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Abstract

Woody invading alien plants, many of which are nitrogen-fixing legumes (Fabaceae family), are currently cleared in South 
African catchments to reduce water loss and preserve streamflow, and for the restoration of the ecosystem. This study tested 
the hypothesis that clearing invasive alien vegetation may disturb the vegetation-micro-organism-soil N cycling system by 
producing a large once-off input of fresh tree litterfall rich in N and by eliminating a large N sink. Three experimental plots 
were established at the Riverlands Nature Reserve (Western Cape, South Africa): a site invaded by Acacia saligna to be used 
as control; a site cleared of Acacia saligna; and a site with natural vegetation to be used as background. Nitrogen concentra-
tions in soil and groundwater, volumetric soil water contents, root density and weather conditions were measured during 2007.  
Oxidised forms of nitrogen, in particular NO3

-, were dominant in the system. Recharge and leachate were simulated with the 
HYDRUS-2D model and used as inputs into Visual MODFLOW to predict the spatial distribution of nitrate plus nitrite (NOx) 
in groundwater. NOx levels in soil and groundwater were higher in alien-invaded areas compared to fynbos-covered land. 
A quick release of NOx into groundwater was observed due to high residual N reserves in the rooting zone, decreased eva-
potranspiration and increased recharge in the treatment cleared of alien vegetation. In the long run, high NOx concentrations 
in groundwater underlying cleared land will last only until all the excess nitrogen has been leached from the soil. A decrease 
in NOx concentration in groundwater can be expected thereafter. Clearing land of alien invasive legumes may therefore have 
a beneficial effect by reducing groundwater contamination from NOx and reducing water losses in catchments.

Keywords: Acacia saligna, forest clearing, groundwater contamination, nitrate leaching, Riverlands Nature 
Reserve

Introduction

It is recognised that invasive alien plants have become a threat to 
biodiversity and ecosystem services like water purification, soil 
generation, waste decomposition and nutrient cycling (Levine 
et al., 2003; Le Maitre et al., 2004). Alien invasives in South 
Africa are species that are well adapted to climatic conditions, 
grow fast, they are high water users and they impact on stream-
flow reduction through incremental water use (additional water 
use compared to natural vegetation) (Le Maitre et al., 2000). As 
a result, the Working for Water Programme (WfW) was initi-
ated by the Department of Water Affairs and Forestry in October 
1996 with the aim of controlling woody invading plants (DWAF, 
1997). Extensive areas of land are currently being cleared under 
this programme (Marais et al., 2004). Many alien invasive spe-
cies that are being targeted by WfW are nitrogen-fixing legumes 
(Fabaceae family). For example, Port Jackson (Acacia saligna), 
Black wattle (Acacia mearnsii) and rooikrans (Acacia cyclops) 
are commonly found in Western Cape landscapes.
 The nitrogen-fixing invasive alien plants cause the N-cy-
cling regimes within ecosystems to shift from low to high N-cy-
cling (Stock et al., 1995; Ehrenfeld, 2003; Yelenik et al., 2004). 

Similarly, impacts on the nitrogen cycle occur when N-fixers are 
cleared (Vitousek and Melillo, 1979; Browaldh, 1997). The dis-
turbance to the nutrient cycling due to forest clearing manifested 
itself with increased N losses in some ecosystems (Vitousek and 
Melillo, 1979; Swank et al., 2001; Yelenik et al., 2004; Fuku-
zawa et al., 2006) and decrease in mineral N in others (Jussy 
et al., 2004). Vitousek and Melillo (1979) and Vitousek (1981) 
ascribed these variable responses to process-level mechanisms 
and factors (biotic, abiotic, forest management) that stimulate N 
mineralisation and/or inhibit N loss. The individual processes of 
nitrogen cycling in the plant-micro-organism-soil system were 
widely discussed in review publications by Stevenson (1982), 
Haynes (1986), Havlin et al. (1999) and Ma and Shaffer (2001).
 The hypothesis in this study was that clearing invasive alien 
vegetation may disturb the alien vegetation-micro-organism-
soil N cycling system by producing a large once-off input of 
fresh Acacia litterfall rich in N and by eliminating a large N 
sink (Vitousek, 1981; Yelenik et al., 2004). In addition, changes 
to local microclimate as well as soil chemistry and physics may 
result in increased net N mineralisation beyond the N require-
ments of the remaining biota (Dominski, 1971; Stone, 1973; 
Aber et al., 1978; Conrad et al., 1999). There is thus a distinct 
risk that clearing alien vegetation may lead to nitrate contamina-
tion of groundwater and eutrophication of surface water bodies. 
Colvin (1999) indicated that methaemoglobinaemia or blue baby 
syndrome may become a risk for infants when N concentrations 
are > 10 mg·ℓ-1 (45 mg·ℓ-1 NO3

