitive tion by vegetation [LT1].
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Fig. 3. Allocation procedure of the CLUE-S model (Verburg et al., 2004).

The WetSpass model operates in a spatially distributedused. To capture the essential processes, these models in-
manner, with the same resolution as the groundwater modekvitably have to simplify the complex systems they present.
The distributed approach is essential as the recharge generAll these models have a degree of uncertainty resulting from
tion processes are highly variable in space. their input data, model structure and model parameterization

Finally, the groundwater system is modelled by apply- (Walker et al., 2003). The methodology presented in this
ing the USGS modular three-dimensional finite differencepaper aims to reduce the uncertainty concerning the spatial
groundwater model (MODFLOW) (Harbaugh and McDon- allocation of predicted land-use changes by using a land-use
ald, 2000). Because it is the aim to assess the long term efehange model instead of relying on the expert knowledge of
fect of land-use change on the groundwater levels and fluxesa modeller.
steady state MODFLOW models for each year from 2000 Related to the land-use change modelling, two different
until 2020 are developed. Each steady state represents thencertainties can be distinguished: uncertainty related to the
equilibrium condition assuming the recharge derived fromquantity and type of land-use change that is expected and
the WetSpass model, incorporating the future land-use simuuncertainty related to the allocation of the land-use change.
lated for that particular year.

The groundwater model developed for this study is nested — Regarding the prediction of the amount and type of
in the Flemish Groundwater Model of the Nete basin (Meyus land-use change between 2000 and 2020, this study uses
etal., 2004; Verbeiren et al., 2006; Woldeamlak et al., 2007). the outcomes of the EURURALIS project (Klijn et al.,
The conceptual model schematizes the Quaternary and Ter-  2005). To incorporate the uncertainty of the future land-
tiary sediments in two layers; these sediments are underlain  use demand an approach, based on the SERS scenarios,
by the Boom clay aquitard. The top layer of the model com- is used.
bines Quaternary and Tertiary layers, except for the Miocene
aquifer system, which represents the lower layer. The outer — The CLUE-S model decreases the uncertainty of future
boundaries of the model are set to no-flow conditions, asthey  land-use allocation by using a stepwise logistic regres-

coincide with groundwater divides (Verbeiren et al., 2006).  sion methodology, which links land-use types with rel-

The calibrated hydraulic conductivity ranges between 0.1to  evantdriving forces of the land-use allocation. The pre-

20.5m/d for the top layer, and 6.1 m/d for the bottom layer. dictive capacity of the model can be evaluated as a func-
The different yearly recharge maps simulated with tion of the percentage of correct classified pixels. A

WetSpass incorporate the modelled future land-use maps and ~ Perfect classification for a certain land-use type means
parameterize the RECHARGE package of MODFLOW. For that its pixels had the highest probabilities for the land-

each simulated year between 2000 and 2020, MODFLOW  Uuse, which was used as the dependent variable for the
generates groundwater head, budget and flow direction maps  logistic regression. The classification depends on the

for the two layers. threshold or cut-off, which is set to classify the land-use
type specific probability map. The relative operating
3.4 Uncertainty assessment methods characteristic (ROC) evaluates the goodness of fit of the

regression models (Lin et al., 2007) by calculating the
In order to analyse changes in the groundwater system, land-  area under the curve, which plots the proportion of pix-
use prediction, water balance and groundwater models are els correctly classified as the examined land-use versus
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Table 1. Land-use change in the study area from 2000 until 20204 Results and discussion

for four SRES development scenarios A2, A2, B1 and B2. .
4.1 Land-use modelling

Land-use change (%)

Urban  Agriculture  Forest Meadow Based on the most recent land-use map of the study area

