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information system WebLand for the simulation aiming 
at the provision of stakeholders with information for 
decision making in water resource management. 
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1  Introduction
Since the political change in 1994, and presumably 
before, an increased pressure on water resources in 
coastal areas of South Africa is evident, which is caused 
by population growth in urban areas, increasing land 
use intensity and land cover changes. The assessment 
of surface water and groundwater vulnerability with 
respect to land use as well as the implementation of a 
large scale model for simulating runoff, soil loss, and 
nutrient leaching in a coastal study area in the Western 
Cape Province is the focus of the project SPACES-GSI 
(http://www.spaces.gsi.com). The project SPACES GSI 
links terrestrial and marine coastal research by applying 
a comprehensive approach using satellite data, remote 
sensing information, land use data, tracer distribution 
patterns in ground- and seawater, and marine biota data 
for the localization and quantitative investigation of 
groundwater/seawater interaction and related processes 
along the southern coast, Western Cape Province, South 
Africa. The study is part of the Science Partnerships 
for the Assessment of Complex Earth System Processes 
project, funded by the Federal Ministry of Education and 
Research (FKZ 02WSP1306D), Germany.  

The project approach involves both the marine and 
the terrestrial perspective by investigating purely marine 
environments, marine/terrestrial interaction processes as 
well as the vulnerability of coastal aquifers. It entails the 
multifaceted application and interpretation of a range of 
state of the art and innovative methodologies that reach 
beyond using standard parameters and indicators for 

DOI 10.1515/cass-2017-0001
received May 30, 2016; accepted August 18, 2016

Abstract: A major challenge for water resource 
management in Western Cape, South Africa, is the 
reduction of the growing sediment and nutrient loads in 
coastal areas, which belong to the areas most affected 
by land use change. We used the WebGIS based software 
STOFFBILANZ to simulate runoff, soil loss, sediment, 
phosphorus, and nitrogen input in the surface water and 
groundwater of study area (ca. 6,450 km²). The simulated 
runoff shows a large regional variability caused by the 
heterogeneous distribution of rainfall. For the reference 
catchment Klein River simulated total daily runoff fit the 
observed values of the reference year 2012. The calculation 
of potential input of sediment, phosphorus, and nitrogen 
into waters is based on aggregated or generalized 
information on climate data, land use types, crop and fruit 
types, yields, mineral fertilizers, farm manure, nitrogen 
fixing by leguminous plants, atmospheric nitrogen 
deposition, and soil denitrification. Critical source areas 
for potential sediment input, particulate P input and 
diffuse N input are mainly agricultural areas. Additionally, 
point sources of high relevance for N and P are found in 
urban areas. Based on the potential input of sediment 
and nutrients the impacts of current land use change on 
water resources were estimated. We used the web-based 
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the assessment of risks related to coastal water quality, 
aquifer vulnerability and land use change.

The key objective of our study is the assessment of 
potential effects of land use on groundwater and surface 
water as well as the implementation of a coupled WebGIS / 
modeling system to simulate the effects of land use change 
on coastal aquifers and related water resources (e.g. water 
quality / nitrogen concentration) at meso-scale. The 
WebGIS interface will provide the opportunity for active 
participation by decision makers, stakeholders and the 
public. An important driver of demographic change and 
subsequently land use change is the dissolution of the 
Apartheid system in 1994. As a consequence, the Western 
Cape Province experienced a great influx of people, along 
with a marked decline of population density in the interior. 
As more people moved towards urbanized sectors along 
the coast and in nearby regions in search of work and 
better life conditions, the density of informal settlements 
in these regions drastically increased [1-3].

The objective of this paper is i) the meso-scale 
modeling of water fluxes taking into account the specific 
conditions of climate and relief in the study area, ii) 
the simulation of potential sediment, phosphorus, and 
nitrogen budgets, source areas, and risk areas, driven by 
the current land use situation and population density, 
iii) to show potential impacts of land use change on the 
budgets of the sediments, phosphorus and nitrogen and 
iv) to show the  application of a web-based simulation 
tool as part of supporting decision making and learning 
environment. 

The study is based on the coupled web based model 
STOFFBILANZ / WebLand. The STOFFBILANZ software 
is an emission-based modeling tool, which is able to 
identify diffuse and point source inputs considering 
main sources, pathways and sinks in accordance to land 
use and landscape position. It was successfully applied 
in different parts of Europe and in China at meso-scale. 
Detailed descriptions of the approach in different regions 
are given by [4-8]. Compared to other catchment hydrology 
and water resources management models like SWAT [9] or 
like SWIM [10] STOFFBILANZ requires only a minimum of 
parameters. This is an important aspect for regions where 
only limited data is available as it is the case for the study 
area. Additionally, the STOFFBILANZ approach can be 
easily included in decision processes because of its user 
friendliness and web-based technology. 