-) in drinking water (DWAF, 1993), 



Available on website http://www.wrc.org.za
ISSN 0378-4738 = Water SA Vol. 35 No. 1 January 2009

ISSN 1816-7950 = Water SA (on-line)

38

which may also represent a problem to livestock.
 While it is generally accepted that clearing invasive alien 
vegetation in South Africa will have significant benefits in 
enhancing runoff from catchments, thus increasing the volumes 
of water available to people and ecosystems, there have been 
no studies on the associated impact on groundwater and surface 
water quality. The leaching of nitrogen from cleared areas into 
groundwater and surface water is likely, but its true extent is 
unknown. The main objectives of this study were to quantify N 
accumulation in soils, leaching and groundwater contamination 
from land invaded by, and cleared of alien vegetation.

Materials and methods

A one-year field experiment was carried out during 2007 at Riv-
erlands Nature Reserve and the neighbouring Burgerspost farm 
(Fig. 1), about 10 km south of Malmesbury (Western Cape Prov-
ince). The site is located in the catchment of the Groen River, 
which drains into the Diep River. Mean annual rainfall is about 
440 mm, most of it occurring from May to August. Daily tem-
peratures vary from a monthly minimum of 7.0°C in July to a 
monthly maximum of 27.9°C in February, and there are about 
3 d of frost per year. The mean annual evaporation is about 2 
150 mm and daily evaporation exceeds rainfall for about 70% 
of the time. The coarse sandy Vilafontes soil (Soil Classification 
Working Group, 1991) or Luvic Cambisol (FAO, 
1998) of marine and aeolian origin is deep, well-
leached and generally acidic. The dominant veg-
etation type in the Riverlands Nature Reserve is 
Atlantis Sand Plain Fynbos (Rebelo et al., 2006), 
one of the 11 forms that occur on the coastal plains 
of the western and southern parts of the Western 
Cape. The average canopy cover measured with an 
AccuPar (Decagon Inc., USA) was 69% (±20%) in 
the range of photosynthetically active radiation. 
The Burgerspost farm is separated by a barbed 
wire and track from the fynbos site in the reserve, 
and invaded by Acacia saligna. The Acacia trees 
occurred in clumps with open spaces in between 
them, the average cover over the entire plot being 
about 45% (± 34%). The Burgerspost farm was 
within the boundaries planned for clearing by 
WfW and free of human activities, except occa-
sional cattle grazing. The total invaded area of the 
Burgerspost farm was approximately 20 ha with 
extensive invasions occurring also on surrounding 
land.  
 Intensive data collection and modelling took 
place from May to October 2007, which represents 
the winter rainfall season in the Western Cape 
when most leaching occurs. Three monitoring 
treatments were established (Fig. 1), namely:
• A site invaded by Acacia species to be cleared. 

This site was cleared of alien invasives by the 
WfW Programme on 18 June 2007, and it will 
be further referred to as ‘cleared’ treatment.

• A site invaded by Acacia species to be used 
as control, further referred to as ‘uncleared’ 
treatment.

• A site with natural vegetation to be used as 
background, further referred to as ‘fynbos’ 
treatment.

The treatments were positioned based on a topo-

graphical survey with Real-Time Kinematic (RTK) Geographi-
cal Positioning System (GPS) on East-West lines 100 m apart, 
a deep resistivity survey with LUND imaging system to deter-
mine the underlying geologic framework, and initial borehole 
drilling to establish the direction of groundwater flow. Fourteen 
mechanically drilled boreholes and six shallow hand-augered 
well points were used to monitor water level and quality (Fig. 
1). Figure 1 also shows the elevation contours and groundwater 
level contours as at 28 February 2007. Groundwater flow direc-
tion is generally from North-West to South-East.
 Based on a resistivity survey and borehole logs, the site is 
underlain by a homogeneous and isotropic sandy aquifer. A clay 
layer was consistently observed at depths of between 5 and 7 m 
below ground level. A comparison of water levels in boreholes 
showed that the water level in the upper sandy layer was con-
sistently higher than that of the underlying clay layer (aquitard) 
suggesting possible downward flux across the clay layer into the 
underlying aquifer(s). Boreholes RVLD1, RVLD 3, RVLD5 and 
RVLD7 were drilled into the deeper aquifer, whilst all other bore-
holes were drilled into the upper sandy aquifer (Fig. 1). Manual 
measurements of groundwater levels were taken approximately 
bi-weekly. Monthly concentrations of N (NO2

