
M
t
n

S
a

b

c

a

A

R

R

7

A

P

K

F

W

M

L

D

S

L

0
d

e c o l o g i c a l m o d e l l i n g 2 0 0 ( 2 0 0 7 ) 475–492

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /eco lmodel

odelling the impacts of land-use and drainage density on
he water balance of a lowland–floodplain landscape in
ortheast Germany

tefan Krausea,∗, Jörg Jacobsb, Axel Bronstert c

Centre for Sustainable Water Management, Lancaster Environment Centre, Lancaster LA1 4YQ, UK
Potsdam University, Institute for Geo-ecology, Potsdam University, Germany
Potsdam University, Institute for Geo-ecology, Dept. Hydrology & Climatology, Potsdam University, Germany

r t i c l e i n f o

rticle history:

eceived 9 August 2005

eceived in revised form

August 2006

ccepted 24 August 2006

ublished on line 27 October 2006

eywords:

loodplain

ater balance

odelling

and-use change

rainage

cenario

owland

a b s t r a c t

This study presents the modelling approach and impact assessment of different strategies

for managing wetland water resources and groundwater dynamics of landscapes which are

characterised by the hydrological interactions of floodplains and the adjacent lowlands.

The assessment of such impacts is based on the analysis of simulation results of complex

scenarios of land-use changes and changes of the density of the drainage-network. The

method has been applied to the 198 km2 Lower Havel River catchment as a typical example

of a lowland–floodplain landscape. The model used consists of a coupled soil water and

groundwater model, where the latter one is additionally coupled to the surface channel

network. Thus, the hydrological processes of the variable saturated soil zone as well as

lateral groundwater flow and the interactions between surface water and groundwater are

simulated in an integrated manner. The model was validated for several years of significantly

different meteorological conditions. The comparison of lateral and vertical water balance

components showed the dominance of lateral flow processes and the importance of the

interactions between surface water and groundwater for the overall water balance and the

hydrological state of that type of landscape.

The simulation of land-use change scenarios showed only minor effects of land-use

change on the water balance and groundwater recharge. Changes of groundwater recharge

were particularly small within the wetland areas being part of the floodplain where interac-

tions between surface water and groundwater are most pronounced. Alterations in vertical

groundwater recharge were counter-balanced by the lateral interaction between ground-

water and surface water. More significant deviations in groundwater recharge and storage

were observed in the more peripheral areas towards the catchment boundaries which are

characterised by greater groundwater distance from the surface and less intense of ground

water–surface water interactions.

However, the simulation results assuming a coarsening of the drainage network den-
sity showed the importance of drainage structure and geometry for the water balance: The

removal of the artificial draining ditches in the floodplain would result in significant alter-

ations of total groundwater recharge, i.e., less recharge from winter to early summer and an

increase of groundwater recharge during summer and autumn. Furthermore the different

effects of groundwater recharge alterations on the dynamics of groundwater stages within

the wetland areas close to the floodplains compared to the more peripheral areas could be
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quantified. Finally, it will be discussed that a well-adjusted co-ordination of different man-

agement measures is required to reach a sustainable water resources management of such

ands
lowland–floodplain l

1. Introduction: the role of floodplains and
adjacent lowlands for the conditions of lowland
rivers

The European Water Framework Directive (WFD) demands the
good status of surface waters and groundwater to be accom-
plished until 2015 (article 4 a ii and b ii, WFD). This predefined
status considers qualitative as well as quantitative issues of
the river and other water bodies. However, ecological and
hydrological characteristics of a lowland river depend on both
the conditions and processes within the river itself but also
on the influences of the floodplain corresponding with the
river (Krause and Bronstert, 2005, 2006; Vidon and Hill, 2004;
Sophocleous, 2002; Bullock and Acreman, 2003; Lasserre et al.,
1999; Hayashi and Rosenberry, 2002). Hydrological conditions
and nutrient dynamics of lowland river systems and the adja-
cent floodplains and wetlands are strongly controlled by the
tight interactions between surface water and the groundwa-
ter of the floodplain (Hayashi et al., 1998; Vidon and Hill, 2004;
Lasserre et al., 1999; Osman and Bruen, 2002; Sophocleous
and Perkins, 2000; Sophocleous, 2002; Krause and Bronstert,
2004, 2005, 2006; Joris and Fejen, 2003). The WFD further-
more emphasises the importance of natural regulation func-
tions of lowland catchments regarding water balance, nutri-
ent dynamics and subsequently floodplain ecology (Bullock
and Acreman, 2003; Prescott and Tsanis, 1997; Hayashi and
Rosenberry, 2002; Sophocleous, 2002; Sanchez-Perez et al.,
2003). These natural regulatory functions of lowland flood-
plains concern the quality of surface water and groundwater
due to transformation and transport of nutrients and pol-
lutants on the one hand (Burt et al., 1999; Vidon and Hill,
2004; Andersen, 2004; Hayashi and Rosenberry, 2002; Hill, 1990;
Devito and Dillon, 1993; Sanchez-Perez et al., 2003), on the
other hand also the control of the dynamics of water balance
and water availability, flood frequencies, flood extends and
retention capacity (Bullock and Acreman, 2003; Hayashi and
Rosenberry, 2002; Sophocleous, 2002; Krause, 2006; Andersen,
2004; Osman and Bruen, 2002; Wurster et al., 2003).

The water resources management of the wetlands and
floodplains within the lowlands of Northeast Germany is con-
fronted with conflicting demands of different stakeholders
and land users. These contrary requirements concern the tem-
poral variations of water demand (e.g., for crop production,
or sustaining ecological functions for nature protection areas
and wildlife) as well as different intentions for the temporally
and spatially distribution of saturated areas in the floodplain
and the control of groundwater levels tailored for particu-

lar land-use types. Due to intensive changes in agricultural
and ecological policies within the last years, the promotion
of floodplain functions and of sustainable floodplain man-
agement has become more important (Acreman et al., 2003;
Bullock and Acreman, 2003; Garcia-Linares et al., 2003; Gasca-
Tucker and Acreman, 2000).
capes.

© 2006 Elsevier B.V. All rights reserved.

Although agriculture (farming, animal production) in the
lowlands has been performed in a more sustainable manner
within the last 15 years (such as reduction of fertilisers and
groundwater drainage, reduced numbers of cattle and cows),
remarkable contrasts between the requirements of agricul-
tural land-use and nature conservation do persist. e.g., for
an optimal agricultural use of the lowland floodplains the
groundwater depths have to be controlled in such a way that
they are low enough in spring to enable the ploughing of
the arable land but not to low in summer to prevent the
risk of droughts. In consequence of these demands an inten-
sive drainage management was carried out until recently.
In contrast, for nature conservation and wetland restoration
as well as for soil conservation of the peat lands a periodi-
cally flushing of the floodplain is essential. These contrasting
demands on the water balance within the same catchment
at the same time create conflicts between the different stake-
holders. These conflicts might be aggravated by insufficient
knowledge about the efficiency of different impacts and man-
agement strategies for the floodplain water resources.