There is a number of studies on water resources 
management at catchment scale for the Western Cape, 
especially on the Eerste/Kuils River system [11], which 
belongs to the study area. Detailed studies have been 
carried out for the Berg River catchment with a focus on 

phosphorus input [12] and on salinization [13-16]. There 
are also several studies dealing with the problem of water 
quality, sediments, and nutrient input into groundwater 
and surface water at the national scale, i.e. for whole 
South Africa [17, 18].

2  Materials and Methods

2.1  Study area and data

The study region stretches along the southern coastline 
of South Africa from Cape Point to 22 km east of Struis 
Bay, including the City of Cape Town Metropolitan 
Area, Cape Winelands District, and the Overberg 
District covering a total area of 6,450 km². Altitudes 
range from 0 to 1,500 m above sea level. The region 
is characterized by a Mediterranean climate of hot 
and dry summer seasons, rainy winter seasons, and 
mild to warm autumn and spring seasons. The mean 
annual precipitation ranges from 1,500 mm yr-1 in 
mountainous areas to <400 mm yr-1 in coastal plains. 
The mean annual temperature is about 12°C, ranging 
from 6°C (mountainous areas) to 14°C (coastal plains) 
(unpublished data from Agricultural Research Council, 
Pretoria). The climate data for the reference year 2012 
comply with the long term data. 

The land cover [19] - combined with unpublished 
information from the Western Cape Department of 
Agriculture (Elsenburg, reference year 2013) for the 
localization of agricultural crop types, vineyards, 
orchards - is dominated by the natural shrubland of 
the southwestern Cape of South Africa, the so called 
“Fynbos” [20], followed by cropland, forests, urban/
built-up/smallholdings, townships/informal townships, 
vineyards, grassland, orchards, waterbodies / wetlands, 
and bare rock and soil / mines (Figure 1).

Free available spatial data (30 x 30 m ASTER DEM, 
30 x 30 m Landsat TM, Harmonized World Soil Database 
(HWSD, [21]) was combined with the soil classification of 
[22] (Land Type Survey) and used to get information about 
the physical environment of the study area. 

The daily reference evapotranspiration (ET0) was 
disaggregated from [23]. Daily data on rainfall and 
temperature from 20 stations (located in and around 
the study area) from the ARC-ISCW AgroClimatology 
Programme (unpublished data from Agricultural 
Research Council, Pretoria) for 2012 were interpolated by 
the Multilevel B-Spline method. Atmospheric deposition 
of nitrogen was taken from [24]. All data were integrated 
into a grid with a 200 m x 200 m cell size. 
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2.2  Web-based tools and methodologies

The WebGIS based software STOFFBILANZ [4-7] (http://
www.viewer.stoffbilanz.de) was used to calculate runoff, 
soil loss, sediment and nutrient input for the study area in 
a 200 m grid for the reference year 2012 that is assumed to 
represent the state of water resources management during 
the last decade. Because of large intra-annual differences 
in rainfall the daily FAO dual crop evapotranspiration 
approach considering soil water stress conditions was 
integrated into the model [25]. Daily surface runoff was 
calculated according to the Curve Number approach [26]. 
All procedures require a minimum of parameters to run 
the model and are suitable for modeling at the meso-scale.

2.2.1  Daily direct runoff QD

Grid cell based direct runoff QD was simulated on the daily 
based Curve Number approach (detailed description is 
given in [26, 27] as follows:

 

where Ns storm rainfall event [mm],
 IA initial abstraction; losses before runoff begins [mm],
   S potential maximum watershed water retention 

after runoff begins [mm],
  CN daily curve number dependent on land use type 

hydrological soil group.

2.2.2  Evapotranspiration and percolation from root zone 
to groundwater table

The FAO Penman-Monteith equation determines 
the evapotranspiration from the hypothetical grass 
reference surface ET0 and provides a standard to which 

Figure 1. Land use in the study area [19].
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evapotranspiration in different periods of the year or 
in other regions can be compared and to which the 
evapotranspiration from other crops can be related 
(see [25] for more details). The modeling of daily crop 
evapotranspiration under non-standard conditions ETcadj 
is based on the following equation [25]:

 ETcadj K s K cb K e ETo

where  ETcadj adjusted crop evapotranspiration [mm d-1], 
 KS water stress coefficient, 
 Kcb basal crop coefficient, 
 Ke soil evaporation coefficient,
 ET0 grass reference evapotranspiration [mm d-1].

