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ABSTRACT

Land use change is a major factor influencing catchment hydrology and groundwater resources. In South Africa, the man-
agement of scarce water resources is a big concern. The study area, the upper Berg catchment, Western Cape, South Africa, 
contains strategic water resources. The catchment has undergone many changes in recent years, not least of all the construc-
tion of a dam on the upper reach. To reduce water loss due to evapotranspiration, non-native hill slope vegetation upstream 
of the Berg River Dam was cut down. It was hypothesised that recharge has been increased due to this change in vegetation. 
The objectives of this study were to determine land use changes in upper Berg catchment using multi-temporal Landsat 
images from 1984, 1992, 2002, and 2008, and to predict the impact of these land use changes on groundwater recharge. For 
the simulation of groundwater recharge the distributed hydrological model WetSpa was used. Forest plantations lost 72% 
(18.8 km2) of their areal extent between 1984 and 2008, due to deforestation as part of a plan to implement the ecological 
Reserve as required by national water policy; the area of barren land increased by 15.7 km2 in the same period. The high 
increase in precipitation, especially in the period of 2005–2009, combined with the change in land use in the study area 
resulted in a highly increased (278%) predicted mean groundwater recharge. Simulated groundwater recharge shows strong 
spatial differences for each evaluated year. The effect of the rapid clearing of non-native hill slope vegetation upstream of 
the Berg River Dam for the land use scenario of 2008 was tested to check if clearing is an important factor in the increase of 
groundwater recharge. Hence, we simulated the whole time-series from 1984–2004 (21 years) with the land use map from 
2008 instead of the land use maps for 1984, 1992 and 2002. A systematic increase of about 8% per year for the 21-year period, 
due to the change in land use from the different years to that of 2008, is predicted , which confirms that the clearing of the 
non-native hill slope vegetation is of considerable importance for the increase in groundwater recharge.
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INTRODUCTION

Groundwater is considered to be one of the most important, 
and in many semi-arid areas one of the most scarce, natural 
resources. Over the past decade there has been an increasing 
focus on studies, analyses and exploration of groundwater, for 
the purpose of sustainable exploitation. Policy intention is to 
maintain a balance between demand, quantity and quality of 
groundwater. Land use change is a major factor affecting the 
groundwater system (Calder, 1993). Through history, intense 
human activities, including industrialisation, mining, urbani-
sation, agriculture, damming, etc., have resulted in significant 
and clear changes in the landscape with impact on the water 
balance of surface and groundwater systems (Bronstert, 2004).

Collecting accurate and timely information on land use is 
important for land use change detection (Giri et al., 2005) as a 
basis for predicting impact on water resources. There are vari-
ous methods that can be used in the collection of land use data 
but the use of satellite remote sensing technologies can greatly 
facilitate the process (Gautam et al., 2003). Compared with 
traditional ground-based surveys, satellite remote sensing pro-
vides greater amounts of information on the geographic distri-
bution of land use in a relatively cost- and time-saving way for 

assessments on a regional scale (Kachhwala, 1985, Rogan and 
Chen, 2004; Yuan et al., 2005). Space-borne remotely sensed 
data may be particularly useful in developing countries where 
recent and reliable spatial information is lacking (Dong et al., 
1997). Remote sensing technology and geographic information 
systems (GIS) provide efficient methods for analysis of land use 
issues and tools for land use planning and modelling (Star et 
al., 1997; Chilar, 2000). By understanding the driving forces of 
land use development in the past, managing the current situ-
ation with modern GIS tools, and modelling the future, one is 
able to develop plans for multiple uses of natural resources and 
nature conservation. Ringrose et al. (2005) stressed the need to 
map land use and land-cover change in Africa, as, already more 
than a decade previously, land use change was accelerating and 
causing widespread environmental problems. This changing 
pattern of land use and land cover reflects changing economic 
and social conditions taking place throughout the continent. 
Monitoring such changes is important for coordinated actions 
at national and international levels (Bernard et al., 1997).

Different methods have been developed for land use change 
detection. Yuan et al. (1998) divide the methods for change 
detection and classification into pre-classification and post-
classification techniques. The pre-classification techniques 
apply various algorithms directly to time-series satellite 
imageries to generate ‘change’ versus ‘no change’ maps. These 
techniques locate changes but do not provide information on 
the nature of change (Singh, 1989; Ridd and Liu, 1998; Yuan et 
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al., 1998). On the other hand, post-classification comparison 
methods use separate classifications of images acquired at dif-
ferent times to produce difference maps from which ‘from–to’ 
change information can be generated (Jensen, 2005). Although 
the accuracy of the change maps is dependent on the accuracy 
of the individual classifications and is subject to error propaga-
tion, the classification of each date of imagery builds a histori-
cal series that can be more easily updated and used for appli-
cations other than change detection. The post-classification 
comparison approach also compensates for variation in atmos-
pheric conditions and vegetation phenology between dates, 
since each classification is independently produced and mapped 
(Yuan et al., 1998, 2005; Coppin et al., 2004).