This study aims at assessing the effects of different strate-
gies for water resources management of the floodplains and
wetlands within the lowland landscape. Therefore, several
land-use change and a drainage density scenarios were set-
up and their effects on water balance and groundwater
dynamics analysed. The study area is the Lower Havel River
catchment as a typical example of a ground water–surface
water influenced lowland–floodplain landscape. The study
focuses on quantitative water balance aspects of such a
lowland–floodplain system as a pre-requisite of quantifying
water quality and other ecological aspects. Thus, the results of
the water balance analyses carried out in this work represent
an important link to eco-hydrological wetland models which
can be used to quantify the impact of a changing floodplain
water balance on its ecological functions and characteristics.
However, specific modelling or assessment of water quality or
floodplain ecology is not part of this paper.

2. Hydrological characteristics of
lowland–floodplain landscapes

2.1. General features

During the last years several studies that focused on lowland
river catchments pointed out that for a sustainable manage-
ment of floodplains it is necessary to improve the water quality
as well as to enhance the eco-hydrological and water bal-
ance controlling functions of the floodplains and their inter-

connected lowlands (Sophocleous, 2002; Sophocleous and
Perkins, 2000; Hayashi and Rosenberry, 2002; Osman and
Bruen, 2002). The influence of groundwater–surface water
interactions was identified as very important for floodplain
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ater balance in several studies (Heidemann et al., 2001;
urster et al., 2003; Devito et al., 1996; Krause and Bronstert,

005, 2006). Previous studies have shown that the water bal-
nce dynamics of floodplains are controlled by vertical, mete-
rological driven processes as well as by lateral processes
hich are controlled by the tight interaction between ground-
ater and surface waters (Krause and Bronstert, 2005, 2006;
ophocleous, 2002).

For the Lower Havel River basin a major importance of the
nteraction processes between groundwater and surface water
or floodplain water balance could be proved by field experi-

ents and observations (Krause and Bronstert, 2004, 2006).
uantitative analyses based on model simulations with the

WAN model have shown how the tight interactions between
roundwater and surface waters cause a major control of the
emporal and spatial dynamics on the floodplain water bal-
nce at several subcatchments of the Havel River (Krause and
ronstert, 2004, 2006). The temporal and spatial pattern of the

ntensity of these interactions and the efficiency of its impact
n the floodplain water balance is mainly controlled by pres-
ure head gradients as well as by the transmissivity of the soils
nd sediments (Krause and Bronstert, 2006).

.2. Study area

he Havel River has a length of 325 km and its catchment is
ocated in the glacially formed north-eastern German Low-
ands and covers an area of about 24,000 km2 before the Havel
iver runs into the Elbe River. The catchment of the Lower
avel River (Fig. 1) is a typical example for floodplain domi-
ated lowland landscape. It covers an area of 198 km2 and is

ocated about 20 km upstream of the Havel River confluence
ith the Elbe River. The area is characterised by a wide flood-

lain with a mean altitude of 25–28 m asl in the central part
f the catchment surrounded by relatively small plates which
onsist of pleistocene moraines reaching heights of up to
20 m asl. The floodplain, together with the Lower Havel River,

ig. 1 – Topography and location of the “Lower Havel River Basin
f the experimental setup including position of the groundwater
0 ( 2 0 0 7 ) 475–492 477

form one of the largest inland wetlands of central Europe,
which is of high ecological value, in particular for bird popu-
lations as waders, cranes and different goose-species (Mühle
et al., 1998; BirdLife, 2005). Wide areas of the floodplain are
protected by German and European nature conservation laws
and belong to natural reserves of different status as nature
protection areas or Flora–Fauna-Habitat Directive- and RAM-
SAR sites.

Mean precipitation in that area is 540 mm/a with a bit
higher overall rainfall in autumn and spring and higher rain-
fall intensities in the westerly hillslope areas caused by local
thunderstorms in summer. Hydraulic conductivities of the
floodplain soils (2.3 × 107 to 2.1 × 106 ms−1) are lower than of
the sandy soils of the moraines areas (1.2–4.2 × 10−4 ms−1)
but always high enough to infiltrate all rainfall and to inhibit
infiltration excess overland flow, also during summer thun-
derstorms.

For centuries, the catchment has been characterised by
periodic inundation of large parts of the floodplain. Such inun-
dations can be caused by both high discharge of the Havel
River itself and – more frequently – by high water levels in the
Elbe River and a successive backwater into the Havel River.
Since many decades, the landscape has been equipped with
a more and more dense and cross-linked drainage network in
order to enable and to improve the agricultural use of that area.
The water balance of the floodplain, especially the temporal
and spatial availability of water, control the ecological condi-
tions and wetland functions. Thus, the abundance of wildfowl
(Mühle et al., 1998), plant societies and biodiversity patterns
(Ward, 1998) are strongly determined by plant water availabil-
ity or flooding cycles.

Similar also spatial patterns of land-use within the Lower
Havel River catchment are strongly determined by the hydro-

logical conditions. Thus, the hillslope areas are characterised
by mixed and coniferous forests caused by to high groundwa-
ter depths whereas extensive pasture and heathland domi-
nates within the central floodplain parts due to wet conditions

” research area within Germany, river network and location
observation gauges.
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from autumn to spring. More peripheral lowland parts of the
catchment which are characterised by a higher distance to the
surface waters and moderate groundwater depths are inten-
sively used by agriculture. In the research area, meteorology,
groundwater conditions and surface water dynamics as well
as soil moisture are observed at several locations which are
presented in Fig. 1.

2.3. Model requirements and state of the art

For a sustainable management of a typical lowland catch-
ment like the Lower Havel River basin it is essential to
quantify the impacts of certain management strategies on
the overall water balance, on groundwater dynamics and
on soil water dynamics. Considering that within floodplains
the management of soil water and of groundwater cannot
be separated (Sophocleous and Perkins, 2000; Sophocleous,
2002; Hughes, 2004) and acknowledging the need for an inte-
grated water balance modelling (Sophocleous, 2002; Krause
and Bronstert, 2006), the development of a coupled soil
water–groundwater–surface water model system became nec-
essary.

Some exemplary numerical experiments about the spa-
tial variability and varying extent of groundwater–surface
water interaction have been accomplished by detailed two-
dimensional, vertical-plain simulations of exemplary tran-
sects of rivers beds connected with the adjacent floodplains
and lowlands by using numerical unsaturated-saturated soil
water models, e.g., HYDRUS-2D (Simunek et al., 1994; Joris and
Fejen, 2003). These simulations refer to the field scale.

At the mesoscale, several models have been developed and
applied for water balance simulations of lowland–floodplain
landscapes, which account for groundwater–surface water
interactions in different manner. Some of these models are
based on more conceptual approaches for soil and ground-
water, e.g., by considering data of groundwater gradient or
surface water distances (HECNAR, Jayatilaka and Gillham,
1996; Jayatilaka et al., 1996), or on a combination of a verti-
cal soil water simulation with a simplified representation of
groundwater flows towards the main drainage direction (SWA-
TRE, Spieksma and Schouwenaars, 1997), but also on fully
three-dimensional physically based numerical approaches
for both soil moisture and groundwater (VanderKwaak,
1999; VanderKwaak and Sudicky, 1999; Sudicky et al., 2000;
Weng et al., 2003). Other approaches couple physically based
groundwater models (two-dimensional horizontal-plain, or
full three-dimensional) with a more conceptual model for the
hydrological processes in the unsaturated zone and at the soil
surface (SWAT – MODFLOW, AGRIFLUX–MODFLOW Lasserre
et al., 1999).