-+NO3
-, NH4

+ and 
Kjeldahl nitrogen) were measured with standard laboratory 
methods, after water samples were collected following purging 
at each borehole.
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Figure 1
Map of experimental site (the coordinates are represented in the WGS 1984 

reference positioning system, the projection is Transverse Mercator, the 
central meridian is 19.0ºE, the linear units of the geographic coordinates are 

expressed in m)



Available on website http://www.wrc.org.za
ISSN 0378-4738 = Water SA Vol. 35 No. 1 January 2009
ISSN 1816-7950 = Water SA (on-line)

39

 Soil physical and hydraulic properties were determined for 
the three treatments, in particular texture by sieving, bulk den-
sity, porosity and soil water retention characteristics of undis-
turbed soil cores with an Eijkelkamp soil water retention system 
(sand box and clay box; Eijkelkamp, The Netherlands). Root 
density was determined in disturbed soil samples collected at 
approximately 50, 200, 400, 600 and 800 mm depth in three soil 
profiles of each treatment. Soil samples of about 5 kg were taken 
at distances of 1 to 2 m from tree trunks and bushes. The soil 
samples were sieved and washed to separate roots from mineral 
particles. The roots were then dried in the oven at 40ºC for at 
least 2 d. Root density was expressed as mg of dry roots per kg 
of soil. 
 In each of the treatments, hourly measurements of volu-
metric soil water content were carried out with Echo-systems 
(Decagon Inc., USA). Five Echo-TE sensors were installed and 
connected to one EM20 logger at representative sites in each 
treatment. Three sensors were installed in a profile adjacent to 
the stem of bushes/trees (close to the main root system and below 
the bulk of the vegetation canopy), at depths of 50, 400 and 800 
mm. The other two sensors were installed in a profile 1 to 2 
m away from the stem of bushes/trees and on patches clear of 
vegetation canopy, at depths of 50 and 800 mm. The calibration 
supplied by the manufacturer for mineral sandy soils was used 
and data were managed with DataTrac software (Decagon Inc., 
USA). The point measurements obtained with the Echo-sensors 
were deemed suitable for the purpose of this experiment, where 
negligible overland flow was expected due to the sandy nature 
and spatial uniformity of the soil.
 Nitrogen concentrations in soil samples collected in each 
treatment were measured approximately every 2 weeks dur-
ing 2007. Three soil profiles (representing three replications to 
account for spatial variations occurring under field conditions) 
were augered manually in each treatment and soil samples were 
collected at depths of 0 to 50 mm (further referred to as 50 mm), 
approximately 400 and 800 mm. Chemical analyses were done 
on 1:5 soil: water ratio extracts that were prepared by shaking 
10 g of air-dried soil in 50 mℓ of distilled water for 15 min and 
filtering through a Whatman’s filter paper. Standard AutoAna-
lyzer methods were used to measure NO2

-, NO3
- and NH4

+ in the 
extracts of the soil samples. The chemical analysis results of the 
three replicated samples were averaged. 
 Weather data were obtained from the Malmesbury station 
managed by the South African Weather Services. Manual rain-
fall measurements were taken with standard rain-gauges on a 
daily basis by Riverlands Nature Reserve. 
 All field and laboratory measurements served to collect data 
related to nitrogen leaching, interpret them and/or use them as 
inputs for modelling. A step-wise procedure was used in the 
modelling exercise. Firstly, empirical functions were developed 
to describe transformation processes of N in top-soils using field 
measurements. Nitrogen in top-soils represented the source of 
nitrogen in the system and input to the unsaturated zone model 
HYDRUS-2D (Simunek et al., 1999). The 2nd step consisted of 
simulating water and nitrogen fluxes with HYDRUS-2D. The 
HYDRUS-2D model was deemed suitable for simulating a sys-
tem of predominantly rapid vertical fluxes in the unsaturated 
zone of the sandy soil at Riverlands. This model was therefore 
used to estimate recharge and nitrogen leaching to groundwa-
ter. In the 3rd step, Visual MODFLOW, including MODFLOW 
(McDonald and Harbaugh, 1988) and MT3DMS code (Zheng 
and Wang, 1999; Zheng et al., 2001), were used to predict the 
spatial distribution of nitrogen concentration in groundwater, 
based on input data of recharge and nitrogen leaching obtained 

with HYDRUS-2D. Calibration of the water fluxes in the unsatu-
rated zone was done by comparing HYDRUS-2D model outputs 
to Echo-sensor measurements of volumetric soil water content. 
Calibration of the nitrogen fluxes in the system was done by 
comparing the Visual MODFLOW spatial outputs of nitrogen 
concentrations to those measured in the boreholes.