In assessing land use, presence, distribution and type of 
vegetation type play an important role in the estimation of 
water yield in a catchment. Coniferous forests, for example, 
consume more water than deciduous forests, while shrubs and 
grasslands use less water than forests (Bosch and Hewlett, 1982; 
Brown et al., 2005). Hope et al. (2009) investigated the associa-
tion between annual river yields and AVHRR remotely-sensed 
changes in vegetation cover in a large mountainous fynbos 
catchment for 18 years. From the results it is concluded that 
the spectral vegetation index NDVI (normalised difference 
vegetation index) has a negative relationship with the river yield 
at low altitudes. Depending on climate, vegetation is a strong 
determining factor for the surface hydrology. For example, 
Robinson et al. (2003) found no significant effect of a change in 
forest cover on peaks and low flows for 25 basins across north-
western Europe, while deforestation led to an increase in base 
flow in more temperate climates (Hornbeck et al., 1993). 

Land use change also has a direct influence on the catch-
ment hydrology (Bhaduri et al., 2000; Ott and Uhlenbrook, 
2004; Tang et al., 2005). This influence can be either measured 
as, e.g., a change in river discharge, or predicted by hydrologi-
cal model simulations. If a fully distributed model is used and 
combined with land use change scenarios, it allows for assess-
ing the impact of the change on groundwater recharge, base-
flow and total river discharge.

Niehoff et al. (2002) used the land use change modelling 
kit (LUCK) in conjunction with a modified version of the 
physically-based hydrological model WaSiM-ETH for flood 
prediction. Tang et al. (2005) applied the Land Transformation 
Model (LTM) in combination with the Long-Term Hydrologic 
Impact Assessment (LTHIA) model (Bhaduri et al., 2000). Lin 
et al. (2007) tested the generalised watershed loading func-
tions model using predicted land use from the CLUE-S model 
(Verburg et al., 1999, 2004). McColl and Aggett (2007) tested 
the hydrological model HEC-HMS together with the land use 
forecasting model ‘What if?’. In these studies land use change 
models have shown to provide useful information that enables 
assessment of the impact of future land use on the hydrology. 

However, the abovementioned models do not explicitly 
treat the spatial variability of groundwater recharge but focus 
on surface hydrological processes. Klöcking and Haberlandt 
(2002), Batelaan et al. (2003) and Batelaan and De Smedt 
(2007), on the other hand, investigated impacts of land use 
changes on groundwater at mesoscale with a fully-distributed 
hydrologic model. Dams et al. (2008) assessed the impact of 
future (until 2020) land use change on groundwater systems by 
coupling a land-use change model (CLUE-S) with a water bal-
ance model (WetSpass) and a steady-state groundwater model 
(MODFLOW).

The objective of this study was to predict the impact of land 
use change on groundwater recharge using time-series land use 

data derived from satellite images with a distributed hydrologi-
cal model (WetSpa), for the upper Berg catchment, Western 
Cape, South Africa. The Berg catchment was selected because 
it has undergone many changes in recent years; a dam was 
built on the river creating a new ecological system behind it; 
and non-native hill slope vegetation upstream of the dam was 
cleared. It was hypothesised that evapotranspiration would be 
reduced and recharge increased due to this change in land use.

WETSPA MODEL

WetSpa (Water and Energy Transfer between Soil, Plant and 
Atmosphere) is a grid-based distributed hydrologic model for 
water and energy transfer between soil, plants and atmosphere. 
It was originally developed by Wang et al. (1996) and adapted 
for flood prediction on hourly time steps by De Smedt et al. 
(2000, 2004) and Liu et al. (2003, 2004, 2005).

For each grid cell, 4 layers are considered in the vertical 
direction, representing vegetation, root, transmission and satu-
rated zone. The hydrologic processes considered in the model 
are precipitation, interception, depression storage, surface 
runoff, infiltration, evapotranspiration, interflow, percolation, 
groundwater drainage and snowmelt. The model predicts peak 
discharges and hydrographs, which can be defined for any loca-
tion in the channel network. Runoff from different cells in the 
watershed is routed to the watershed outlet depending on flow 
velocity and wave damping coefficient by using the diffusive 
wave approximation method. An approximate solution, pro-
posed by Liu et al. (2003) in the form of an instantaneous unit 
hydrograph (IUH), is used in the model, relating the discharge 
at the end of a flow path to the available runoff at the start of 
the flow path as a function of spatial differences of topography, 
soil and land use along the flow path:

                  (1)

where: 
t [T] is time
U(t) [T-1] is the flow path unit response function
t0 [T] is the mean flow time
σ [T] is the standard deviation of the flow time. 

Parameters t0 and σ are spatially distributed, and can be 
obtained by integration along the topographically determined 
flow paths as a function of flow celerity and dispersion.