(2000) (Fig. 4a), future European land-use demands calcu-

Scenario AL +58 —-18 +2 -6 lated in the EURURALIS project (Klijn et al., 2005), and
Scenario A2 +32 -8 -5 +1 incorporating the four scenarios, the future land-use changes
Scenario B1 +34 -17 +8 +0

for the study basin have been determined. Results are pre-
sented in Table 1. All scenarios predict an increase in urban
area; the increase is maximum in scenario A1 and minimum
in scenario B2. In addition, all scenarios predict a decrease
in agricultural land-use; the maximum change is predicted
for scenario Al, and the minimum for scenario A2. Forest
pixels falsely classified as that land-use, for an infinite and meadow areas increase, except for scenario A2 and Al,
number of these cut-off values (Overmars and Verburg'respectively.
2005). ROC values vary from 0.5 (completely random)  Figure 4b—e shows the with CLUE-S simulated land-use
to 1 (perfect discrimination). maps for the year 2020 for scenarios Al, A2, B1 and B2. It
is observed that the increase in urban area is mainly situated
close to existing city centres. The results also show that the
increase in forest area predicted in scenario B1 and B2 is
Besides the fact that the logistic regression in the CLUE-mainly situated in the eastern part of the study area.
S model is unable to capture all land-use allocation prop-
erties, also parameter uncertainties cause variations on th&2 Present water balance
simulated groundwater levels. The Monte Carlo method is
applied to assess the impact of parameter uncertainty of th&he minimum, maximum, average and standard deviation
CLUE-S model for SRES scenario A1. The Monte Carlo values of the precipitation, recharge, evapotranspiration and
method requires repeated random sampling of CLUE-S insurface runoff fluxes are given in Table 2. The yearly fluxes
put parameters, within their acceptable boundaries, to comare a summation of the summer and winter results.
pute corresponding future land-use, recharge and groundwa- Table 2 shows that the yearly simulated spatial surface
ter head maps. Finally, the standard deviation of the groundrunoff varies between 0 and 660 mm. Comparing the surface
water level is calculated for each pixel. Assuming a normalrunoff map from WetSpass with the land-use map, it becomes
distribution, the standard deviation is multiplied by 1.96 to clear that land-use has a major impact on the surface runoff.
obtain the 95% confidence bounds on the simulated groundMost of the pixels in the basin have a surface runoff value be-
water levels. tween 0 and 20 mm/y. Build up and industry typically have

The WetSpass model uses a mixture of physical and em_surface runoff between 160 and 250 mm/y; rivers and lakes

pirical relationships to calculate the groundwater rech(:lrgebewveen 315 and 570 mm/y; and the highest surface runoff,

Uncertainty in the recharge estimation, along with the pa_between 570 and 660 mmly, is observed in some pixels with

2 city centre build up or in some groundwater discharge areas.
rameterization procedures are evaluated by Batelaan and De L
Evapotranspiration is the largest component of the water

m 2007). Here it i med th rameters rel .
Smedt (2007). Here it is assumed that parameters eategalance. WetSpass estimates the evapotranspiration in the

to the land- t t nstant in time, which mean . .
o the land use type stay consta € c ca asin as 55% of the total precipitation. Most evapotranspi-
only changes in land-use classes are considered. A Slmr_ation in the basin occurs during summer (62%) when the
ple sensitivity analysis of the WetSpass model toward land- 9 0

X . average temperature is higher than in winter (14.1 compared
use change was tested by hypothetically changing the Who'?o 5 (PgC) In rl?alation to Iang-use the highest vglues for er\)/ap—
basin into each land-use type. ' ' '

otranspiration are found for open waters, followed by (wet)
In this paper, the calibration of the WetSpass and MOD-meadow and forest areas. Lower values for evapotranspira-
FLOW models was performed simultaneously using aver-tion are observed in residential and industrial areas. Agri-
age groundwater level observations from 151 piezometerscultural areas generally have an evapotranspiration situated
Obtained groundwater heads in MODFLOW are iteratively midway between meadow and residential values. The evapo-
used in WetSpass to improve the recharge estimation. Aparfranspiration of vegetation on loamy sand appears generally
from the calibration based on measured piezometric headdjigher than on sandy soil.
an additional calibration of the baseflow was performed us- The average yearly recharge is estimated as 292 mm/y.
ing a numerical filtering technique with the WETSPRO tool From this yearly recharge, only 10 mm occurs during sum-
(Willems, 2003). mer; all remaining recharge occurs during winter time.

Scenario B2 +14 -13 +10 +3
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Fig. 4. Land-use maps for the year 200#) and for the year 2020 assuming SRES scenario AbjinA2 in (c), B1 in (d) and B2 in(e).