Experimental results

All soil samples analyzed fell in the category of sandy soil. The 
largest portion of soil particle sizes is in the range of medium 
sand (between 19.0 and 39.2%) to fine sand (between 19.6 and 
56.1%). In some instances, a large fine gravel fraction (up to 
31.3%) was measured in layers deeper than 1.3 m. The por-
tion of clay and silt is between 0.3 and 1.9%. Bulk densities are 
between 1 420 and 1 580 kg·m-3 whilst porosities are between 
0.26 and 0.36. The water release from the soils in the ‘cleared’ 
and ‘uncleared’ treatments (fine sand is predominant fraction) is 
slower and more gradual than in the ‘fynbos’ treatment (medium 
sand is the predominant fraction).
 Groundwater levels were between 2 and 5 m depth at the 
beginning of 2007 and rising with the onset of the rainy season 
(May 2007). The shallowest groundwater depths (between 1 and 
4 m) were reached during the months of August and September 
2007. The range of rise in groundwater level was therefore about 
1 m. Groundwater levels started falling after September 2007. 
Although the patterns of root density profiles were typical for 
the top-soil (higher root density close to the surface compared 
to deeper layers), high root densities were also recorded at about 
800 mm soil depth for the ‘fynbos’ and ‘uncleared’ treatments 
(Fig. 2). This may indicate phreatophytic behaviour of both fyn-
bos and Acacia species, with enhanced root development close 
to the water table.
 Total nitrogen in nitrate plus nitrite (N in NOx) measured 
in groundwater boreholes during 2007 is shown in Fig. 3. Data 
represent seasonal averages of N in NOx measured in shallow 
boreholes located within or adjacent to the treatment plots. 
These boreholes were RVLD2, RVLD8, RVLD12 and RVLD13 
for the ‘uncleared’ treatment, RVLD4, RVLD 10, RVLD11 
and RVLD14 for the ‘cleared’ treatment, and RVLD6, RVLD 
9, RVLWP1 and RVLWP2 for the ‘fynbos’ treatment (Fig. 1). 
Average water quality data are therefore represented for groups 
of boreholes, each grouping representing a treatment. Total N  
in NOx in groundwater tended to increase during the rainy  
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winter period, although the average values were always < 7 mg·ℓ-1  
(Fig. 4). Leaching occurred mainly from the ‘cleared’ and 
‘uncleared’ treatments. Concentrations of N in NOx in ground-
water of the ‘cleared’ treatment were generally higher compared 
to the ‘uncleared’ treatment, especially after clearing occurred 
on 18 June 2007. These differences, however, were not statisti-
cally significant (Fig. 3). The absolute maximum groundwater 
concentration of N in NOx was 12 mg·ℓ-1 (Fig. 3) measured on 12 
September 2007 in the RVLD10 borehole (‘cleared’ treatment, 
Fig. 1). Total N in NOx measured in the ‘fynbos’ treatment, used 
as background, was always low (Fig. 3), and significantly lower 
in the latter part of the season compared to the invaded sites 
(Fig. 4). The highest background value of N in NOx was 3.3 
mg·ℓ-1 in borehole RVLD9 on 17 July 2007. The water quality 
target for domestic use is N in NOx < 6 mg·ℓ-1, with a maximum 
value of 10 mg·ℓ-1 (DWAF, 1993).
 Oxidised forms of N were dominant in the soil-groundwater 
system, mainly due to the predominantly aerobic conditions of the 
well-drained sandy soil. Concentrations of Kjeldahl N (reduced 
nitrogen as ammonia plus nitrogen derived from organic mat-
ter) were always < 4.5 mg·ℓ-1 for all boreholes, whilst seasonal 
average N in NH4

+ was about one order of magnitude lower than 
oxidised forms of N, namely 0.15 mg·ℓ-1 in the ‘uncleared’ treat-

ment, 0.39 mg·ℓ-1 in the ‘cleared’ treatment and 0.18 mg·ℓ-1 in 
the ‘fynbos’ treatment boreholes. Kjeldahl N and ammonia were 
often below detectable levels. It was therefore decided to con-
sider only the oxidised forms of N in the modelling exercise.