A mixture of physical and empirical relationships is used to 
describe the hydrological processes in the model. Interception 
reduces the precipitation to net precipitation, which on the 
ground is separated into rainfall excess and infiltration. 
Rainfall excess is calculated using a moisture-related modified 
rational method with a potential runoff coefficient depending 
on land cover, soil type, slope, rainfall intensity, and antecedent 
moisture content of the soil. The calculated rainfall excess fills 
the depression storage at the initial stage and runs off the land 
surface simultaneously as overland flow (Linsley et al., 1982). 
The infiltrated part of the rainfall stays as soil moisture in the 
root zone, moves laterally as interflow or percolates as ground-
water recharge depending on the moisture content of the soil. 
Both percolation and interflow are assumed to be gravity-
driven in the model. Percolation out of the root zone is deter-
mined by the hydraulic conductivity, which is dependent on the 
moisture content as a function of the soil pore size distribution 
index. Interflow is assumed to occur in the root zone after 
percolation and becomes significant only if the soil moisture is 
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higher than field capacity. Darcy’s law and a kinematic approxi-
mation are used to estimate the amount of interflow generated 
from each cell, as a function of hydraulic conductivity, mois-
ture content, slope, and root depth. The actual evapotranspira-
tion from soil and plants is calculated for each grid cell using 
the relationship developed by Thornthwaite and Mather (1955), 
as a function of potential evapotranspiration, vegetation stage, 
and moisture content in the cell.

The total water balance for a raster cell is composed of 
the water balance for the vegetated, bare-soil, open water and 
impervious parts of each grid cell. This allows one to account 
for the heterogeneity of the land use per cell, which is depend-
ent on the resolution of the raster cell.

For each grid cell, the root zone water balance is simulated 
by equating inputs and outputs:

                  (2)

where: 
D [L] is root depth
θ [L3L−3] is soil moisture
t [T] is time
I [LT−1] is initial abstraction including interception and 
depression losses
V [LT−1] is surface runoff or rainfall excess
E [LT−1] is evapotranspiration
R [LT−1] is percolation out of the root zone
F [LT−1] is interflow.

Although the spatial variability of land use, soil and topo-
graphic properties within a watershed are considered in the 
model, the groundwater response is modelled on sub-catch-
ment scale. 

WetSpa uses a water balance equation for the saturated 
zone:

                  (3)

where: 
SGs(t) and SGs(t-1) are groundwater storage of the 
subcatchment at time step t and t−1 (mm)
Ns is the number of cells in the subwatershed
Ai is the cell area (m2)
As is the subcatchment area (m2)
EGs(t) is the average evapotranspiration from 
groundwater storage of the subcatchment (mm)
QGs(t) is the groundwater discharge (m³∙s−1) 
RGi(t) is the percolation out of the root zone over the 
time interval (mm).

Groundwater or percolation out of the root zone RGi(t) is 
calculated based on Darcy’s law and Brooks and Corey’s 
relationship between hydraulic conductivity and effec-
tive saturation (Brooks and Corey, 1966; Eagleson, 1978):

              (4)

where: 
Ki[θi(t)] is the effective hydraulic conductivity corre-
sponding to the average soil moisture content at time 
t (mm∙h−1)
Δt is the time interval (h)
Ki,s is the cell saturation hydraulic conductivity 
(mm∙h−1)

θi,s is the soil porosity (m³∙m−³)
θi,r is the cell residual moisture content (m³∙m−³)
A is the pore disconnectedness index, determined as  
A = (2+3B)/B, in which B is the cell pore size distribution 
index.

Groundwater discharge QGs(t) is calculated based on the simple 
concept of a non-linear reservoir with a storage exponent of 
2 (Wittenberg and Sivapalan, 1999). The general groundwater 
discharge equation can be expressed as:

                  (5)

where: 
QGs(t) is the average groundwater flow at the subcatchment 
outlet (m3∙s−1)
SGs(t) is the groundwater storage of the subcatchment at 
time t (mm)
m (-) is an exponent
m = 1 for linear reservoir and m = 2 for non-linear reservoir
Kg is a groundwater recession coefficient (s-1), which is 
dependent upon area, shape, pore volume and transmissiv-
ity of the subcatchment, and can be estimated from reces-
sion portions of stream flow hydrographs if measurement 
data at the subcatchment outlet are available.

The WetSpa distributed model potentially involves a large 
number of model parameters. Most of these parameters can 
be assessed from field data like hydrometeorological observa-
tions, maps of topography, soil type and land use. However, 
comprehensive field data are seldom available to fully sup-
port specification of all model parameters. In addition, 
some model parameters are of a more conceptual nature and 
cannot be directly assessed. Hence, some parameters have 
to be determined through a calibration process. The model 
parameters that have to be determined through calibration 
are listed in Table 1 and their role in the different model com-
ponents of WetSpa is shown in Fig. 1 (Liu et al., 2003; Liu and 
De Smedt, 2005; Bahremand et al., 2007). All other model 
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Figure 1
Schematic representation of the general model structure of WetSpa: arrows 

represent hydrological processes, boxes represent storage zones, and symbols 
between brackets refer to WetSpa global model parameters to be calibrated as 

explained in Table 1. From: Shafii and De Smedt (2009).
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parameters, i.e. spatial hydrological properties related 
to soil type, land use, and topography, are derived from 
topo graphy or provided via lookup tables for soil and 
land use maps. Hydrological characteristics such as 
flow direction, flow accumulation, stream network, 
stream order, slope of land-river, hydraulic radius and 
sub-catchments are delineated from DEM.