Following heavy rain or irrigation, downward drainage 
(percolation) of water from the topsoil layer DPe,i 
(percolation from the evaporating layer into the root zone) 
is calculated as: 

 
DPe, i= (Pi− ROi )+

I i

f w
− De,i

where   De, i cumulative depth of evaporation (depletion) 
following complete wetting at the end of day i 
[mm], 

 Pi precipitation on day i [mm], 
  ROi precipitation runoff from the soil surface on 

day i [mm],
  Ii irrigation depth on day i that infiltrates into the 

soil [mm],
  fw fraction of soil surface wetted by rain or 

irrigation

As long as the soil water content in the evaporation layer 
is below field capacity (i.e., De, i > 0), the soil will not drain 
and DPe, i = 0. Following heavy rain or irrigation, the soil 
water content in the root zone might exceed field capacity 
and DPi (daily deep percolation) is calculated as 

 DPi= (Pi− ROi )+ I i− ETC, i− Dr , i−1

where   DPi water loss out of the root zone by deep 
percolation on day i [mm],

  Dr, i-1 water content in the root zone at the end of 
the previous day, i-1 [mm],

As long as the soil water content in the root zone is below 
field capacity (i.e., Dr, i > 0), the soil will not drain and DPi 
= 0. 

A detailed description of the methodologies is given 
by [25].

2.2.3  Daily soil erosion 

The Universal Soil Loss Equation (USLE, [28]) is not well 
suited to predict event erosion in grid cells. Therefore, a 
daily based modification of the USLE, called USLE-M, was 
used [29, 30]. Soil erosion by storm runoff events Ae [t ha-1 

d-1] is calculated as

  Ae ReUM KeUM LS CeUM PeUM

where  ReUM event based erosivity factor
 KeUM event based soil factor
 CeUM event based crop factor
 PeUM event based mangement factor

The factors KeUM, CeUM, and PeUM were calculated daily based 
considering storm runoff and daily precipitation [30]. The 
L and S factors were calculated separately by the SAGA GIS 
software [31]. KeUM, CeUM, PcUM, and daily rainfall erosivity 
factor ReUM is given by 

KeUM = (K x Pe)/Qe_fal

CeUM = (C x Qe_fal)/Qe

PeUM = (P x Qe_fal)/Qe

 

and

 
F =
∑
j= 1

12

P j
2

P

where  F Modified Fournier Index, 
 P precipitation per year,
 Pj precipitation per month,
 Pd precipitation per day,
 Pe rain amount per event (day),
 Qe direct runoff per event (day),
 Qe_fal direct runoff per event (day) for fallow.

The Modified Fournier Index was successfully used for 
countries in Africa [32] as well as the continental United 
States [33] and different southeastern Australian sites [29]. 
It was selected for the study area, because it takes into 
account the monthly variation of precipitation, which is 
extremely important in the mediterranean climate of the 
study region. 
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2.2.4  Daily sediment input

Only a smaller portion of eroded soil particles will reach 
the river network, since soil erosion is spatially closely 
connected to sedimentation. Sediment input into the 
river network is often limited to few specific sites in a 
catchment, but can be very high at those hotspot areas. 
Approximately 90% of the sediment input into surface 
water is supposed to originate from 10% of a catchment 
area [34]. Major controlling factors for sediment input 
into the river network are the intensity of soil erosion, 
the distance of an erosive site to the watercourse and 
the transport capacity of surface runoff [35]. Empirical 
based models often use the sediment delivery ratio (SDR) 
to calculate the ratio between soil erosion and sediment 
input into the river network. In the present study sediment 
input was estimated by the STOFFBILANZ model based 
on findings from [35-37]. In the first step a GIS based 
separation was used to exclude areas with a missing 
hydraulic connectivity to the river network (caused by 
artificial barriers of the flow path like roads, railways, etc. 
[7, 37]. 

The sediment delivery ratio SDR was calculated as 
follows:

SDR = χi (s / lflow)(1-P)

where  χi coefficient of land use, 
 s slope [m m-1], 
 lflow average distance to watercourse [m],
 P likeliness of connectivity. 

The coefficient χi was derived from the daily C factor [4]:

χi = 1.43 ln (C factor) + 9.49

The likeliness of connectivity P (day) was calculated using 
the following square root function according to Voges 
(1999): 

P = (p2
lflow + p2

A + p2
RO)0.5

where   plflow probability index for the distance to the 
watercourse

 pA probability index for soil erosion
 pRO probability index for surface runoff

Sediment input into surface waters was calculated as 
follows:

SE = SDR· A· a

where SE [t d-1] is the land use specific daily sediment 
input, A [t ha-1 d-1] is the daily soil erosion rate and a (0 ≤ a 
≤ 1) is the share of an area, where a hydraulic connectivity 
is given.

2.2.5  Daily particulate phosphorus input

Particulate P inputs into surface waters PPSE were 
calculated considering sediment input (SE), nutrient 
enrichment (ER) and the total phosphorus concentration 
(dry mass) (Pt) in topsoil, which is derived from land use 
type. According to the findings of [38] on a West coast 
transect along the major vegetation types of the Fynbos 
Biome, phosphorus concentrations in soil dry mass varies 
from 14 to 511 mg kg-1 for a given transect. Therefore, P 
concentration was supposed to be low on the natural 
vegetation types with 250 mg kg-1 [38], and 500 mg kg-1 
on cultivated land [39]. However, these assumptions 
are rather uncertain, because of the site specific high 
variability of soil phosphorus [40]. 