During summer, negative recharge values are observed b&7% of the basin. In the upper part of the basin, where dark
cause the groundwater discharge towards the land surfacerange colors appear in Fig. 5, recharge is higher than in the
in valley areas is counted as negative recharge. Hence, itower part of the basin.

these valleys vegetation is able to maintain a higher evapo- Figure 6 compares the areal coverage of the different land-
transpiration by pumping up groundwater. Groundwater dis-use classes for the simulated recharge conditions for the year
charge areas cover about 10% of the basin and have an a2000. Groundwater discharge occurs primarily in agricul-
erage groundwater discharge of 314 mml/y. Large parts ofural, forest or meadow areas. The lowest recharge rates are
the groundwater discharge areas correspond to depressiofsund in the urban centres where impervious land-covers pre-
and valleys; at these locations average rates of 4 mm/d areent water from infiltrating. Due to the relatively high frac-
simulated, while rates of about 25 mm/d are restricted to thetion of gardens and parks in urban areas of this study area,
river networks. When groundwater discharge is excludedthe recharge rate in these urban zones is reasonably high
the areal average recharge is 312 mm/y, or about 37% of thé100—-350 mm/y). Areas with a yearly recharge higher than
annual precipitation. 350 mm are mainly classified as forest, meadow or agricul-

ture. In general, mixed and deciduous forests have a higher
The spatially distributed groundwater recharge during the, g g

year 2000 is shown in Fig. 5. Areas where no recharge occurgearly recharge than coniferous forest.

are shown in light blue and coincide with open waters. The4.3 Impact of future land-use changes on the water balance
dark blue color indicates locations of groundwater discharge,

which are observed in river valleys and at the edge of theThe summer, winter and yearly water balances are simulated
Campine plateau in the east of the basin. Recharge occurs with WetSpass for the four future land-use scenarios. For
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Table 2. Yearly, summer and winter water balance components for the Kleine Nete Basin for the year 2000.

Yearly
Average Minimum Maximum  Standard deviation
(mm) (mm) (mm) (mm)
Precipitation 839 798 887 26
Surface runoff 93 1 656 168
Actual evapotranspiration 462 260 672 68
Recharge 292 —342 476 186
Summer

Average Minimum Maximum  Standard deviation

(mm) (mm) (mm) (mm)
Precipitation 384 365 405 12
Surface runoff 37 0 290 70
Actual evapotranspiration 345 144 555 66
Recharge 10 —360 116 88

Winter
Average Minimum Maximum  Standard deviation

(mm) (mm) (mm) (mm)
Precipitation 455 433 481 14
Surface runoff 56 0 382 111
Actual evapotranspiration 117 98 143 9
Recharge 283 —-29 379 113

these scenarios the average change in percentage over the metlet of the basin the increase is primarily caused by mead-
riod 2000 to 2020 in runoff, evapotranspiration and rechargeows or agricultural fields that are converted to wet meadows.
fluxes are shown in Fig. 7a—c. Compared to scenario Al, scenario A2 shows that the surface
For all scenarios, an increase of yearly surface runoff is ob-2réa where recharge has decreased is considerably smaller
served. Scenario Al has the largest impact on the yearly sui-ig. 80). In scenario B1, the coverage of the locations where
face runoff with an increase of 14%, while scenario B2 hasrecharge reduces is comparable with scenario A2. However,
the smallest increase (2.8%). The surface runoff in scenariélue to the predicted increase in deciduous forest, more zones
A2 and B1 both increase approximately 8%. In all scenariosWith an increase in recharge are simulated for scenario B1,
the increase in surface runoff is slightly higher in summerin comparison with scenario A2. Finally, scenario B2 shows

than in winter. A small decrease of the average evapotranspithe smallest area with a decrease in recharge due to the rel-
ration is simulated for all scenarios. atively low increase in urbanization. On the other hand, this

gcenario shows the largest area with an increase in recharge

The impact of the land-use changes on the recharge is th _ i .
gsa result of afforestation of agricultural fields.