Beside peak discharges and river flow hydro-
graphs, the main outputs of the model are spatially 
distributed hydrological characteristics, such as soil 
moisture, infiltration rates, groundwater recharge, 
surface water retention, runoff, etc.

METHODOLOGY

Study area and data

The WetSpa model was applied to the Berg River 
catchment, Western Cape, South Africa. The Berg 
catchment comprises 9 000 km2 and is divided into 
12 quaternary catchments starting from the source of 
the Berg River with G10A catchment and ending at 
the Atlantic Ocean with G10M catchment. G10A has a 
surface area of 172 km2 of which 7 km2 is occupied by 
the lake of the Berg River Dam, which started to oper-
ate in the last quarter of 2007. The study area is the 
upper part of the G10A catchment covering 36.3 km2 
from the source of the river until the gauging station 
of G10A just above the dam (Fig. 2). G10A is charac-
terised by a Mediterranean climate with mean annual 
precipitation of 1 603 mm∙yr−1 and mean annual 
potential evaporation of 1 475 mm∙yr−1 (DWAF, 2007). 
The catchment (G10A) has a relatively high density 
drainage network with a mean annual runoff of 1 015 
mm∙yr−1 (DWAF, 2007). The study area (upper G10A) 
is mountainous and has an elevation ranging between 
261 and 1 560 m. In contrast, the more downstream 
part of the Berg River catchment is relatively flat. The 
area is dominated by sandy loam soil and the aquifer 

TABLE 1
Global WetSpa model parameters optimised during 

calibration: description, symbols, preset feasible range (Shafii 
and De Smedt, 2009)

Description Parameter Units Range

Interflow scaling factor Ki - 0–10
Groundwater recession 
coefficient Kg d-1 0–0.05

Initial soil moisture factor Ks - 0-2
Correction factor for PET Ke - 0–2
Initial groundwater storage Kgi mm 0–500
Groundwater storage scal-
ing factor Kgm mm 0–2 000

Base temperature for 
snowmelt Kt

oC -1–1

Temperature degree-day 
coefficient Ktd mm∙oC-1∙d-1 0–10

Rainfall degree-day 
coefficient Krd

oC-1∙d-1 0–0.05

Surface runoff coefficient Km - 0–1
Rainfall correction factor Kp mm 0–500

 
 

Figure 2
Map of the Berg River 

Catchment, the area in red 
box is G10A quaternary 

catchment including the 
study area indicated by the 
grey boarders (from DWAF, 

2007)

consists of fractured sandstone (Midgley et al., 1994). Data 
from two meteorological stations, with daily measurements of 
precipitation and potential evapotranspiration from 1984 till 
2009, were used in the model. The meteorological time series 
show that the maximum precipitation is observed in June (173 
mm) and the lowest in January (3 mm). The potential evapo-
transpiration varies from about 0.1 mm in June to 8.6 mm in 
December with a mean value of 3.2 mm. Figure 3 shows the 
continuous time series of the precipitation and evapotranspira-
tion data in the catchment. The precipitation shows an increas-
ing trend especially from 2007 until 2009; on the other hand 
the evapotranspiration shows no significant trend.  

For the discharge gauging station a continuous daily time 
series from the middle of March 2008 until end 2009 is avail-
able. The highest discharge (about 281 m3∙s−1) is observed in 
September 2009, while the lowest discharge (about 0.09 m3∙s−1) 
is measured in March 2009. Another gauging station, opera-
tional from 1979 till 2007, is now located in the middle of the 
lake of the Berg River Dam. The data from this station were not 
used as the Berg River was severely modified by abstraction 
from the river and the release of some 17 MCM∙yr−1 for summer 
irrigation from the Theewaterskloof Dam into the upper Berg 
River at the Berg River Syphon, upstream of the present dam 
(DWAF, 2007).  

The report of DWAF, 2007 suggested that the two main 
impacts that could result from the construction of the Berg 
River Dam are: raising of groundwater levels in the immedi-
ate vicinity of the dam (with a potential for waterlogging), 
and modifying the exchange of water between the river and 
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the groundwater system. The report concluded that the areas 
directly east and north of the dam may be affected by these two 
impacts. This leads to ignoring the effect of the dam lake on the 
recharge of the study area, as the lake is located outside of the 
borders of the study area.