Most of the models mentioned above perform important
simplifications: e.g., the spatial extent of the interactions
between groundwater and surface water is assumed to be
constant, or spatially and temporally transient changes of pro-
cesses are considered in a rudimentary manner only. However,
the “most-physically” approach – a full three-dimensional

numerical solution of saturated-unsaturated zone processes
(in both the soil and ground water domain) – encounters limi-
tations for mesoscale applications, because of its high compu-
tational demands and problems with changing type or bound-
2 0 0 ( 2 0 0 7 ) 475–492

ary conditions (e.g., varying saturation areas in space and
time), and insufficient knowledge concerning representative
parameters of the soil hydraulic properties for such models.

The groundwater–surface water interactions between
floodplains and surface waters are represented in most of
these models. However, the influence of the areas, which
are adjacent to the lowland–floodplain landscapes (i.e., their
hydrologic conditions at the non-surface-water boundary) are
not taken into account by most models (Hayashi et al., 1998;
Krause and Bronstert, 2005, 2006).

Summarising the requirements to simulate the water
balance in such kind of inter-connected surface water–
floodplain–lowland landscape, one can say that an appropri-
ate model has to be able to cope with:

- temporal and spatial dynamics of runoff generation pro-
cesses, including the surface runoff from saturated areas
of a temporally variable spatial extend,

- soil water dynamics within horizontally and vertically vari-
able soil properties and extension of the unsaturated soil
zone,

- groundwater flow in the saturated soil zone of variable spa-
tial extend,

- the direct interaction between groundwater and surface
water including the resulting processes of surface water
infiltration and groundwater exfiltration, including the rep-
resentation of their variations in time and space.

3. Methods

3.1. A coupled model approach for different
compartments of the hydrological cycle in lowlands

3.1.1. Model summary
For simulation of the water balance in the study area we used
the model-system IWAN (Integrated Modelling of Water Bal-
ance and Nutrient Dynamics), (Krause and Bronstert, 2005,
2006). The IWAN model is a coupled model system considering
vertical processes of the soil surface (interception, evapotran-
spiration, runoff generation) and of the soil water dynamics
(percolation, soil water storage, groundwater uptake, verti-
cal groundwater recharge) as well as lateral processes of the
groundwater in interaction with the surface water (ground-
water flows, exchange fluxes between groundwater and sur-
face water) (Fig. 2). The model dynamics are controlled by an
atmospheric boundary condition, by the predefined surface
water stages as well as by the geographical settings, phys-
ical soil characteristics and plant parameter (Fig. 2) (Krause
and Bronstert, 2006). The main deliverables of the model sim-
ulations are temporal and spatial information about the soil
water contents and plant water availability, vertical ground-
water recharge, exchange fluxes between groundwater and
surface water and the water balance of the floodplain catch-
ment (Fig. 2). Apart from the eco-hydrological dynamics inves-
tigated in this work, the model results provide valuable infor-

mation for wetland ecology and water quality modelling. Eco-
logical wetland models which are linked with hydrological
models for instance, mainly focus on systems and processes
at the land surface, soil and groundwater or on interactions
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Fig. 2 – Considered processes, inputs and forcing functions, outputs and deliverables of the IWAN model as well as linkages
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Kinzelbach, 1993, 2001).

The development of this coupled approach enables the ade-
quate simulation of floodplain water balance for landscape

Fig. 3 – The coupling approach and interfaces of the IWAN
model components (integrated modelling of water balance
o other modelling disciplines.

etween land surface and surface waters (Toner and Keddy,
996; Cline and Swain, 2002). Due to the incorporation of the
esults of a coupled model like IWAN (Fig. 2), e.g., exchange
uxes between groundwater and surface waters or ground-
ater recharge and water availability the process dynamics in
etlands as an interface between terrestrial and aquatic sys-

ems can be described more adequately and some of the gen-
ral assumptions ecological wetland models base on can be
ested. Similarly, the consideration of the model results (espe-
ially groundwater–surface water exchange fluxes) add valu-
ble information to ecological wetland models which focus
n wetland water quality and nutrient dynamics (Li et al.,
003; Martin and Reddy, 1997; Doerge, 1994; Wang and Mitsch,
000). The incorporation of the knowledge about exchange
uxes between ground- and surface water can help to improve
he understanding of flow paths and sources which effect the
utrient turnover and natural attenuation in wetlands. Finally
he IWAN model results as the soil water availability provide
n important link to combined ecological and economic mod-
ls in agricultural used areas (Muenier et al., 2004).

The IWAN model is composed of two major components
Fig. 3), which have been coupled in a two-way mode, i.e., feed-
ack effects are taken into account in both directions:

. runoff generation and vertical soil water dynamics are sim-
ulated by using the respective routines of the determinis-
tic, spatially distributed hydrological model WASIM-ETH-I

(Schulla, 1997; Schulla and Jasper, 1999),

. the flow in the saturated zone and its interactions with
the channel systems is modelled by using the three-
dimensional finite element based numerical ground-
water model MODLFOW (Harbaugh and Mc Donald,
1996a,b), respectively Processing MODFLOW (Chiang and
and nutrient dynamics) incorporating WASIM-ETH-I for the
simulation of the runoff generation and water balance of
the unsaturated soil zone and MODLFOW for the
groundwater dynamics and interactions to the surface
water.
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types as described above, considering the direct influences of
groundwater dynamics as well as of surface water interactions
on the water balance of the whole lowland–floodplain system.

The approach for the simulation of vertical soil water
dynamics of the WASIM-ETH-I model (Fig. 3) was derived using
an adjusted version of the soil-routine of TOPMODEL (Beven
and Kirkby, 1979). Soil water movement is being approximated
by a system of storages with inter-linked dynamics and prede-
fined depletion and refilling algorithms (Schulla, 1997). In the
presented simulations, an extended version of the WASIM-
ETH-I model, which accounts for macropore flow, was used
(Niehoff et al., 2002). The saturated zone in WASIM-ETH-I is
represented by a baseflow- and groundwater-storage.

Lateral groundwater flows as well as the temporally and
spatially variable interactions between groundwater and sur-
face water were calculated in MODLFOW (Fig. 3). The exchange
between surface water and groundwater (Fig. 3) is approxi-
mated in the model-environment of Processing MODFLOW by
using the “River Routine” (Prudic, 1988; Rembe and Wenske,
1998). Hereby the exchange rate is calculated by a leakage-
approach (Eq. (1)). The leakage factor controlling the fluxes
above the river-boundary-condition is calculated by:

CRIV = KRIV L
WRIV

MRIV
(1)

with: CRIV = leakage factor (L2 T−1); KRIV = hydraulic permeabil-
ity of riverbed (L T−1); L = river length (L); WRIV = effective river
width (L); MRIV = thickness of hyporheic zone (L).

This approach enables to consider the temporal and spa-
tial variable intensity of the interactions between groundwater
and surface water within in the model.