Modelling

The 1st step of the modelling procedure was to quantify the 
source of leachable nitrogen in the soil-groundwater system 
to be used as input in the HYDRUS-2D model. The concen-
trations of nitrate plus nitrite measured in 1:5 soil: water ratio 
extracts were converted into concentrations in the soil solution 
using soil water content values measured with the Echo-TE soil 
water sensors. It should be noted that the concentrations of NO2

- 
as well as NH4

+ in the soil extracts were generally measured 
to be one order of magnitude smaller than the concentrations 
of NO3

- (Jovanovic et al., 2008). The dominant trends of N in 
NOx concentrations over time are visible in the graphs in Fig. 5.  
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Figure 4
Nitrogen in nitrates and nitrites measured in groundwater 

boreholes at Riverlands during 2007

Figure 3
Descriptive statistical analysis of nitrogen concentrations in 

groundwater (units are in mg·ℓ‑1), showing maximum, minimum, 
1st and 3rd quartiles, median and average (cross) values. 

The number of observations was 16 for the ‘fynbos’ treatment 
and 32 for the ‘cleared’ and ‘uncleared’ treatments
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Soil concentrations of N in NOx were much lower in the ‘fyn-
bos’ treatment compared to invaded land (measured data points 
in Fig. 5). The concentrations of N in NOx tended to be lower in 
deeper soil layers compared to the top-soil. The depth of 0 to 50 
mm was the shallowest sampling depth and it represented top-
soil nitrogen concentrations. Therefore, measurements of N in 
NOx at this depth represented the source of leachable nitrogen 
in the soil-groundwater system described with the models. Both 
HYDRUS-2D and Visual MODFLOW were run on a daily time-
step, and they read the time dimension as days after the begin-
ning of the simulation. For this reason, a polynomial fit was drawn 
through the measured data points representing N in NOx concen-
trations in the top-soil (50 mm soil depth, Fig. 5). The polynomial 
equation was found to be the most suitable trendline depicting 
daily changes in N in NOx concentrations over time for the period 
of intensive data collection (rainfall season from May until Octo-
ber 2007). 
 The 2nd step of the modelling procedure was to estimate the 
amount and quality of leachate travelling along the soil profile 
and reaching groundwater. Data of N in NOx concentrations were 
used as input in the HYDRUS-2D model. In particular, initial con-
centrations at the three depths of measurement in the soil profile 
were used for each treatment. The polynomials describing N in 
NOx concentrations at 50 mm soil depth (top-soil) over time were 
used in the HYDRUS-2D model to represent concentrations at the 
atmospheric boundary condition (soil surface), e.g. the source of 
N salts for rain water infiltrating into the soil. Extreme peaks in 
NOx concentrations in the soil solution were measured occasion-
ally during the rainy season, possibly due to dry spells with high 
temperatures that sped up the mineralisation processes. Inorganic 
nitrogen was then leached by rains after these dry spells through 
preferential flow paths, possibly along plant roots. These extreme 
peak values were excluded from Fig. 5 and the calculation of the 
polynomials because they were considered localised occurrences 
due to micro-climatic conditions (Jovanovic et al., 2008).
 Simulations with HYDRUS-2D were run from 15 May 
2007, which represented the beginning of the rainy season, to 31 
December 2007 for all 3 treatments. The main processes simu-
lated were water flow, solute transport and root water uptake. 
A vertical plane in rectangular geometry was simulated with 
a homogeneous profile. The initial condition in water pressure 
head was established by setting pressure head = 0 at the bottom 
nodes with equilibrium from the bottom nodes upwards. The 
hydraulic properties model was Van Genuchten-Mualem with 
no hysteresis. The soil hydraulic parameters were obtained from 
textural analyses, soil water retention properties and average 
bulk density. The Feddes’ water uptake reduction model incor-
porated in HYDRUS-2D was used with no solute stress, and 
parameters from the database of vegetation characteristics were 
chosen to be the closest possible to the type of vegetation in the 
three treatments. In this study carried out on very sandy soils, 
the bulk of the solute transport occurred by convection and the 
molecular diffusion coefficient in free water was assumed to be 
0.001 m2·d-1. No sorption of nitrates and nitrites was considered 
as it was assumed to be negligible in the very sandy soil. The 
vertical rectangular dimension of the simulated geometry was 
1.5 m. The boundary conditions were: 
• Atmospheric top boundary flux (rainfall, transpiration and 

evaporation) 
• No flux at all other boundaries (the bottom boundary was 

also set at no flux to simulate the build-up of the water table 
during the rainy season). Root distribution was set down to 
the water table, as such root densities in the soil profile were 
measured (Fig. 2).