A digital elevation map (DEM) was extracted from the 
USGS/NASA Shuttle Radar Topography Mission (SRTM). 
The International Centre for Tropical Agriculture (CIAT) has 
processed these data in order to provide seamless continuous 
topographic surfaces. Areas with regions of no data in the orig-
inal SRTM data have been filled using interpolation methods 
described by Reuter et al. (2007). STRM data were evaluated by 
ground truth elevation data of the study area provided by the 
South African Department of Land Affairs (DWAF, 2006).
Land use maps were extracted from LANDSAT images freely 
available from the USGS website, (http://glovis.usgs.gov/). 
The images were stored in the Geographic Tagged Image-File 
Format (GeoTIFF). This format enables referencing of a raster 
image to a known geodetic model or map projection. Each band 
of the LANDSAT data in the GeoTIFF format was delivered as 
a grey-scale, uncompressed, 8-bit string of unsigned integers. 
Geographically, the study area is located between latitudes 33o 
and 34o south and longitudes 18o and 20o east. The images are 
located on Path Number 175 and Row Number 83. Four images 
were selected to extract land use maps. The selection of the 
images is based on the criteria: 
•	 The images had no cloud cover over the study area
•	 The images were of good quality according to the USGS 

rating criteria
•	 The resolutions of the images were similar
•	 The images cover the same period as the meteorological 

data time series. 

The data used for referencing include:
•	 Digital elevation map (DEM) from SRTM
•	 Aerial photos of 2007 showing land use and salient features 

of the study area
•	 Land use maps of the years 1977 and 1997 with a scale of 

1:50000
•	 SPOT image obtained from CSIR, South Africa. This image 

is used to support the land use cover extraction in a com-
bination with DEM, aerial photos and land use maps. The 
resolution of the image is 10 m by 10 m and date of acquisi-
tion is 03 May 2008.

Four land use maps were created by a maximum likelihood 
classification for the years 1984, 1992, 2002 and 2008.

Model application

The WetSpa simulation was set up with a spatial resolution of 
30 m by 30 m. A threshold value of 50 pixels is used for extract-
ing the stream network from the DEM. This threshold results 
in 241 extracted sub-basins, which have an average sub-basin 
area of 0.15 km2. For the slope grid a minimum slope of 0.01% 
is used in order to avoid stagnant water or extreme low veloci-
ties for the surface runoff. 

Based on the soil type map, physical parameters including 
saturated hydraulic conductivity, soil porosity, field capacity, 
residual moisture, pore distribution index, plant wilting point 
and initial moisture are created based on the soil texture by 
means of an attribute lookup table. Based on the land use map, 
root depth, vegetation fraction, interception capacity, leaf area 
index (LAI) and the Manning’s coefficient for different orders 
of rivers are assigned.

Based on the slope, soil and land use maps, a map with 
potential runoff coefficients and depression storage capacities is 
created. The impervious percentage for urban cells is hereby set 
equal to 70% (Bahremand et al., 2007). Then, the flow routing 
parameters are calculated, including flow velocity, mean flow 
travel time and its standard deviation from each cell to the 
basin outlet and to the sub-basin outlet. The grids for precipita-
tion and potential evapotranspiration are created based on the 
geographical coordinates of each measuring station and the 
catchment boundary using the Thiessen polygon extension of 
the ArcView Spatial Analyst.

RESULTS AND DISCUSSION

Image classification and land use change detection

In this study, Landsat data for 4 dates were classified accord-
ing to land use classes using a maximum likelihood supervised 
classification methodology. First, training sites, which represent 
homogeneous examples of prior known land cover types, were 
located in the images using the training data from a colour 
composite, normalised difference vegetation index (NDVI), 
land use maps of 1977 and 1997, the SPOT image and the aerial 
photos. The spectral characteristics of these training sites are 
used in the form of multivariate statistical parameters to  
define the classification signatures. Six classes were defined: 
water, urban, forest, crop land, shrub land, and barren land. 
Table 2 gives a description of the different classes. The classifi-
cation signature files were subsequently used in the maximum 
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Figure 3
Time series of the precipitation and potential evapotranspiration 

in the catchment

TABLE 2
Description of land use classes of the study area  

as used in the image classification
Class Description

Forest plantation Pine and other tree plantations in the area
Shrub land Mainly wild shrubs both indigenous and 

alien
Barren land Rocky areas and soils without any 

vegetation
Crop land Crops and wild grass
Water Open water bodies, dams and ponds
Urban Housing and industrial areas
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likelihood classifier to automatically 
classify every pixel in the entire image 
according to land use class, for which it 
showed the highest likelihood of being 
a member. The classified images were 
further smoothed with a majority filter 
with a 3 x 3 kernel to reduce the number 
of misclassified pixels (RSI, 2003).

The land use maps for 1984, 1992, 
2002, and 2008 for the upper G10A 
catchment are presented in Fig. 4. From 
the six land use classes, only forest plan-
tation, shrub land, barren land and crop 
land occur in the study area. 

The area and the change in coverage 
of these four land use classes during the 
four intervals are presented in Fig. 5. It 
shows that barren land and crop land 
area increased while forest and shrub 
land declined continuously from 1984 till 
2008. To further evaluate real losses and 
gains of the different land use classes, 
matrices of land use changes from 1984 
to 1992, 1992 to 2002, 2002 to 2008, and 
1984 to 2008 were established (Table 3).