The coupling of runoff generation and vertical soil water
dynamics of the unsaturated zone modelled in WASIM-ETH-I
and of the lateral flows and exchange processes with sur-
face waters simulated in MODFLOW (Fig. 3) is realised by
transmitting the outflows and inflows from the WASIM-ETH-I
groundwater storage as groundwater generation or losses to
MODFLOW and vice versa (Fig. 3) (Krause and Bronstert, 2003,
2004, 2006).

The boundary conditions at the river boundary are deter-
mined by the pressure heads of the river cells (given by the
interpolation of local river stage measurements). These are
based on observed data at 7 observation gauges along the river

network. Datasets of two climate stations and four rain gauges
(Fig. 1) were used for the definition of the upper atmospheric
boundary condition of the soil water routines in WASIM-ETH-
I. Because river boundary conditions as well as atmospheric

Table 1 – Simulation time periods, time steps and model areas

Simulation period

Calibration 01.09.01–31.12.01

Validation 01.10.01–30.09.02
01.10.02–30.10.03

Water balance simulation 01.10.01–30.09.02
Scenario simulation (1 year) 01.10.01–30.09.02
Scenario simulation (13 years) 01.01.88–31.12.00
2 0 0 ( 2 0 0 7 ) 475–492

boundary conditions are unsteady, the model has to handle
with transient conditions. The geophysical conditions of soils
and aquifer (hydraulic conductivity, aquifer thickness, storage
capacity, effective porosity) were derived from already existing
datasets for boreholes (Krause and Bronstert, 2004, 2006).

In order to simplify transfer of simulated fluxes at the mod-
ule boundaries both models were run with same time steps.
An overview of simulation time periods and time steps as well
as of the model areas used for the different simulations is
given by Table 1.

3.1.2. Model calibration and validation
Calibration and validation of the IWAN model are compre-
hensively described in Krause and Bronstert, 2006. They are
based on the comparison of simulated and observed values
of groundwater stages at several observation gauges where
groundwater stages were measured at non-uniform time
steps. River discharge was not used as a criteria for the evalua-
tion of the model efficiency as the water level dynamics in the
river are mainly controlled at weirs and a free discharge does
not occur. Furthermore, at this stage IWAN does not consider
the modelling of runoff concentration and stream discharge
(Fig. 2). However, with the information about groundwater
level at observation boreholes distributed over the research
area, a spatially and temporally variable criteria has been
used for the model validation. Thus, the information about
the model efficiency within the floodplain based on compared
groundwater stages is an adequate criteria to test the model
appropriateness which has the advantage that it is based on
spatially distributed data in contrast to discharge-based vali-
dations which deliver an integral measure of the model fit.

The calibration and validation was carried out for the cou-
pled routines of the IWAN model together. Hence, for instance
the resulting groundwater stages are determined by vertical
groundwater recharge simulated in the soil water balance part
as well as by the groundwater simulations in interaction to the
surface water.

The IWAN model was calibrated for two subcatchments
(Table 1) of the Lower Havel River (Krause and Bronstert,
2006). The most sensitive parameter was the leakage factor
CRIV of the hyporheic zone (Eq. (1)) which controls the fluxes
between groundwater and surface water in the groundwater
modelling part of IWAN (Krause and Bronstert, 2004, 2006).
Since river length (L ) and river width (W ) of Eq. (1) can
RIV RIV

be identified for each model cell but there is a lack of spatially
detailed knowledge about the riverbed thickness (MRIV) and
the hydraulic permeability (KRIV) of the riverbed calibration
was carried out by alteration of the KRIV/MRIV ratio from 1:100

used for different simulations of the IWAN model

Simulation time step Area (km2)

1 h 1.4, 25

1 day 198.1

1 day 198.1
1 day 198.1
1 day 198.1
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Fig. 4 – Calibration of the IWAN model for different catchments of the Lower Havel River basin: comparison of observed and
simulated groundwater stages for different KRIV/MRIV ratios at the two observation points C and D (Fig. 1) for the “Guelper
Insel” (left, NSE: 1:100 = 0.75; 1:10 = 0.96; 1:1 = 0.97; 10:1 = 0.97) and two observation points A and B (Fig. 1) for the
“ 0.11;
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Muehlengraben” catchment (right, NSE: 1:100 = 0.18; 1:10 =

1/s] to 10:1 [1/s]. Fig. 4 shows that the best congruence of mea-
ured and simulated groundwater stages could be obtained for
atios between 1: 1 and 10: 1 (mean Nash & Sutcliff index, NSE,
f 0.82).

Consequently, the travel time through the river bed can be
ssumed to be in the range of 1 s which seems to be surpris-
ngly low. However, if the high transmissivity of the mainly
rtificial river bed water (blocks of ca. 10 cm diameter) is taken
nto account, the range becomes more reasonable.

The model was successfully validated for the entire Lower
avel River basin for different singular years which were char-
cterised by significantly different hydrological and climato-
ogic boundary conditions (Krause and Bronstert, 2006). The
atchment used for validation covers the central floodplain
s well as the surrounding hillslope areas (Fig. 1). Validation
esults based on a comparison of the temporal dynamics of
imulated and observed groundwater stages at 14 observation
oints all over the Lower Havel catchment were satisfactory
ith an average NSE of 0.78 (Krause and Bronstert, 2004, 2006).

comparison of simulated and measured groundwater stages

or two exemplary single points is given in Fig. 5. For evalua-
ion of systematic over- or under estimation additionally the
IAS—fraction of the mean square error (MSE) was analysed.

ig. 5 – Validation of the IWAN model for the entire Lower Havel
roundwater stages for two selected observation points A and B
0/2001–09/2002).
1:1 = 0.5; 10:1 = 0.68).

For MSE �= 0 the BIAS fraction is calculated by:

BIAS = (Ōi − P̄i)
2

MSE
(2)

with: O = observed value, P = simulated value.
It was shown, that a systematic failure was limited to

minor underestimation mainly in the peripheral regions at
the catchment boundary although a systematic offset occa-
sionally occured even at observation points with a good fit of
the simulated and observed dynamics (high NSE) (Krause and
Bronstert, 2006).

Generally it can be concluded that the overall simula-
tion goodness characterised by the dynamical and system-
atic model errors is satisfactory and enables to use the IWAN
model for scenario analyses.

3.2. Scenario generation for different land-uses
The scenarios for different land-use and management devel-
opments were generated in order to be used as different pos-
sible future conditions of the landscape surface for the simu-
lation of both water quantity and water quality issues (latter

River catchment: time series of observed and simulated
(Fig. 1) of the floodplain (simulation period
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is not considered in this article). They also account for spe-
cific features of nature conservation areas concerning water
quality and quantity.

To accomplish its specific objectives each scenario considers
a complex matrix of different management strategies. The land-
use change and management scenarios considered here are
based on the analysis of the potential natural functions, char-
acteristics and capabilities of the different landscape units
in consideration of the specific predefined scenario objec-
tives (Jacobs and Jessel, 2004). For the implementation of
the scenario objectives as well as for the development of
adequate management strategies, information about specific,
spatially detailed management requirements were analysed.
Therefore, nature protection and landscape conservation acts,
infrastructure development plans as well as stakeholder inter-
views have been considered (Jacobs and Jessel, 2004).

The scenarios derived here consider a change in agricul-
tural land-use or the related management practices (scenarios
1–4) and on the coarsening of the drainage channel system of
the landscape (scenarios 5).