The time-variable boundary conditions linked to the atmospheric 
boundary were rainfall, N in NOx concentrations at 50 mm soil 
depth (Fig. 5) and potential evapotranspiration. In order to cal-
culate potential evapotranspiration, grass reference evapotran-
spiration (ETo) was first calculated from weather data obtained 
for Malmesbury from the South African Weather Services using 
the Penman-Monteith equation (Allen et al., 1998). Reference 
evapotranspiration was then converted into potential evapotran-
spiration of fynbos and Acacia spp. stands by multiplying ETo 
by a factor Kc, commonly known as crop coefficient because the 
methodology is mainly used to predict crop water requirements 
(Allen et al., 1998). As evapotranspiration was not measured in 
the study area and no literature data were available, the value of 
Kc was estimated to be 1.5 for fynbos and 1.8 for Acacia spp. 
(Jovanovic et al., 2008). Potential evaporation from bare soil in 
the ‘cleared’ treatment was calculated using the method recom-
mended by Allen et al. (1998). 
 Volumetric soil-water content data measured with the 
Echo-TE sensors were used to calibrate the HYDRUS-2D model 
for the unsaturated zone, and ensure a reliable simulation of 
recharge and leaching in a system where the dominant mode 
of solute transport is by convection. An example of measured 
and simulated soil water content data are shown in Fig. 6 for the 
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Figure 6
Volumetric soil water content data simulated with HYDRUS‑2D 

(top graph), measured with Echo‑TE sensors (middle graph) 
and rainfall (bottom graph) during 2007 in the ‘fynbos’ treatment 
(period of simulation from 15 May 2007 to 31 December 2007)
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‘fynbos’ treatment. It is clear from the data that all soil water 
content sensors, as well as the model’s water contents responded 
to rainfall during the 2007 winter season. In general, volumetric 
soil water content had a tendency to increase during the winter 
months and it started decreasing from day 120 of the simulation 
(11 September 2007). In the first 20 d of simulation, simulated 
values were higher than measurements, in particular in the top-
soil (50 mm depth). This could have been due to disturbance that 
occurred at installation of the sensors. Some time is required 
for the soil to settle and regenerate hydraulic connectivity after 
digging and re-packing the soil profile. The initial simulated soil 
water contents depended on equilibrium conditions in relation 
to the free water table set at the bottom of the profile. Simulated 
soil water contents matched measured data very well thereafter. 
An extensive discussion on the calibration of HYDRUS-2D for 
this study can be found in Jovanovic et al. (2008).
 Upon completion of calibration, HYDRUS-2D was used 
to estimate cumulative water fluxes (evapotranspiration and 
recharge) and cumulative solute fluxes at the bottom nodes  
(N leaching below 800 mm soil depth) for the three treatments. 
The output data obtained with HYDRUS-2D are summarised in 
Table 1. Seasonal rainfall was 454 mm.
 Evapotranspiration was higher in the ‘uncleared’ compared 
to the ‘fynbos’ treatment, because of the higher Kc used. High 
water uptake was predicted during the summer dry season for 
both treatments, with the deep root system tapping into the 
water table. As a result of higher water use by alien invasive 
vegetation, lower recharge (about 60 mm or 13% of rainfall) 
was calculated compared to fynbos (Table 1). Due to the higher 
concentrations of N in the soil solution (Fig. 5), more solutes  
(6.1 g·m-2) were predicted to be leached from the ‘uncleared’ 
treatment compared to the ‘fynbos’ treatment (Table 1). This 
also resulted in a more concentrated leachate compared to fyn-
bos. The ‘cleared’ treatment had plants only for about a month 
(from 15 May 2007 to 18 June 2007, when the trees were cleared). 
From then on, root water uptake was not simulated and only soil 
evaporation represented losses at the atmospheric boundary. 
Due to the absence of root water uptake and plant transpiration 
for most of the season, the soil profile in the ‘cleared’ treatment 
was wetter compared to the other two treatments. As a result, 
more recharge occurred, totalling about 210 mm (46% of rain-
fall). Leaching was also much higher, totalling about 38 g·m-2, 
as was leachate concentration. This indicated that, immediately 
after clearing land of alien vegetation, an increase in recharge, 
leachate and leachate concentrations was predicted compared 
to the ‘uncleared’ treatment. The values of evapotranspira-
tion, recharge and average recharge concentration of N in NOx  
(Table 1) are subject to a certain degree of uncertainty depend-
ing on the accuracy of input data, spatial variability as well as 