Forest plantation lost 72% (18.82 
km2) of its 1984 area (27.62 km2) to other 
classes during the study period from 
1984 to 2008 (Fig. 5). 78% (14.69 km2) 
changed into barren land, 1% into crop 
land (0.28 km2) and 21% (3.85 km2) into 
shrub land (Table 3a–c). The loss of forest 
area was mainly caused by deforesta-
tion as a part of a policy to implement 
the ecological Reserve as required by 
the National Water Act (No. 36 of 1998; 
RSA, 1998).  The ecological Reserve refers 
to the quantity and quality of water 
required to protect the aquatic ecosys-
tems of the water resource. The policy 
aims to replace the pine forest with 
native vegetation to decrease the evapo-
transpiration and increase the recharge 
(DWAF, 2007). The logging started in 
2007 but was not followed by planting of 
new vegetation; hence this has led to an 
increase in barren land. Table 3d shows 
that 8.80 km2 of forest plantations of 
1984 remains forest till 2008.

Shrub land lost 81.4% (1.05 km2) of 
its 1984 area (1.29 km2) and turned into 
barren land during the study period 
(Table 3). 317% (4.09 km2) of shrub land 
class was gained from forest plantation 
class (Table 3a-c), resulting in a net 2.8 
km2 increase in shrub land area (Fig. 
5) and 0.24 km2 shrub land of 1984 
remained unchanged till 2008.

Figure 5 shows that barren land had 
an area of 8.63 km2 in 1984, 10.17 km2 
in 1992, 13.9 km2 in 2002, and 24.37 
km2 in 2008, representing a net increase 
of 282% (15.74 km2) during the study 
period. Crop land gained 0.28 km2 which 

 
 

 
 

1984 1992 2002 2008 1984‐1992 1992‐2002 2002‐2008 1984‐2008
Area Change

Forest 27.6 23.4 17.4 8.8 ‐4.2 ‐6.0 ‐8.6 ‐18.8
Shrub land 1.3 3.8 6.1 4.1 2.5 2.3 ‐2.0 2.8
Barren land 8.6 10.2 13.9 24.4 1.5 3.7 10.5 15.7
Crop land 0.1 0.3 0.3 0.4 0.1 0.1 0.1 0.3
Total 37.7 37.7 37.7 37.7 0.0 0.0 0.0 0.0
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Figure 5
Results of land use classification for 1984, 1992, 2002, and 2008; the bar graph shows the area 

(km2) and change in area (km2) for each class of the study area.

Figure 4
LANDSAT imagery classified land use maps of the catchment for 1984, 1992, 2002 and 2008. 

The black line indicates the study area.
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represents a total increase for the period of 1984–
2008 of 245%; this increase is at the cost of forest.

Groundwater recharge determination

Calibration of the WetSpa model resulted in reason-
able results for the total discharge and good results 
for the low flows; details are described in Albhaisi 
(2012). The WetSpa model was applied for the four 
different land use maps to predict the impact of land 
use change on water balance of the catchment. The 
available 26 years of continuous daily meteorologi-
cal data, from 1984 until 2009, were split into 4 
periods – one for each land use map: (i) 1984–1990 
for the land use map of 1984; (ii) 1991–1997 for the 
land use map of 1992; (iii) 1998–2004 for the land 
use map of 2002; and (iv) 2005–2009 for the land use 
map of 2008. Groundwater recharge was summa-
rised for each period as an ‘average’ map. Discussion 
of the different groundwater recharge maps cor-
responding to the different land use conditions is 
presented in the following paragraphs.

Land use map of the year 1984

A map of average predicted groundwater recharge 
for 7 years (1984–1990) is presented in Fig. 6a. The 
predicted yearly recharge in this period varies from 
118 to 396 mm∙yr−1, with a mean of 241.6 mm∙yr−1 
and standard deviation of 56.5 mm∙yr−1. Since the 
mean precipitation for this period is 861.4 mm∙yr−1, 
the predicted recharge amounts to 30.7% of the pre-
cipitation. The areas of forest plantation (72% of the 
total area of the catchment) have values of ground-
water recharge varying from 118 to 159 mm∙yr−1. The 
area of bare land (24% of the total area of the catch-
ment) has predicted values of groundwater recharge 
varying from 239 to 317 mm∙yr−1. Shrub land and 

TABLE 3
Matrices of land use changes (km2) between (a) 1984–1992; (b) 1992–2002; (c) 2002–2008; and (d) 1984–2008

a. 1984–1992 c. 2002–2008
1984 2002

Forest 
plantation

Shrub 
land

Barren 
land

Crop 
land

Forest 
plantation

Shrub 
land

Barren 
land

Crop 
land

19
92

Forest 17.15 0 6.25 0 23.40

20
08

Forest 6.61 0 2.19 0 8.80
Shrub land 2.70 1.03 0.08 0 3.81 Shrub land 2.25 1.55 0.29 0 4.09

Barren land 7.67 0.20 2.30 0 10.17 Barren 
land 8.44 4.51 11.42 0 24.37

Crop land 0.10 0.06 0 0.11 0.27 Crop land 0.07 0 0 0.32 0.39
Total 1984 27.62 1.29 8.63 0.11 37.65 Total 2002 17.37 6.06 13.9 0.32 37.65
b. 1992–2002 d. 1984–2008