3.2.1. Land-use change scenarios (scenarios 1–4)
These management strategies implement changes of land-use
types as well as the alteration of cropping methods, e.g., the addi-
tional cultivation of intercrops, conversion of forest types, crop
rotation, or crop extensification. Such changes are related with
the alteration of vegetation features such as vegetation height
or density, plant phenology as well as the timing of plugging
and harvesting.

The implementation of the specific scenario objectives is
expressed by modified land-use and vegetation cover maps
considered in the soil water balance part of the IWAN model
as well as by the alteration of different soil and vegetation
parameter sets as root depth, plant height, leaf area index, soil
cover index. The different parameters influence the process
simulation of soil water fluxes, evapotranspiration, infiltra-
tion, root water uptake, and groundwater recharge, or capillary
rise. Parameter values were estimated in consideration of the
WASIM parameter databases (Schulla, 1997) as well as by using
the plant parameter database ‘PlaPaDa’ (Breuer et al., 2003;
Breuer and Frede, 2003). Table 2 lists the IWAN model param-
eters which were affected by the different scenarios including

their range and seasonal variations.

The management strategies were bundled to four alter-
native scenarios considering agricultural land-use changes
termed:

Table 2 – Model parameter which are affected by the different s

Parameter Values

Albedo (%) 5–25%
Canopy resistance (time/length) 20–100 m
Vegetation period (time) Julian days
Leaf area index (%) 5–13%
Vegetation height (length) 0.1–10 m
Vegetation cover (%) 10–90%
Root depth (length) 0.1–1.5 m
Macro pores (length) 0–1.2 m
Macro pores (vol.%) 0–1.2%
2 0 0 ( 2 0 0 7 ) 475–492

Scenario 1 ‘Best Nature Conservation’,
Scenario 2 ‘Actual Trend’,
Scenario 3 ‘Best Water Quality’, and
Scenario 4 ‘Best Management Practice’.

The different assumptions the certain scenarios are based
on are given below as well as their specific water balance objec-
tives:

Scenario 1—‘Best nature conservation’: For this scenario man-
agement strategies which lead to an advancement of nature
protection (e.g., wetland and groundwater protection, ero-
sion control, nature conservation) are considered. The tech-
nical feasibility and the acceptance of the management
strategies are not considered.
Scenario 2—‘Actual trend’: Supposing the further existence of
the actual political framework conditions and of their devel-
opment the continuity of the actual land-use conditions is
assumed.
Scenario 3—‘Best water quality’: All management strategies
are focussed on maximal improvement of the surface water
and groundwater quality. Allocation rules were derived
from different legal and technical documents, e.g., LAWA
(2002), Frielinghaus and Winnige (2000), LUA (1997) and
MELF/MUNR-Steuergruppe (1996).
Scenario 4—‘Best management practice’: This scenario implies
land-use management according to existing national and
European law in agriculture and forestry. Thus, compliance
with the good practice in agriculture and forestry is required.
In nature conservation areas land-use activities are further-
more optimised according to specific protection and soil con-
servation objectives.

Additionally influences of external tendencies (expansion
of urban areas and infrastructure) were assumed for every
scenario. Appropriate information has been gained from the
development plans of the federal state of Brandenburg (Jacobs
and Jessel, 2004).

The spatial pattern of land-use under scenario conditions,
finally accomplished due to the implementation of the man-
agement strategies are shown in the maps of Fig. 6 in compar-

ison to the actual land-use conditions.

Table 3 shows the distribution of specific land-use frac-
tions for actual land-use conditions in comparison with the
assumed scenario land-use changes.

cenarios including their range and seasonal variations

Inner annual parameter variability

Year round
Monthly
Four vegetation periods (0–3, 4–6, 7–9, 10–12)
Four vegetation periods (0–3, 4–6, 7–9, 10–12)
Four vegetation periods (0–3, 4–6, 7–9, 10–12)
Four vegetation periods (0–3, 4–6, 7–9, 10–12)
Four vegetation periods (0–3, 4–6, 7–9, 10–12)
Year round
Year round
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Fig. 6 – Actual land-use conditions in comparison to the changed land-use conditions for the scenarios: (1) ‘best nature
conservation’, (2) ‘actual trend’, (3) ‘best water quality’ and (4) ‘best management practice’.

Table 3 – Classification of land cover for actual conditions and conditions of the land-use change scenarios
(1–4)—distribution of landcover fractions in m2 and percentage deviation of scenario conditions from actual conditions

Land-use Actual conditions Scenario 1 Scenario 2 Scenario 3 Scenario 4

Surface water 4.44 4.18 (93.93%) 4.14 (93.14%) 4.18 (93.93%) 4.14 (93.14%)
Urban areas 4.09 4.12 (100.73%) 4.12 (100.73%) 4.12 (100.73%) 4.12 (100.73%)
Decidous forest 8.36 15.19 (181.64%) 8.39 (100.29%) 16.06 (192.05%) 8.39 (100.29%)
Coniferous forest 36.53 21.05 (57.61%) 30.61 (83.76%) 5.51 (15.08%) 18.62 (50.95%)
Mixed forest 15.87 31.47 (198.24%) 21.86 (137.71%) 44.38 (279.59%) 33.85 (213.23%)
Extensive agriculture 4.72 24.51 (519.16%) 1.55 (32.87%) 13.83 (293.01%) 17.35 (367.44%)
Intensive agricultue 48.92 12.66 (25.87%) 44.92 (91.82%) 10.47 (21.40%) 48.46 (99.06%)
Intensive heathland 32.87 46.59 (141.73%) 53.77 (163.57%) 53.94 (164.06%) 21.51 (65.43%)
Extensive heathland 21.58 2.99 (13.84%) 2.99 (13.84%) 2.99 (13.84%) 2.99 (13.84%)
Bushland 10.11 15.61 (145.34%) 9.24 (91.32%) 30.75 (304.08%) 12.6 (124.60%)
Set-aside 0.74 9.89 (1341.02%) 6.68 (905.08%) 2.03 (275.59%) 16.23 (2201.1%)
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Fig. 7 – Scenario 5 (drainage density reduction scenario) assuming the removal of all artificial ditches. This would cause a
decrease of the total river length of about 40%. Only the major drainages are depicted in this figure.

ter recharge dynamics is clearly superimposed by such lateral
interactions, i.e., lateral groundwater flow–surface water inter-
actions are of major importance for the water balance of the
lowland- floodplain landscape of the Lower Havel area.
3.2.2. Drainage density reduction scenario (scenario 5)
To analyse the impact of the density of the drainage channel
network on water balance and groundwater recharge an inte-
grated scenario was applied that assumes a reduction of river
length (Fig. 7). It furthermore takes into account the land-use
conditions of scenario 4, the so-called ‘best management prac-
tice’ (Fig. 6). In addition to the Havel River, the research area is
currently drained rather efficiently by a dense network of arti-
ficial (man-made) small, interconnected ditches. Most of these
ditches have been constructed during the last 50 years with the
aim to drain the floodplain during winter and spring in order
to enable agricultural management with heavy machinery.
Today, the operation of the pumping stations and the main-
tenance of the ditches are not always considered economical.
Thus, scenario 5 assumes the removal of all artificial ditches,
and only natural or at least semi-natural surface waters would
remain. This would cause a reduction of total river length from
298.5 km to 183 km (Fig. 7).