focus of this study. The predicted decrease of the averag
recharge is with 2.9% highest for scenario A1, while SCe-4 4
narios A2, B1 and B2 have an average decrease of 1.6, 1.8
and 0.8%, respectively. Comparing Fig. 7b and ¢ shows that

recharge decreases more during the summer than during winFhe results of the MODFLOW models show a decrease of
ter. the average groundwater level for all four scenarios (Fig. 9).
The difference in groundwater recharge due to land-us€The average groundwater level decrease in the entire basin
change between 2000 (Fig. 5) and 2020 for the four scenariodue to the predicted land-use change over 20 years is 2.5, 1.6,
is shown in Fig. 8a—d. The surface coverage where rechargé.7 and 0.9 cm for scenario Al, A2, B1 and B2, respectively.
reduces is largest in Scenario Al; most of these zones arEigure 9 clearly indicates that these decreases are almost lin-
situated near urban centers (Fig. 8a). At few locations inear in time as land-use changes are assumed linear in time.
the basin recharge increases; within the vicinity of the urban Figure 10a—d shows the spatially distributed effect of the
centers these are mostly locations where recharge increasesedicted land-use change (2000—-2020) on the groundwater
due to reduction of groundwater discharge conditions, at thdevel in the basin for all four scenarios. From these figures it

Impact of future land-use changes on the groundwater
system
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Legend Groundwater recharge for the year 2000 (mm/y) N

Urban Il ow discharge [ 250 - 350
centers [ | openwater [ 350 - 400
~10-250 I > 400
0

10 20 Kilometers

Fig. 5. Spatially distributed groundwater recharge during the year 2000.

is concluded that in the neighbourhood of the villages, wheredzation is not equal throughout the basin. The urbanization
the urbanization rate is high, the groundwater level decreaseate in the north-west of the basin, near Turnhout, Beerse
is also highest. Scenario Al (Fig. 10a) results in the largesaind Vosselaar is similar with the urbanization rate in the east
average groundwater level decrease and the largest area with the basin, near Retie and Dessel (Fig. 11). However, the
a decrease of more than 10cm. The maximum decrease igroundwater level decline in the north-east is much more pro-
groundwater level is 0.45m and is simulated in scenario Alfound than the decline in the west of the basin. Clearly, the
near the village of Beerse. The outcome of scenarios AZQgroundwater system in the north-east is more sensitive to ur-
and B1 are similar; both predict a groundwater level decreasdanization because the changes take place in the upper part
with more than 10cm in the neighbourhood of Beerse andof the groundwater system.

Kasterlee. Scenario B2 has the most moderate groundwater The groundwater balance for the four scenarios is pre-
level decrease, with only close to Beerse a decrease of morgented in Table 3, the given baseflow is calculated as the sum
than 10 cm. In all scenarios the largest part of the basin showgf the drains and river leakage.

a decrease in groundwater level of less than 5cm, which can

be regarded as a level indicative for change. The average baseflow in 2000 is simulated as 314 mm/y

and consists of 103 mm (33%) diffuse groundwater discharge
Figure 11 presents for scenario Al the regions in whichin small rivulets (simulated by the drains) and 211 mm (67%)
a groundwater level decline of more than 5cm is predictedof groundwater discharge into the river system. The ground-
for zones urbanized during the 20 simulated years. The figwater discharge is almost constant for all the scenarios and
ure clearly indicates most new urban areas as well as the reepresents the groundwater evapotranspiration in the shallow
gions with the highest groundwater level decrease are situgroundwater zones. The amount of drainage decreases for all
ated within a contour of 3 km from the largest cities or village scenarios with a maximum decrease for scenario Al (2.4%)
centres. From Fig. 10a and 11 it can also be concluded thaand a minimum decrease for scenario B2 (0.8%). Simi-
the sensitivity from the groundwater system toward urban-larly, the groundwater discharge to the rivers decreases for
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Fig. 6. Areal coverage of the different land-use types per recharge class for the conditions in 2000.