the assumption made in the process model. They were, however, 
used further in the spatial predictions of groundwater contami-
nation because they represented the best available estimates as 
well as to ensure consistency in the modelling procedure. 
 The third step in the modelling procedure was to determine 
the spatial distribution of nitrogen in groundwater. The outputs 
of HYDRUS-2D, namely evapotranspiration, recharge and con-
centration of N in NOx in recharge, were used as inputs in Visual 
MODFLOW in order to predict the nitrogen spatial distribution 
occurring in the shallow sandy aquifer at Riverlands. A 10 m 
x 10 m grid size was configured in MODFLOW. This grid was 
dense enough to locate each observation borehole in a different 
cell of the grid. Ground elevations, bottom layer of the aquifer 
(clay layer for which elevation data were obtained from borehole 
logs), initial heads measured on 28 February 2007 and observed 
groundwater concentrations of N in NOx were imported into Vis-
ual MODFLOW. The neural network prediction of HYDRUS-2D 
calculated a saturated hydraulic conductivity of 11.46 m·d-1, 
given the soil properties at the experimental site. This value of 
saturated hydraulic conductivity was used in MODFLOW for 
the entire area. Specific storage was assumed to be 0.0001 m-1 
and specific yield was 0.25 (Saayman et al., 2007). Porosity was 
assumed to be 0.35 based on soil measurements. Initial ground-
water concentrations of N in NOx were entered in the grid for 
areas representative of each treatment, based on the measured 
concentrations in borehole water sampled at the beginning of 
the season. The initial concentrations of N in NOx for groups 
of boreholes within each treatment were averaged. The aver-
age values were 1.60 mg·ℓ-1 for the ‘uncleared’ treatment, 1.78 
mg·ℓ-1 for the ‘cleared’ treatment and 0.75 mg·ℓ-1 for the ‘fynbos’ 
treatment. Default values were used for longitudinal dispersivity 
(10 m), horizontal to longitudinal dispersivity ratio (0.1), verti-
cal to longitudinal dispersivity ratio (0.01) and molecular diffu-
sion coefficient (0.001 m2·d-1). No sorption and kinetic reactions 
were simulated for N. A constant head and a constant ground-
water concentration of N in NOx (1.60 mg·ℓ-1) were assigned as 
boundary conditions to the top left edge of the grid, based on the 
interpolated initial and output values of groundwater head in the 
vicinity of this boundary, as well as the initial N concentration 
measurements in the ‘uncleared’ treatment.
 Steady-state simulations were carried out with the Visual 
MODFLOW package. Groundwater flow was simulated with 
MODFLOW, whilst groundwater concentrations of N in NOx 
were simulated with MT3D. In the calibration analysis between 
observations and predictions of groundwater head, a mean abso-
lute error of 0.55 m was calculated for all boreholes. This error 
was considered to be within an acceptable range. In many ways, 
the type of problem dealt with in this study is of a transient 
nature, as it deals with pulses of solutes entering groundwater 

TABLE 1
Evapotranspiration, recharge and nitrogen leaching estimated with the HYDRUS-2d 
model for three treatments at Riverlands Nature Reserve (period of simulation  from 