4. Results

4.1. Water balance modelling

The model was applied for simulation of water balance and
groundwater recharge of the Lower Havel River basin for sev-
eral years. Analysis of the simulation results proved that the
temporal distribution of groundwater discharge and recharge
periods was strongly controlled by both precipitation and by
the fluxes to/from the surface water system (Fig. 8).
Groundwater recharge is caused by both percolation below
the unsaturated zone (triggered by infiltrating precipitation)
as well as by lateral surface water infiltration (in case of rela-
tively high river water level). Groundwater discharge appears
due to root water uptake as well as groundwater exfiltration
into the river (in case of relatively low river water level). The
simulated dynamic of groundwater discharge and recharge
differ significantly depending on the actual importance of
the mentioned processes. Comparing the simulated vertical
groundwater recharge (given by the ratio of percolation and
groundwater uptake) and the total groundwater recharge
(including the lateral interactions between groundwater and
surface water) significant differences were observed (Fig. 8).

These results show that total groundwater recharge is
strongly affected by the groundwater surface water interac-
tions. For most of the simulation period the vertical groundwa-
Fig. 8 – Comparison of vertical and total groundwater
recharge (taking into account also the interactions between
groundwater and surface water) in dependence of surface
water stage dynamics and precipitation for the time period
10/2001–09/2002.
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ig. 9 – Simulated time series of ETR for actual conditions an
cenario 2 (A) and simulated total deviation of ETR from actu

.2. Scenario analysis

.2.1. Simulation results for the land-use change scenarios
or the simulation of land-use change effects on floodplain
ater balance the four land-use change scenarios 1–4 (Fig. 6)
ere used to prescribe the conditions of the land surface. The
ater balance was simulated by the IWAN model system for

he time period from 1988–2000 with the observed meteoro-
ogical and river level boundary conditions of that period. In
ddition, to analyse the sensitivity of the vertical groundwater
uxes to land-use changes the time period of 10/2001–09/2002
as simulated.

.2.1.1. Effects on the vertical groundwater recharge. At first,
simulation of the vertical groundwater recharge was per-

ormed to test the sensitivity of the model results concerning
he water balance to alterations of land cover and the related
ffects to vertical soil hydrological processes like root water
ptake and evapotranspiration (ETR), infiltration and perco-
ation. Therefore scenario 1 and scenario 2 were simulated
or the period from 10/2001 to 09/2002 with an hourly sim-
lation time step (Table 1). Fig. 9a shows the simulated ETR
or the actual conditions and the percentage deviation of the

Table 4 – Simulated vertical groundwater recharge for the curre
and for conditions of scenario 1 and scenario 2 in mm a−1 for fo
deviation of scenario groundwater recharge from actual conditi

Scenario Westerly moraine
hillslopes (A)

Central moraines (B)

Current land-use 233 191
Scenario 1 221 (94.8%) 177 (92.7%)
Scenario 2 211 (90.6%) 180 (94.2%)
rcentage deviation of simulated ETR for scenario 1 and
nditions for scenario 1 and scenario 2 (B).

simulated ETR of the two scenarios from the simulated actual
conditions.

The scenario conditions show some notable changes in the
annual dynamics of ETR. The relative change is high during
winter; however, this is the season when the ETR is low any-
way. As Fig. 9b shows, the total change is highest in spring
and early summer, which is the vegetation growing period,
and therefore changes in land-cover have an higher impact on
evaporation. Table 4 summarises the subsequent changes of
the simulated vertical groundwater recharge that are caused
by the alteration of ETR and the vertical water fluxes in the
unsaturated soil zone.

To analyse the spatial distribution of these changes,
the catchment was divided into four zones (Fig. 10) which
were classified based on the specific conditions of the land-
scape compartments, such as landscape morphology, hydro-
geology, and drainage network density. These zones are: the
westerly moraine hillslopes, the central moraines, the easterly
hillslope area and the floodplain.
The comparison of simulated vertical groundwater
recharge for actual conditions and scenario conditions indi-
cated some distinct alterations due to land-use changes. In
both cases the vertical groundwater recharge was decreased,

nt conditions (simulation time period (10/2001–09/2002)
ur parts of the Lower Havel River catchment, percentage

ons (cursive)

Easterly hillslopes (C) Floodplain (D) Total

71 64 0.559
52 (73.2%) 7 (10.9%) 0.457 (81.6%)
65 (91.5%) 46 (71.9%) 0.502 (89.8%)
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Fig. 10 – Four zones for quantification of simulated vertical
groundwater recharge: westerly moraine hillslopes (A),

central moraines (B), easterly hillslope area (C), floodplain
(D).

by 18.4% for scenario 1 and by 10.2% for scenario 2. The
simulation results indicate that the strongest impacts are
within the floodplain part of the catchment (zone D), where

the vertical groundwater recharge is only 10.9% of the current
conditions for scenario 1 and 71.9% for scenario 2. These
results point out the sensitivity of percolation and vertical
groundwater recharge for land-use changes especially within

Fig. 11 – Simulated groundwater recharge of the Lower Havel cat
scenarios (1–4) for the simulation period 1988–2000 (A), simulate
actual and for scenario conditions (B), deviation of simulated sce
actual conditions (C).
2 0 0 ( 2 0 0 7 ) 475–492

the central parts of the floodplain which are characterised by
low groundwater depths.

4.2.1.2. Effects on the total groundwater recharge. For the anal-
ysis of land-use change effects on the total groundwater
recharge of the Lower Havel River basin the water balance
for actual conditions as well as for the four scenarios was
simulated continuously. The meteorological and river stage
observations of the period from 1988 to 2000 were used for
the definition of the boundary conditions. Fig. 11a shows the
simulated total groundwater recharge for the land-use change
scenarios in comparison with the simulated groundwater
recharge for actual conditions. No significant differences were
observed during the entire simulation period for the dynamics
of scenario and actual groundwater recharge time series.

An analysis of the mean annual groundwater recharge
averaged over the simulated 13 years period (Fig. 11b) showed,
that generally from winter to the early summer a recharge
period characterised by a mean groundwater recharge of
0.2 m3 s−1 occurs.