1992 1984

Forest 
plantation

Shrub 
land

Barren 
land

Crop 
land

Forest 
plantation

Shrub 
land

Barren 
land

Crop 
land

20
02

Forest 14.30 0 3.07 0 17.37

20
08

Forest 8.80 0 0 0 8.80
Shrub land 3.15 2.11 0.80 0 6.06 Shrub land 3.85 0.24 0 0 4.09

Barren land 5.90 1.70 6.30 0 13.9 Barren 
land 14.69 1.05 8.63 0 24.37

Crop land 0.05 0 0 0.27 0.32 Crop land 0.28 0 0 0.11 0.39
Total 1992 23.40 3.81 10.17 0.27 37.65 Total 1984 27.62 1.29 8.63 0.11 37.65

 
 Figure 6

Average of groundwater recharge in mm/yr in the study area of the land use 
scenarios (a) 1984, (b) 1992, (c) 2002 and (d) 2008; notice the change in scale 

for the classes in 2008.
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cropland areas comprise 4% of the total catchment area; 
their predicted groundwater recharge varies from 160 to 238 
mm∙yr−1. The area corresponding to the drainage network has 
the highest values of groundwater recharge, 318 to 396 mm∙yr−1. 

Land use map of the year 1992

By the year 1992 the area of forest plantation has decreased by 
12% hence barren land and shrub land has increased by 4% and 
6.5% respectively, and cropland area has increased by 1%.

Figure 6b shows the average predicted groundwater 
recharge for the period 1991-1997. The yearly recharge predic-
tions vary from 130 to 504 mm∙yr−1 with a mean value of 294 
mm∙yr−1 and standard deviation of 70 mm∙yr−1. Because the 
mean precipitation for this period is 908.6 mm∙yr−1, the pre-
dicted recharge amounts to 30.8% of the precipitation. Forest 
plantation area has low recharge from 130 to 202 mm∙yr−1. Bare 
land groundwater recharge varies from 304 to 403 mm∙yr−1. 
Cropland and shrub land have moderate values varying from 
203 to 303 mm∙yr−1. The highest values of groundwater recharge 
appear again in the drainage network areas, with values vary-
ing from 404 to 504 mm∙yr−1.

Land use map of the year 2002

The area of forest plantation has decreased with 16% between 
1992 and 2002 hence barren land and shrub land has increased 
by 10% and 5.5%, respectively, and cropland area has increased 
by 0.5%.

Figure 6c shows the predicted average groundwater 
recharge for the period 1998–2004. The yearly recharge varies 
between 109 and 421 mm∙yr−1 with a mean of 243 mm∙yr−1 and 
standard deviation of 55 mm∙yr−1. Since the mean precipitation 
for this period is 883.8 mm∙yr−1, the recharge amounts 25.8% of 
the precipitation. Forest plantation area has low values, which 
vary from 109 to 168 mm∙yr−1. Bare land has high groundwa-
ter recharge varying between 254 to 337 mm∙yr−1. Cropland 
and shrub land have moderate values varying from 169 to 253 
mm∙yr−1. The highest values of groundwater recharge appear 
again in the drainage network areas with yearly values between 
338 and 421 mm∙yr−1.

Although the vegetated area has decreased in 2002 com-
pared to 1992, the decrease in groundwater recharge from 2002 
to 1992 can be explained by the decrease of precipitation for the 
period of the land use scenario of 2002. 

Land use map of the year 2008

Rapidly decreasing forest plantation area appears clearly in 
2008, with a total loss of 51.5% of forest areas since 1984. On 
the other hand, during the same period, the area of bare land 
increased to 65% of the catchment area in 2008. Since 2002, 
shrub land and cropland decreased by 6% and 0.5%, respec-
tively. Figure 3 shows an increasing precipitation in the period 
2007–2009; therefore, the predicted groundwater recharge 
increases considerably compared with the previous periods and 
corresponding three land use scenarios.

Figure 6d shows the average yearly groundwater recharge 
for the period 2005–2009. The yearly recharge varies from 266 
to 1 060 mm∙yr−1, with mean value of 671 mm∙yr−1 and stand-
ard deviation of 125 mm∙yr−1. Since the mean precipitation for 
this period is 1 613.7 mm∙yr−1, the predicted recharge amounts 
to 38.3% of the precipitation. Forest plantation areas have low 
values of predicted groundwater recharge, varying from 266 

to 424 mm∙yr−1. Barren lands have high values varying from 
637 to 848 mm∙yr−1. Cropland and shrub land have moderate 
values varying from 425 to 636 mm∙yr−1. The highest values of 
groundwater recharge appear in the drainage network areas 
with values varying from 849 to 1 060 mm∙yr−1. 

What can be noticed from Fig. 6d is that there is a rapid 
increase in the predicted groundwater recharge for the land use 
map of 2008, which can be explained by the increase of bare 
land to 65% of the total area of the catchment, which means 
more high-potential recharge areas. On the other hand, the 
period 2007–2009 appears to contain very wet years, as shown 
by the precipitation time-series of the meteorological stations 
in the catchment (Fig. 3). The average amount of precipitation 
in the catchment from 1984 until 2004 is around 890 mm∙yr−1; 
for the period 2005–2009 (time-series of the land use map of 
2008) the average precipitation in the catchment is 1 613.7 
mm∙yr−1, and this can explain the rapid increase of the ground-
water recharge in combination with the rapid increase of bare 
land area in the catchment.