15 May to 31 December 2007)

Variable
Treatment

Fynbos Uncleared Cleared
Potential evapotranspiration (mm) 1080 1300 85
Actual evapotranspiration (mm) 770 850 82
Soil evaporation (mm) - - 162
Recharge (mm) 85 60 210
Nitrogen (N in NOx) leached (g·m-2) 3.5 6.1 38.0
Average recharge concentration of N in NOx (mg·ℓ-1) 41 102 181
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through recharge. However, a much more detailed and localised 
data set would be required for transient simulations compared 
to the spatial data set collected for this study. Figure 7 (top map) 
presents the predicted spatial distribution of groundwater con-
centrations of N in NOx. The values were just above 4 mg·ℓ-1 
in groundwater underlying the ‘cleared’ treatment plot, about 
2.0 mg·ℓ-1 on invaded land and about 1.0 mg·ℓ-1 on fynbos land. 
These simulated values of groundwater concentrations of N in 
NOx approached the seasonal average values measured in bore-
holes within each treatment. The measured values were 4.40 
mg·ℓ-1 for the ‘cleared’ treatment, 2.72 mg·ℓ-1 for the ‘uncleared’ 
treatment and 0.66 mg·ℓ-1 for the ‘fynbos’ treatment. The pre-
dicted values were also well within the 1st and 3rd quartiles of 
seasonal measurements in each treatment (Fig. 3) that may be 
seen as ranges of natural uncertainty. This gave confidence that, 
given the uncertainties of inputs and the assumptions made in 
the process modelling system, the predictions were within an 
acceptable range of natural variability. It is interesting to note 
that abrupt changes in groundwater concentrations were pre-
dicted at the interfaces between treatments, in particular at the 
edge of the ‘cleared’ treatment plot and along the fence of the 
nature reserve (Fig. 7). It should be noted that the configured 
grid of Visual MODFLOW did not match perfectly these inter-
faces in the background map.
 The main outcome of the field measurements and model-
ling exercise was that clearing alien Acacia species induces a 
fast release of nitrogen due to decreased evapotranspiration and 
increased recharge. However, in the long run, the increased N 
concentrations in groundwater underlying cleared land will con-
tinue only until all the leachable nitrogen has been depleted from 
the soil. Total leachate and leachate concentrations are therefore 
expected to decrease over time to background levels. 
A hypothetical simulation with Visual MODFLOW 
was run using the same initial groundwater concen-
tration (0.75 mg·ℓ-1) and recharge concentration (41 
mg·ℓ-1) in the ‘cleared’ treatment plot as for the ‘fyn-
bos’ treatment (Table 1). The predicted N concen-
tration in groundwater underlying cleared land was 
about 1.4 mg·ℓ-1 (Fig. 7, bottom map), still higher than the value 
predicted on fynbos land, because of the lower evapotranspi-
ration and higher recharge compared to fynbos, as well as the 
effect of invaded land surrounding the ‘cleared’ treatment plot. 

Conclusions

Based on the experimental data and modelling, the main research 
findings were:
• Nitrogen levels in soil and groundwater were higher in alien-

invaded areas compared to fynbos land
• A quick release of NO3

- into groundwater occurred after 
clearing land from alien invasive legumes, due to high 
residual N reserves in the rooting zone of invasive legumes, 
decreased evapotranspiration and increased recharge

• The long-term effect of clearing alien invasive legumes is 
the reduction of N concentrations in groundwater.

Increases in N concentrations in groundwater underlying cleared 
land will occur only until all the leachable nitrogen has been 
depleted from the soil. A decrease in N concentration in ground-
water can be expected thereafter. Clearing land of alien inva-
sive legumes may therefore have a beneficial effect on reduced 
groundwater contamination from nitrate, besides reducing water 
use in catchments. The time required to reach these conditions 
after clearing will depend on weather, in particular rain water 

               Figure 7
Top map: Spatial distribution of N concentration in groundwater 
in mg·ℓ‑1 calculated with Visual  MODFLOW for the 2007 season 

(map scale is expressed in m)
Bottom map: Hypothetical spatial distribution of N concentra‑

tion in groundwater in mg·ℓ‑1 with initial N concentration equal to 
0.75 mg·ℓ‑1 and recharge concentration equal to 41 mg·ℓ‑1 in the 

‘cleared’ treatment (same as ‘fynbos’ treatment)

 

                 
 
 

 
 

     
 
 
 
 

percolating down the profile as the main leaching agent, with 
soil moisture and temperature being the main factors for min-
eralisation, as well as the plant species composition of the re-
colonising fynbos. Concentrations of N will also depend on con-
ditions conducive to denitrification. It will be beneficial to test 
the outcomes of this study through monitoring longer than one 
year, and what are the seasonal patterns of nitrogen mineralisa-
tion and leaching. 
 Elevated N concentrations in groundwater due to Acacia 
invaded land may have implications on water purification costs 
because groundwater is the main source of water supply to Atlan-
tis and areas on the West Coast plains of South Africa. In this 
study, groundwater concentrations of oxidised nitrogen peaked 
at 12 mg·ℓ-1, although the values were generally well below 10 
mg·ℓ-1, which is the South African maximum permissible level 
for drinking water (DWAF, 1993). However, the true magnitude 
of the risk to human health will depend on the extent of invaded 
land as well as the dilution capacity of the water systems.
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