PPSE [kg ha-1 d-1] = SE [t ha-1 d-1] ⋅ ER ⋅ Pt [mg kg-1]

Nutrient enrichment ER was calculated from the soil loss 
rate A per day [41].

ER = 2.53 · A-0.21

According to [41], the enrichment is based on the splash 
effect of rainfall. Soil aggregates are destroyed and soil 
particles are dislocated selectively. P is mainly adsorbed 
to small soil particles like silt and clay. Enrichment ratio 
increases with a sinking soil loss, because the share of 
smaller soil particles, being dislocated, increases at the 
same time [42, 43].

Diffuse dissolved P inputs were neglected. P flushings 
from paved areas are completely considered as point 
sources (see below).

2.2.6  Diffuse annual nitrogen surplus and leaching

The simulation of nitrogen surplus in the root zone is 
based on mass balances calculated for each grid element, 
i.e. the sum of imported and exported nitrogen. The N 
import term includes crop-specific mineral fertilizers 
(on cropland only), N fixation by legumes (on cropland 
only), atmospheric deposition of N, and organic N from 
farm manure (on cropland only). The export term includes 
harvest withdrawal of main products (on cropland only). 
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Aggregated data on management practice on cropland 
were given by Western Cape Government (Department of 
Agriculture, Elsenburg).

Diffuse nitrogen leaching from the rooting zone on 
cropland, grassland, orchards, vineyards, residential 
area, bare soils, and Fynbos considers denitrification in 
soil, calculated by using the Michaelis-Menten kinetics, 
based on soil type and soil hydrology [44] and total 
atmospheric deposition, taken from [24]. 

For forests and woodland we used the critical load 
approach [45] which includes N net immobilization 
by plant biomass and soil organic matter as well as 
denitrification in soil and atmospheric deposition.

Leaching of diffuse nitrogen is mostly controlled 
by runoff components [5]. The total flux of dissolved 
nitrogen on unsealed surfaces for each grid cell was 
evenly distributed between direct runoff and DPe,i 
(deep percolation from the evaporating layer into the 
root zone), simulated by the water balance routine of 
the model. The nitrogen transport via deep percolation 
into the groundwater layer was evenly distributed 
between both runoff compartments DPe,i and DPi. (deep 
percolation). For areas with a DPi ≤ 0, we assume that 
nitrogen loss via groundwater will be negligible. Nitrate 
loss by denitrification in groundwater was ignored as 
well, because the effects are supposed to be of minor 
importance and respective data did not exist. Particulate 
nitrogen inputs were not calculated because organic 
nitrogen contents in the topsoil were not available. 
Diffuse nitrogen loads from paved areas (atmospheric 
deposition) were assumed to be emitted directly into 
surface waters. N flushing from paved areas (sewage, 
sewage treatment) is considered as point source.

2.2.7  Point sources for annual N and P input

Point sources for nitrogen and phosphorus from sewage 
and sewage treatment were estimated according to the 
population density per Mesozone from GAP (Geospatial 
Analyses Platform, [46]). The total N and P input from 
point sources was calculated for each Mesozone. The 
export coefficients are estimates, based on an assumed 
performance of waste water treatment depending on the 
character of areas (urban and rural) related to population 
density (Table 1). 

2.2.8  Total diffuse and point sources N and P inputs 

The total N and P flux into surface water is the sum of 
water bound diffuse dissolved (runoff components) and 
point source inputs (sewage, sewage treatment). Long 
term retention of N and P in rivers and reservoirs was 
supposed to be rather small, because of the dominance 
of storm water runoff events with short residence times of 
water in the region. Additionally there was no information 
available about activities such as dredging, which could 
be a possible relevant sink for P.

2.2.9  WebLand approach

The coupled STOFFBILANZ-WebLand approach (Figure 
2, http://stoffbilanz.de/webland) was tested to simulate 
land use impacts on water quality in the framework of an 
integrated water resources management. The approach 
links the impacts of the corresponding land use patterns 

Table 1. Estimation of point source N and P [kg person-1 yr-1] from population density [47].

Waste water treatment (wwt) N [kg person-1 yr-1] P [kg person-1 yr-1]

Urban areas

> 5000 EW/km² 100% wwt available 0.74 0.24

1000-5000 EW/km² 90% wwt available 
10% no wwt

0.74
2.79

0.24
0.46

Rural areas

500-1000 50% wwt available
50% no wwt 

1.58
2.79

0.32
0.46

100-500 10% wwt available
90% no wwt 

1.58
3.01

0.32
0.49
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to extrapolate the modeling results to an expected future 
land use change.