Effect of land use change on groundwater recharge

Figure 7 shows the contribution of the different land use classes 
for the different land use maps to groundwater storage. The 
results of groundwater recharge determination for the upper 
G10A clearly shows the effect of land use change on groundwa-
ter storage (Fig. 7). The WetSpa model calculations of the mean 
annual groundwater recharge of the catchment for the land use 
maps of the years 1984, 1992, 2002 and 2008 are 241, 294, 243 
and 671 mm∙yr−1, respectively.

The contribution of the forest class in groundwater recharge 
decreased from 73.4% in 1984 to 23.4% by the end of 2009, as a 
result of deforestation. Bare class contribution increases rapidly 
from 23% in 1984 to 64.7% in 2008. The relative contributions 
of shrub land and cropland classes increase at small rates; with 
values of 3.4% and 0.2% in 1984 and 10.9% and 1% in 2008 for 
shrub land and cropland, respectively.

Beside the areal coverage and type of land use classes in 
the catchment, the distribution and location of these classes 
can affect the groundwater recharge quantity; this is the case 

 
 

 
Period/Class  1984‐1990  1991‐1997  1998‐2004  2005‐2009 

Forest  73.4%  62.2%  46.0%  23.4% 
Barren  23.0%  27.0%  37.0%  64.7% 
Shrub  3.4%  10.0%  16.0%  10.9% 
Crop  0.2%  0.8%  1.0%  1.0% 
Total  100%  100%  100%  100% 

 
 
 

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

1984‐1990 1991‐1997 1998‐2004 2005‐2009

Periods of land‐use maps

Gr
ou

nd
w
at
er
 re

ch
ar
ge
 (m

m
/y
r)

Crop

Shrub

Barren

Forest

Figure 7
Groundwater recharge in mm/yr and percentage of the contribution of 

different land use classes for different years of the land use maps.
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for the land use map for the year 2002. Despite the increase 
in barren land area and decrease in forest area, the values of 
groundwater recharge have decreased compared with the year 
1992. The decrease in groundwater recharge could be a result 
of the distribution of the shrub lands in the areas of high 
recharge values; these areas are the low altitude areas close to 
the Berg River and the areas close to the drainage network in 
the catchment. 

As the precipitation in the period 2005–2009 is very high 
compared to the previous periods it is important to evaluate if 
the changed land use of 2008 still has an important contribu-
tion to the simulated increased recharge. Therefore, we tested 
if the cutting of non-native hill slope vegetation upstream of 
the Berg River Dam contributes significantly to the predicted 
increase in groundwater recharge. Hence, we simulated the 
whole time series from 1984–2004 (21 years) with the land use 
map from 2008 instead of with the land use maps for 1984, 
1992 and 2002. Table 4 shows that there is a systematic increase 
of about 8% per year for the 21-year period, due to the change 
in land use from the different years to that of 2008, which con-
firms that the major land use change of 2008 clearly contributes 
to the increase in recharge. 

CONCLUSIONS

This study predicts the impact of land use change on ground-
water recharge in the upper G10A catchment. The WetSpa 
model was applied for 4 periods each with a different land use 
map, resulting in mean annual groundwater recharge for the 
different land use conditions.

The results show considerable spatial recharge differences 
within the same land use map and within the same land use 
class. High precipitation in the very wet period of 2005–2009 
leads to a very high increase (278%) in mean predicted ground-
water recharge, from 242 mm∙yr−1 in 1984 to 671 mm∙yr−1 in 
2008. Contradictory simulation results occur for the year 2002. 
Although the area of the barren lands increased compared with 
the year 1992, the groundwater recharge decreased from 294 
mm∙yr−1 in 1992 to 243.2 mm∙yr−1 in 2002; this is a result of a 
combination of a slightly lower precipitation and a considerable 
increase in shrub land in the area. 

The South African Department of Water Affairs and 
Forestry (DWAF) started to cut down non-native hill slope 
vegetation upstream of the dam at the end of 2007. It is hypoth-
esised that evapotranspiration will decline and recharge will 
increase due to this change in land use. A simulation test using 
the land use map of 2008, instead of the maps for 1984, 1992 
and 2002 for the whole 21-year time series from 1984-2004 were 
done; A systematic increase of about 8% per year for the 21-year 
period, due to the change in land use from the different years 
to that of 2008 is predicted, which confirms that the clearing of 
the non-native hill slope vegetation is of considerable impor-
tance for the increase in groundwater recharge. The results 

of this study confirm the assumptions underlying the DWAF 
policy of clearing non-native hill slope vegetation in the Berg 
River Catchment.

This study should be repeated in other catchments to 
compare the methodology for other topography, land use, and 
hydrometeorological conditions, in detecting the effect of land 
use change on the groundwater recharge. Moreover, extension 
of this study could take into account the impact of climate 
change in combination with land use change.
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