In this period groundwater recharge is caused by infiltra-
tion of precipitation water and percolation on the one hand
as well as by surface water infiltration from the river and
the ditches (where water levels are usually higher than the

groundwater levels at this time) on the other hand. Dur-
ing summer the groundwater dynamics turn into groundwa-
ter discharges which occur until approximately late autumn
when groundwater recharge starts again. These characteristic

chment for actual conditions and for land-use change
d mean groundwater recharge (averaged for 1988–2000) for
nario groundwater recharge from groundwater recharge of
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Fig. 12 – Simulated groundwater recharge of the Lower Havel catchment for actual conditions and for drainage density
reduction (scenario 5) for the simulation period 1988–2000 (A), simulated mean annual dynamics of groundwater recharge
(averaged for 1988–2000) for actual and for scenario conditions (B), differences of simulated mean annual dynamics
(
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scenario conditions—actual conditions) (C).

osses of groundwater storage during summer are caused by
he fact that during that season root water uptake is higher
han rainfall infiltration as well as by groundwater discharge
nto the ditches which are usually filled marginally only dur-
ng summer. Only minor deviations (less than 10% on average)
ere observed between the mean total annual groundwater

echarge for scenario and actual conditions (Fig. 11c).
Taking into account the observed effects for the simulated

ertical groundwater recharge (Table 4) substantial differences
etween vertical groundwater recharge and total groundwater
echarge become obvious. The alterations of vertical ground-
ater recharge induced by land-use changes are almost com-
letely counter balanced by the lateral fluxes of the groundwa-
er. If the groundwater table rises due by vertical groundwater
echarge (percolation below the unsaturated zone), the lateral
roundwater runoff into the river system increases subse-
uently. Otherwise, if the root water uptake is higher then
he rainfall infiltration (resulting in a subsequent decrease of
roundwater tables), the infiltration of surface water from the
iver and drainage network into the groundwater storage will
ncrease. In both cases, the effects of vertical groundwater
echarge seem to be counter balanced by the lateral ground-
ater reaction. Thus, the impacts of changes in land-use are

idely buffered due to lateral groundwater flows and the inter-

ction to surface waters. This leads to the conclusion, that in
roundwater dominated lowland–floodplain landscapes, pos-
ible changes in land-use may only results in rather insignifi-
cant changes of groundwater recharge and groundwater stage,
as long as the supply by surface water is not constrained.

4.2.2. Simulation results for the drainage density
reduction scenario
Scenario 5 assumes a reduction of drainage density. The same
13 years from 1988 to 2000 were chosen for simulation period.
Fig. 12a shows the simulated total groundwater recharge for
scenario 5 in comparison with the simulated dynamics for
actual conditions. The simulated groundwater recharge dif-
fers significantly for actual and scenario conditions, both to
be seen for the time series of the whole 13 years and for the
mean annual dynamics (Fig. 12b and c).

Generally the scenario conditions seem to lead to a
smoothed annual groundwater recharge dynamics. The
reduction of the drainage network would cause less ground-
water recharge during winter and spring due to less surface
water infiltration from the ditches. On the other hand, during
the groundwater abstraction period from summer to autumn,
the groundwater losses would be smaller, caused mainly
by a reduced groundwater exfiltration into the drainage
system.

The effect of the changes of groundwater recharge on the

dynamics of groundwater levels is presented in Fig. 13, where
time series of the simulated groundwater tables for two rep-
resentative groundwater observation wells (Fig. 1) are plotted
for the 13 years period.
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Fig. 13 – Comparison of simulated groundwater levels for actual conditions and for conditions of scenario 5, for (A) an
observation well in immediate neighbourhood to surface water (0.8 km) (observation well E in Fig. 1) and for (B) an

to

catchment area would be drier, caused by the removal of
the artificial ditches whereupon the remaining, non-artificial
observation well in a larger distance of the main river (2.4 km

This figure shows two locations of different distance to
the remaining surface waters, which have been analysed for
the dependency of their changes in groundwater dynamics
on their distance from the river. The observation point E
(Fig. 13a) is located in a relatively short distance to the next
channel. At this point, the groundwater dynamics show a
slightly smoothed and shifted pattern, which is caused by
less recharge in winter and spring and less abstraction in
summer and autumn. Nevertheless, the groundwater–surface
water interactions remain effective. Under current condi-
tions (‘actual conditions’), also the second observation point
F (Fig. 13b), is located close to a drainage channel. Under sce-
nario conditions, this drainage channel would no longer exist,
i.e., this point would have a larger distance to the next surface
water. Fig. 13b shows a transient increase of the groundwater
table for this observation point of about 4 m. It is further-
more shown that the seasonal dynamics of groundwater tables
would almost disappear, because the influences of the surface
water seasonality does not reach these locations. According
to these simulation results, the time until a new more or less
steady state of the groundwater dynamics can be observed is
about 6 years (assuming the removing of the ditches is accom-
plished at the 1st year).
The characteristic influence of surface water (drainage net-
work density) on the groundwater dynamics is representative,
i.e., a similar behaviour has been observed for all simulated
groundwater wells, depending on their location (distance to
surface water) (observation well F in Fig. 1).

the channel) within the research area. To assess the spa-
tial distribution of the dependence of the water balance on
the surface water conditions the simulation results for the
entire lowland–floodplain area have been analysed. The spa-
tial differences of the seasonal dynamics of groundwater table
between actual and the scenario conditions for the Summer
and the Winter period are given in Fig. 14.

Summarising the results regarding the effects of drainage
network density, two different types of specific spatial charac-
teristics can be identified:

1. General, long-term effects occur in the areas which are
hydraulically disconnected from the channel system (e.g.,
groundwater increase all over in that areas).

2. Specific seasonal effects of water stage deviations occur in
the areas which are directly linked to the channel system.
These effects are less severe than the previous one, and
thus are less important.

In winter within the entire central floodplain part of the
drainages would not drain the floodplain as efficiently as
before. This effect lasts until early summer. In summer, most
of the formerly intensively drained areas would be wetter as
a result of reduced groundwater losses.
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Fig. 14 – Differences of simulated groundwater tables for conditions of scenario 5 compared to actual conditions for average
s grou
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.3. Comparison of management effects on
roundwater recharge

n this section we contrast the effects of the four different
and-use management scenarios with the ones of the drainage
eduction scenario. In Fig. 15, the effects of the four different
and-use change scenarios (scenarios 1–4) and of the drainage
ensity reduction (scenario 5) on groundwater recharge of this
articular landscape type are compared.

Based on this comparison, one can conclude that the pre-
ented land-use change scenarios cause only marginal effects
n groundwater recharge and groundwater stage dynamics
ithin the floodplain. However, this statement is valid only as

ong as the supply of surface water (by the channel network)
an be considered to be similar to the current conditions. On
he other hand, the reduction of the drainage density results
n much more significant changes as seen for scenario 5. The
emoval of ditches within the floodplain would cause less

roundwater recharge, effecting lower groundwater stages in
he usually wet period from winter to the end of spring. These
ltered characteristics would mostly affect the more periph-

ig. 15 – Comparison of the simulation results of the
and-use change and drainage density reduction scenarios
oncerning changes of the groundwater (mean annual
ynamics for the period 1988–2000).
ndwater tables = wetter conditions for scenario
.

eral regions located in a larger distance to the river. i.e., the
parts of the floodplain which are characterised by both direct
hydraulic connections to the channel system and shallow
groundwater depths below the ground surface will hardly be
affected. These areas, usually among the wettest of the region,
are the ones which are of major concern for nature conserva-
tion objectives, e.g., of high relevance for bird habitats and
bird migration. On the other hand, the more peripheral areas
(larger distance to the drainage system and larger groundwa-
ter depths) are of higher importance for the agriculture and
less for nature conservation. In these parts of the landscape
an increase of groundwater stages could be achieved, which
would be beneficial for agriculture, in particular in dry sum-
mer periods. This effect would also be welcomed for nature
conservation objectives.

5. Conclusions

The presented coupled model approach, considering soil
water balance modelling, groundwater modelling, and the
interactions to surface waters, has been successfully applied
for the lowland–floodplain landscape of the Lower Havel River
region.