The tool WebLand uses information from the raster 
based reference modeling from STOFFBILANZ. The 
simulation of land use change is based on the selected 
region on the Quaternary catchment level and the 
Mesozones, which are spatial units based on the GAP 
project (GAP Geospatial Analyses Platform, [47]), used for 
statistical and administrative purposes. The intersection 
of the layer of Quaternary catchments with the Mesozones 
(Figure 2) was done to create a new polygon layer for the 
detection of land use change and its impact on sediment, 
N, and P loss in the live processing using the tool Webland. 
The live processing encompasses three major steps.
1. Each polygon as combination of Quaternary 

catchments and Mesozones has its own share of land 
use that will be modified according to the supposed 
land use change settings. 

2. In the next step the results from the reference 
modeling are used to calculate new results for each 
land use type and for each polygon for the given land 
use pattern. The new results are driven by the average 
impacts of the reference model per polygon and the 
new share of land use per polygon. 

3. Finally WebLand creates maps that show the land 
use impacts on sediment, N, and P losses and the 
respective potential concentrations in surface waters.

3  Results and discussion
A validation of the modeling results was done for the total 
runoff, which is strongly controlled by the distribution 
of rainfall. Thus rainfall might be an important driver 
for sediment and particulate phosphorus input. Water 
quality in terms of N and P concentration is also strongly 
influenced by rainfall and the corresponding runoff that 
is high in the northern parts and very low in the southern 
parts of the study area. There was no or insufficient 
information available that allows the validation procedure 
for the simulated soil loss rates, sediment input rates into 
surface waters, and nutrient budgets. Therefore, these 
results have to be regarded rather in terms of their potential 
contribution to a higher or lower risk of soil loss, sediment 
and nutrient input into surface water and groundwater. 
Finally theses values are used by the WebLand tool to 
reflect the current influences of land use/cover and 
possible future impacts of land use/cover change on water 
quality and water resources management. 

3.1  Runoff modeling

The runoff modeling was carried out for the reference year 
2012 in a first step for the upper Klein river catchment (600 
km²) which is located in the central part of the study area 

Figure 2. Coupling of the reference modeling with STOFFBILANZ and the tool WebLand. 



8   M. Gebel et al.

(see Figure 1 and 4). The catchment is mainly covered by 
Fynbos and cropland. Compared to the northern parts of 
the study area the amplitudes of rainfall are much lower 
due to the hilly terrain and the lower elevation, which 
results in a higher accuracy for the interpolation based 
on the corresponding rainfall. According to the modeling 
results the calculated Nash–Sutcliffe model efficiency 
coefficient (NS) for average monthly values is 0.89 (should 
be >0.5) [48]. The RSR (RMSE-observations standard 
deviation ratio, 0.11; should be <0.7) and the PBIAS 
(Percent bias, -8.73; should be from -25.0 to 25.0) underline 
that the simulation corresponds very well to the observed 
runoff (daily values from [49) at the catchment outlet in 
2012 (Figure 3, detailed description of the algorithms in 
[50]). 

After the successful validation for the Klein River 
catchment the model setup was applied to the remaining 
catchments in the study area (Table 2). Incoherencies 
between simulated and observed values are found for the 
False Bay region if runoff of the Eerste River, Bot River or 
Palmiet River is looked at separately. We assume this is due 
to the extremely high amplitudes of rainfall and elevation, 
and the strong coastal influences (wind speed, wind 
direction, combined with windward and leeward effects) 
causing major uncertainties in rainfall distribution. Thus, 
the results in the mountainous parts of the study area 
should be considered as potential values. 

In the next step a comparison of modelled and 
observed runoff for 2012 was done by using summarized 
water balances for the Eerste River, Lourens River, 

Palmiet River, and upper Bot River (DWA 2014). The 
Nash–Sutcliffe model efficiency coefficient (NS) 
for average monthly values is 0.72 [48], the RSR is 
0.28, the PBIAS is 6.16 [50], which shows a sufficient 
correspondence of simulated to observed values. By 
doing that it can be shown that the simulated average 
runoff meets the observed runoff in general, but can 
differ extremely within the region. For a validation 
of the runoff modeling for each catchment rainfall 
data with higher accuracy in time and space would be 
required, which was not available. 

Runoff varies according to the local differences 
in rainfall, which strictly decreases from west to east 
(Figure 4).  

Table 2. Average values for potential direct runoff, deep percolation and total runoff in Quaternary catchments for reference year 2012.