Table 3. Groundwater budget (mm/year). 4.5 Assessing uncertainties

The scenarios incorporating the uncertainty regarding the fu-
2000 2020 ture land-use demand are taken from the EURURALIS study.
EURURALIS incorporates these uncertainties by adopting a
multiple land-use scenario approach based on the world vi-

Al A2 Bl B2

In  Riverleakage 56 57 56 56 55 Sions: Al a global economic scenario, A2 a local economic
Recharge 313 304 308 307 310 Scenario, Bl a global environmental scenario and B2 a local
environmental scenario (Masui et al., 2001). As earlier men-
Out  Wells 34 34 34 34 34  tioned the resulting land-use change scenarios are presented
Drains 103 101 102 102 102
f in Table 1.
River leakage 211 206 208 208 209

ROC values obtained in this study (Table 4) show that the
land-use model is capable of explaining relatively well the
BASE FLOW 314 307 310 309 312 Spatial variation of the land-use types urban, industry, conif-
erous forest, mixed forest, heather and wet meadow. Other
land-use types as deciduous forest, agriculture and meadow
are described less well by the used driving forces.

The 95% confidence bounds for the impact of the pre-
all scenarios; the highest decrease is again found for scedicted land-use in 2020 on the groundwater levels, assum-
nario Al (2.2%). It is concluded that the total decrease ining SERS scenario Al are shown in Fig. 12. The confidence
baseflow, caused by the changing land-use, is 2.3, 1.3, 1.bounds are in relation to the groundwater level changes due
and 0.7% over the 20 years for scenario A1, A2, B1 and B2,to scenario Al, provided in Fig 10a, and indicate that, in rela-
respectively. tion to the parameter uncertainty of the CLUE-S model, with

Groundwater discharge 20 20 20 20 20
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Fig. 7. Average change in surface runoff, evapotranspiration and recharge fluxes in 2020 compared to 2000 resulting from different land use
scenarios: yearly chandga), changes in summéb), changes in wintefc).
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Fig. 9. Average change in groundwater level from 2000 till 2020 resulting from different land-use scenarios.
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Fig. 10. Spatially distributed change in groundwater level assuming SRES scena(&), AR (b), B1 (c) and B2(d).
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Table 4. Relative Operating Characteristics of the logistic regressign (

Urban Industry Deciduous forest Coniferious forest Mixed forest Agriculture Heather Meadow Wet meadow

ROC 0.71 0.79 0.54 0.68 0.71 0.55 0.64 0.53 0.82

Tumhout

Arendonk
Beerse

/\/ Contours with the distance from the major cities ( interval 1km)
- New urban areas N
Groundwater level decline > 5 cm

0 10 20 Kilometers
]

Fig. 11. Correspondence between groundwater level decrease between 2000 and 2020 (grey) and the increase in urban area (black) for SRE
scenario Al. Contour lines indicate the distance to the present urban centers in the study area.

a probability of 95% the groundwater level change is in the The sensitivity of the WetSpass model towards land-use
range of the change indicated in Fig. 10a plus or minus thechange is assessed using hypothetical scenarios. Fig. 13
confidence bounds of Fig. 12. The confidence bound is lesshows the hypothetical effect on recharge if the present (year
then 5 mm for most of the places in the catchment. At certain2000) land-use is changed to a homogeneous land-use cover-
places in the basin as for example the regions: north of Vosseing the entire basin. It is concluded, under current model set-
laar and Turnhout, south-west of Kasterlee, east of Vorselaatings, a 100% urbanized catchment would cause a decrease in
and south of Arendonk the uncertainty is slightly higher up total yearly recharge with-24%. On the other hand, a com-

to 30 mm and exceptionally up to 50 mm. From these resultplete afforestation of the basin with deciduous forest would

it can be concluded that the uncertainty of the parameteréncrease the yearly recharge with +12%. These changes in
can result in some changes related to the allocation of landrecharge show the general influence of land-use on recharge.
use change. Depending on the choice of parameters aboudowever, the maximum or minimum recharge is likely to
mentioned regions become more or less attractive for urbanbe obtained by a non-homogeneous spatial land-use distribu-
ization. Also in the east of the basin there are some regionsion.