Four land-use change scenarios have been developed to
test the impacts of changing land-use conditions on the water
balance of the floodplain. While simulating floodplain water
balance for these land-use change scenarios it was demon-
strated how alteration of the landscape cover effects changes
in evapotranspiration and vertical groundwater recharge. It
was furthermore shown by simulation of the scenario water
balance, how these changes in vertical groundwater recharge
are counter balanced by both lateral groundwater flow and the
tight interactions between groundwater and surface waters.
Thus, it can be concluded that the assumed alterations of

land-use characteristics would cause only marginal effects
on overall groundwater recharge and floodplain water bal-
ance. With this scenario simulation we could demonstrate
the minor importance of changes in vertical groundwater
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recharge processes for floodplain water balance. As a major
reason for this it could be detected that changes in the vertical
groundwater recharge/discharge are counter balanced by an
increase/decrease of the lateral fluxes, i.e., the lateral ground-
water recharge/discharge from/to the surface water system.
The applications of the model to several subcatchments of the
Havel River region, with different geo-morphological features,
show similar response characteristics. Thus, we conclude that
the achieved results of the importance of surface water inter-
actions and the major importance of lateral groundwater flows
are rather typical for floodplains of glacially formed lowlands.

To analyse the impact of the design and structure of the
drainage network, a scenario was developed which assumed
the total removal of the artificial ditches of the floodplain,
hence a dismantling of about 40% of the whole channel sys-
tem. In contrast to the effects of the land-use change scenario,
this scenario showed significant deviations of the simulated
groundwater recharge dynamics in comparison to the simu-
lated actual conditions. It was shown that due to the disman-
tling of the artificial drainage channels:

1. In parts of the landscape with shallow groundwater depths
and direct interactions with the remaining channel net-
work, less groundwater recharge and subsequently lower
groundwater stages during the wet winter period and
higher groundwater stages caused by less groundwater dis-
charge to the river in the dry summer period could be
reached.

2. In the parts of the landscape with a higher distance to the
remaining channel network and with a larger groundwa-
ter depth a significant, long-term increase of groundwater
levels can be expected, mainly due to the prevention of
groundwater discharge into the drainage channels in sum-
mer.

Taking into account the spatial and temporal variability of
the distribution of groundwater stage changes, it occurs to be
promising to test whether these altered conditions could be
a compromise between different land users with agricultural
objectives on one side and nature conservation activities on
the other side.

Generally the results of the scenario simulations empha-
sise the necessity of integrated approaches, which combine
land-use management as well as the layout of river/drainage
channel network (including the design of the cross sections),
to reach the desired impacts and improvements of the water
balance dynamics of the floodplain. Removal of artificial
ditches is only one possible option to achieve the favoured con-
ditions. A change of the overall discharge regulation practice
of the weirs and other control structures is another opportu-
nity.

Obviously, there are limitations concerning the overall
validity of the model concept which are stated in the follow-
ing:

An important prerequisite is given by the assumption of pre-

defined pressure heads at the river boundaries for all of the
scenarios which were not affected by the simulation results
nor included into the scenarios. This assumption is valid only
if groundwater–surface water interactions have only neg-
2 0 0 ( 2 0 0 7 ) 475–492

ligible impacts on river discharge and subsequent surface
water stages. This assumption is valid for the Havel River
and the drainage network, where the water level is controlled
by weirs. However, in case of non-controlled, free running
rivers the assumption of a stable water level in the river,
non-dependent of the interactions with the groundwater of
the surrounding landscape has to be questioned. In that case
the river water dynamics may need to be included into the
model system. This can be achieved for instance due to the
simulation of the hydrodynamic St.-Venant equations.

Finally, the simulation results for current and scenario
water balances, groundwater recharge and exchange fluxes
represent important information for ecological wetland and
water quality analyses and models. They may help to improve
the understanding of the impact of vegetation cover and
drainage intensity on wetland water balances and subsequent
wetland (ground) water chemistry and ecology. The consider-
ation of the knowledge gained in this study will furthermore
add valuable information to wetland management and land-
use planning in floodplains.
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Mühle, R.U., Burkart, M., Pötsch, J., 1998. On the importance of
flooded grassland at the RAMSAR site of the lower Havel River
valley for waterfowl. Gibier Faune Savage Game Wildl. 15 (3),
963–972.

Muenier, B., Birr-Pedersen, K., Schou, J.S., 2004. Combined
ecological and economic modelling in agricultural land-use
scenarios. Ecol. Model. 174, 5–18.

Niehoff, D., Fritsch, U., Bronstert, A., 2002. Land-use impacts on
storm-runoff generation: Scenarios of land-use change and
simulation of hydrological response in a meso-scale
catchment in SW-Germany. J. Hydrol. 267 (1–2),
80–93.

Osman, Y.Z., Bruen, M.P., 2002. Modelling stream-aquifer seepage
in an alluvial aquifer: an improved loosing-stream package for
MODFLOW. J. Hydrol. 264, 69–86.

Prescott, K.L., Tsanis, I.K., 1997. Mass balance modelling and
wetland restoration. Ecol. Eng. 9, 1–18.

Prudic, D.E., 1988. Documentation of a computer program to
simulate stream-aquifer relations using a modular,
finite-difference, ground-water flow model. U.S. Geological
Survey, Open-File Report 88-729, Carson City, Nevada,

119 pp.

Rembe, M., Wenske, D., 1998. The Lake Package—An Additional
Boundary Condition For The Modular Three-Dimensional
Finite-Difference Ground-Water Flow Model MODFLOW,
MODFLOW ’98. Colorado School of Mines.

http://dx.doi.org/10.1002/hyp.6182
http://www.lawa.de/


i n g
492 e c o l o g i c a l m o d e l l

Sanchez-Perez, J.M., Vervier, P., Garabetian, F., Sauvage, S., Loubet,
M., Rols, J.L., Bariac, T., Weng, P., 2003. Nitrogen dynamics in
the shallow groundwater of a riparian wetland zone of the
Garonne, SW France: nitrate inputs, bacterial densities,
organic matter supply and denitrification measurements.
Hydrol. Earth Syst. Sci. 7, 97–107.

Simunek, J., Vogel, T., van Genuchten, M., 1994. The SWMS-2D
Code for Simulating Water Flow and Solute Transport in
Two-Dimensional Variably Saturated Media Version 1.2
Research Report No. 132. Department of Agriculture, U.S.
Salinity Laboratory, Riverside, California.

Spieksma, J.F.M., Schouwenaars, J.M., 1997. A simple procedure to
model water level fluctuations in partially inundated
wetlands. J. Hydrol. 196, 324–335.

Sudicky, E., Jones, J., Brunner, D., McLaren, R., VanderKwaak, J.,
2000. A fully-coupled model of surface and subsurface water
flow: model overview and application to the Laurel Creek
watershed. In: Bentley, L., Sykes, J., Brebbia, C., Gray, W.,
Pinder, G. (Eds.), Proceedings of the XIII International
Conference on Computational Methods in Water Resources.
Calgary, Alberta, July 26–29, 2000. A.A. Balkema, Rotterdam,
pp. 1093–1099.

Schulla, J., 1997. Hydrologische Modellierung von Flussgebieten
zur Abschätzung von Folgen der Klimaänderung. Züricher
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