River Name (catchment 
mouth at coastline)

Quaternary catchment ID direct runoff  
[mm yr-1]

deep percolation  
[mm yr-1]

total runoff  
[mm yr-1]

Silvermine G22A 9.7 94.8 104.5

Diep G22D 42.9 229.8 272.7

Eerste, Kuils G22E, F, G, H 81.2 243.5 324.7

Lourens G22J 114.2 287.5 401.7

Sir Lowrys Pass G22K 54.7 200.4 255.1

Steenbras G40A 15.6 187.2 202.8

Rooiels, Buffels G40B 7.2 55.9 63.1

Palmiet G40C, D 55.2 184.9 240.1

Bot G40E, F, G 71.6 108.9 180.5

Onrus G40H 15.9 32.5 48.4

Klein G40J, K, L 33.3 33.6 66.9

Uilkraal G40M 12.5 13.5 26.0

Ratel G50A 0.7 20.8 21.5

Heuningnes G50B, C, D, E, F 21.3 15.4 36.7

Figure 3. Observed and simulated monthly runoff in the upper Klein 
river catchment (2012).
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3.2  Potential soil erosion and sediment 
input into surface waters

Average simulated soil loss and sediment input rates for 
each land use type are shown in Table 3 for the reference 
year 2012. Main risk areas are cropland, vineyards, and 
orchards, especially in the mountainous western part 
of the study area with higher percolation rates. Besides 
these hotspots there is also simulated major soil erosion 
and sediment input from the natural Fynbos vegetation 

due to the extreme slopes and high rainfall rates in the 
northern part of the study area. The average soil loss per 
raster cell is about 2,345 kg ha-1 but sediment input is 
substantially lower, approximately 119 kg ha-1 in average, 
due to the low hydrological connectivity. Compared to 
the results of [17], who used the annual USLE approach 
[28], the risk areas of soil loss have a similar pattern. 
Most areas of Western Cape Province have a soil loss from 
0 to 5 t ha-1 [17]. Observed sediment yields in 14 reservoirs 
of Western Cape are reported by [51]. Almost all of them 

Table 3. Land use specific values of the simulation for reference year 2012 (present state) – sums for potential soil loss, sediment input, P 
input, N input in total runoff.

Land use and percent shares  
in the study area

Soil loss Sediment 
input

Particulate P 
input

Diffuse N 
input

Point source  
P input

Point source N 
input

[%] [t x 1000] [t] [t] [t] [t] [t]

Cropland 29.1 913 50,634 58.46 7,219 - -

Grassland 1.8 14 319 0.38 31 - -

Natural vegetation (Fynbos) 52.6 336 15,355 7.41 920 - -

Forests (plantations) 2.2 52 3,826 1.94 107 - -

Township, informal township 2.1 13 154 0.11 94 184 670

Urban, built-up, smallholdings 4.3 82 2,567 1.42 211 123 459

Waterbodies, wetlands 2.9 - - - 113 - -

Others (mines, bare rock and soil) 0.6 9 10 0.02 8 - -

Orchards 1.5 27 1,566 - 494 - -

Vineyards 2.9 69 2,689 2.86 471 - -

Total 100 1,516 77,120 72.61 9,667 307 1,129

Figure 4. Raster based simulated of potential total runoff for reference year 2012 (waterbodies excluded).
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range from 1 to 500 kg ha-1 with maximum values up to 
4,500 kg ha-1.

3.3  Potential particulate P input

Average simulated particulate phosphorus inputs into 
surface waters for each land use type are shown in Table 
3 for reference year 2012. Critical source areas strictly 
correspond to the cells with higher sediment input. The 
average particulate P input per raster cell is about 0.12 kg 
ha-1 in the 2012 simulation. 

3.4  Potential diffuse N input

The average simulated diffuse nitrogen input into surface 
waters for each land use type are shown in Table 3 for 
the reference year 2012. Main risk areas are croplands 
with a high N surplus (maximum value is 97 kg ha-1 for 
the Philippi area (Figure 1) with intense horticulture), but 
also orchards and vineyards. Very high N concentrations 
in leachate (up to 100 mg N l-1) are modeled in the eastern 
part of the study area on dry cropland, due to the higher 
nitrogen surplus, combined with very low percolation 
rates. This corresponds very well to observed nitrate and 
nitrite hotspots in groundwater, based on an interpolation 
of borehole sampling data, done by [18]. 

3.5  Potential point source N and P input

Average point source P input into surface waters per raster 
cell is about 0.48 kg ha-1 for the 2012 reference modeling 
(population density from 2010). Maximum values of up 
to 30 kg ha-1 are simulated for the townships of the False 
Bay catchments (Table 3). For nitrogen the average value 
per raster cell is 1.78 kg ha-1 with maximum values up to 
106 kg ha-1 in the above mentioned area of False Bay. In the 
modeling all flushings from paved areas are considered 
as point sources, which will discharge through the sewer 
system. Diffuse flushings that might be also relevant 
especially in the rural area and in informal townships are 
neglected, because of missing data. Taking into account that 
these diffuse flushings are considered as point sources the 
modeled N and P concentrations from paved areas are well 
in the range of the given observed outflow concentrations 
from wastewater treatment plants (WWTP, data from [52] 
for the reference year 2012 in the study region in the average 
(dissolved P-PO4: observed 6.2 mg l-l, modeled 7.7 mg l-1; 
dissolved N: observed 17.7 mg l-1, modeled 27.0 mg l-1). 