having somewhat higher confidence bounds, these are caused

by a variation of the allocation of new forests.
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Fig. 13. Sensitivity to land-use of the yearly recharge simulated with WetSpass. Base situation is the present (2000) land-use and recharge
condition, each bar shows the change in recharge if the land-use of the complete area is converted to the indicated land-use.
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The land-use type specific parameters in this paper are
chosen constant over time. However, infiltration capacity
in urbanized areas may change in the future due to new ur-
ban cover types. Furthermore, in this study only one class
has been used for all agricultural crops, whereas different
crops could have diverging hydrological properties, which
may also depend on the agricultural management practices.
The calibrated groundwater model, along with the WetSpass
model, shows no systematic bias, a correlation coefficient of
0.99, a mean absolute error of 0.41m, a root mean square
error of 0.51m, and a Nash-Sutcliffe model efficiency of
0.99 between simulated and observed heads. The simulated
groundwater heads for layers 1 and 2 versus the measured
heads are presented in Fig. 14.

A yearly baseflow of 316 mm was obtained with WET- 9
SPRO. The calibration of the WetSpass and MODFLOW I I I I
models resulted in a very similar baseflow value of 314 mm. 10 20 30 40
The water balance error resulting from the inflow and out- Observed groundwater head (m)
flow calculated by MODFLOW is about 0.009% which is
less than the 0.1% recommended by Konikow (1978).

N w S
o o o
\ \ \

[EEN
o
\

o

Simulated groundwater head (m)

Fig. 14. Comparison of the simulated and observed groundwater
head for the situation in 2000.

5 Conclusions o o
the uncertainties addressed above, as indicative trends for fu-

This study simulates the effects of future land-use change&!r¢ changes in the groundwater system. In addition, the re-
until the year 2020 on the yearly average groundwater lev-Sults show a con5|de_rable difference between the response
els and water balance components of the Kleine Nete-basirf the summer and winter recharge on the land-use changes.
Four land-use change scenarios (A1, A2, B1 and B2) based he seasonal groundwater level fluctuations are therefore ex-
on the widely used world vision scenarios developed by thdoected to increase and consequently the stress on the ground-
IPCC (Masui et al., 2001) are considered (Klijn et al., 2005). Water resources will increase, especially in urbanized areas
The land-use change CLUE-S, water balance WetSpass, arf#fing summer.

groundwater flow MODFLOW, models are coupled and ap- N order to receive more inside knowledge on the impa_ct
plied in this study. The CLUE-S model is used for the spa—Of global changes on the groundwater system similar studies

tial allocation of the land-use changes in the catchment. Théhould be applied on different basins to incorporate the effect
distributed recharge is modelled with WetSpass, which ha®f the basins characteristics. In this study there is a consid-
land-use as one of its inputs. The distributed recharge, of¢rable difference between winter and summer conditions, it
its turn, is used in a MODFLOW groundwater flow model would therefore be interesting to apply a similar methodol-
of the Kleine Nete catchment to simulate head and base9Y using transient water balance and groundwater models.
flow changes. The compatibility of the WetSpass and MOD-!N the future, the land-use modelling should be further im-
FLOW models was shown by Batelaan et al. (2003) angProved including for example different agricultural crops and
Batelaan and De Smedt (2007). The novelty of this studyincluding the effect of alternative urban construction materi-
is the successful coupling of a land-use change allocatiorflS @ permeable and semi-permeable pavements. Finally, the
model (CLUE-S) with a groundwater flow model, which al- impact on land-use change should be combined with other
lows estimating the range and spatial distribution of the ef-global changes such as climate change to assess the future of
fects of future land-use change on the groundwater system,Our groundwater systems.

The results show that the predicted land-use changes from From this study, it is concluded that although, average
2000 until 2020 will reduce the average groundwater headthanges in recharge, groundwater level and baseflow are not
and flow slightly: the basin average groundwater level de-YeTY large, near urban centres the effects of land-use changes

creases with 2.5, 1.6, 1.7 and 0.9 cm, the baseflow decreas@8 the groundwater system are considerable and deserve nec-
with 2.3, 1.3, 1.5 and 0.7% for scenario A1, A2, B1 and B2, €ssary pro-active planning for compensation of the negative
respectively. However, Fig. 8, 10 and 11 clearly show that the®ffects.
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