3.6  Potential diffuse and point source N and 
P input

Simulated total nitrogen and phosphorus inputs into 
surface waters for each land use type are shown in Table 3 
for the reference year 2012. In total 380 t P will potentially 
leach into surface waters via direct runoff and groundwater 
runoff (deep percolation). 80.4% of the P load comes from 
point sources, 19.6% is from diffuse sources (particulate P 
input due to soil loss and sediment input). Critical source 
areas are located both in urban areas and cropland. 

The potential N input is in total 10,796 t, while point 
sources contribute with 10.5 %, but diffuse loads are 
prevailing with 89.5%. Critical source areas are cropland, 
orchards, vineyards, and urban areas. Natural vegetation 
(Fynbos) is also relevant for particulate P input due to the 
large contribution of this land cover type to soil erosion 
especially in the mountainous parts of the study area. 
As a consequence, soil losses on these extreme sites are 
unavoidable. In some parts of the Fynbos area steep 
cliffs that are not sensitive for soil erosion in particular 
may lead to an overestimation of the slope per raster cell 
and the corresponding erosivity factor. However average 
soil loss from Fynbos is five times lower compared to the 
no-till cropland (989 kg ha-1 to 4,869 kg ha-1). 

Very high N and P concentrations in total runoff 
are modeled in the eastern part of the study area on dry 
cropland, due to the higher diffuse inputs, combined with 
very low percolation rates. Another hotspot area is False 
Bay, due to the very high N and P inputs from sewage 
from urban areas. This also corresponds very well with 
data from other studies [11, 53]. Simulated total P and N 
concentrations in total runoff per raster cell are shown in 
Figures 5 and 6. 

However, the validation of the potential export for 
nitrogen and phosphorus is difficult, since the monitoring 
of water quality of main rivers by [52] is rather limited and 
might not reflect the situation of river water quality in a 
sufficient way for a particular year. Measurements are not 
very frequent (mostly < 12 measurements per year). There 
are no measurements of total phosphorus (TP), but only of 
soluble reactive phosphorus (PO4-P). 

According to the simulations the high P concentrations 
can be expected in the Eerste River catchment and in the 
False Bay, mainly due to the large contribution of point 
sources. This is confirmed by observed data [52, 53]. 
Simulated and measured N concentrations are also high 
in this most western part of the study area due to point 
and (to a lower extent) diffuse sources. 

Observed P concentrations in total runoff of rural 
areas are lower as the simulated concentrations and 
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both, observed and simulated, values are on a low level. 
Due to the low percolation and runoff rate in the eastern 
part of the study area nitrogen concentration is very high 
especially on cropland with its higher N surplus. This is 
confirmed by the observed nitrate and nitrite hotspots 
in groundwater, based on an interpolation of borehole 
sampling data, done by [18]. Contradictory to the 

modeling results, observed concentrations of dissolved 
nitrogen in the rivers is very low in rural regions (data 
from [52]). Differences to observed data might be caused 
by the fact that the model is not able to calculate the loss 
of nitrate by denitrification in groundwater and in surface 
water, due to the very complex hydrology and missing 
data for the saturated zone. Besides, we assume that large 

Figure 5. Raster based simulated of P concentrations in total runoff for reference year 2012 (waterbodies excluded).

Figure 6. Raster based simulated of N concentrations in total runoff for reference year 2012 (waterbodies and wetlands excluded).
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parts of N and P will be retained in the river channels. 
This is supported by the fact that the natural status of 
the relevant systems is very oligotrophic. The capacity to 
retain N and P might be high but seasonally limited [20, 
38]. In the long term this would result in an accumulation 
and an eutrophication of catchments. Taking into account 
the limited data situation the simulated loads and 
concentrations should be generally regarded as potential 
values in order to estimate the given impacts of land 
use and land use change on nitrogen and phosphorus 
pollution.

4  Simulation of future land use 
impacts
The detection of the used land use change scenario is 
based on the findings of H. Vogt (unpublished data, 
master thesis), who compared land use share in Western 
Cape Province from 2000 to 2014. Accordingly, an increase 
of built-up areas and cropland can be observed in the 
coastal zones going along with a removal of natural 
vegetation. The estimated changes of land use and 
land cover are summarized in Table 4. Accordingly, the 
scenario “Cropland” shows an increase of the recent 
cropland area from 29.1 to 34.1%. A second scenario 
“urban” estimates an increase of the residential area 
(mostly urban area / townships) from 6.4 to 11.4% in total, 
combined with an increase of the corresponding number 
of inhabitants. A third scenario is a combination of the 
two scenarios described above. The described increased 
values are compensated by a respective decrease of 
natural vegetation in general. Additionally we calculated 

a complete cover with potential natural vegetation as 
“PNV scenario” to show the background loads in the 
region assuming that cultural influences can be excluded.

Table 5 shows the sediment, P, and N loads and 
concentrations in total runoff for present state and the 
different scenarios based on the average runoff and loads 
per polygon and land use share. 

In the “PNV” scenario sediment, P, and N 
concentrations in total runoff (Table 5) will be minimized 
(see Figure 7 for P). The higher P concentrations in the 
northern part of the study area in scenario “PNV” show 
even under natural conditions might be substantial 
soil loss, sediment, and P input from Fynbos areas due 
to steep slopes and high rainfall rates. The scenario 
“urban” result in the highest impact on phosphorus 
input due to untreated sewage. In contrast, nitrogen 
input will mostly increase by higher cropland share 
in the scenario “cropland”, but the scenario “urban” 
shows also a relevant impact. The results for the 
scenario “combination” (cropland + urban) are shown 
in Figure 8 and 9 for P and N concentration in total 
runoff respectively by differences maps. Accordingly, P 
loads are mostly increasing in the False Bay area, due 
to the supposed higher share of township areas. N load 
is strongly impacted by the increase of cropland in the 
dryland area of the eastern part of the study region. 

5  Conclusions
The core of the study is the implementation of a runoff and 
nutrient budget approach at the meso-scale in a land-use-
water information system. The validation of the runoff 

Table 4. Land use shares of present state, background scenario, and future land use change scenarios (cropland, urban, cropland + urban).

Land use Present state Scenario PNV Scenario crop-
land

Scenario urban Scenario cropland + 
urban

% 

Cropland 29.1 0 34.1 29.1 34.1

Grassland 1.8 0 1.8 1.8 1.8

Natural vegetation (Fynbos) 52.6 96.5 47.6 47.6 42.6

Forests (plantations) 2.2 0 2.2 2.2 2.2

Township, informal township 2.1 0 2.1 5.8 5.8

Urban, built-up, smallholdings 4.3 0 4.3 5.6 5.6

Waterbodies, wetlands 2.9 2.9 2.9 2.9 2.9

Others (mines, bare rock and soil) 0.6 0,6 0.6 0.6 0.6

Orchards 1.5 0 1.5 1.5 1.5

Vineyards 2.9 0 2.9 2.9 2.9
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Table 5. Sediment, phosphorus and nitrogen loads and concentrations in total runoff for present state, scenario PNV, and future scenarios.

sediment phosphorus nitrogen

flux concentration flux concentration flux concentration

scenario [t yr-1] [mg l-1] [t yr-1] [mg l-1] [t yr-1] [mg l-1]

present state 77,119 96.25 381 0.48 10,796 13.44

scenario PNV 20,843 26.90 10 0.01 1,907 2.46

scenario cropland 87,486 107.61 392 0.48 11,867 14.60

scenario urban 76,171 94.71 533 0.66 11,484 14.28

scenario cropland + urban 85,908 105.41 547 0.67 12,581 15.44

Figure 7. P concentrations [mg l-1] in total runoff for present state (above) and Scenario PNV (below).
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budgets. Therefore these results have to be regarded as 
potential values. On this basis a scientific approach to 
integrate the modules for the simulation of water and 
nutrient fluxes as well as to show potential impacts of 
land use change by the WebLand approach was tested. 

model was successfully carried out using the observed 
runoff in the Klein River catchment. However, there was 
no or insufficient information available that allows the 
validation procedure for the simulated soil loss rates, 
sediment input rates into surface waters, and nutrient 

Figure 9. Differences map for N concentrations [mg l-1] in total runoff: Present state to scenario “cropland” and “urban”.

Figure 8. Differences map for P concentrations [mg l-1] in total runoff: Present state to Scenario “cropland + urban”.
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The interface allows the user to update the share of land 
use for a selected area and to calculate the impact of land 
use change on sediment, N, and P loss in a live processing 
for a selected scenario. 

According to the developed land use scenarios 
a further increase of the most critical source areas 
“cropland” and “urban area” by 5% will have a strong 
effect on P concentration that will increase by 28% 
compared to the present state. The most important driver 
for P input is the assumption of growing township areas 
and the consequent increase of sewage from the increasing 
number of inhabitants. Nitrogen concentration will have 
an overall increase of 13 % compared to the present 
state. Besides, the effect of changes in the cropland share 
(scenario “cropland”), there will be also a clear impact on 
N by the changes of the urban scenario. On the other hand 
the scenario “PNV” shows that there is a very low nutrient 
background that enhances the necessity to strongly 
protect and preserve the natural vegetation cover where 
ever it is possible.

The simulations conducted are a first step towards 
the realization of an integrated river basin management 
in the study region. The substantial lack of data should be 
reduced in future monitoring strategies by the responsible 
water authorities in order to increase the reliability of the 
data base and in consequence for simulation results. It 
has been shown that the STOFFBILANZ Viewer and the 
tool WebLand might be used as an instrument for land use 
planning. But we recommend a further improvement and 
adaption to other topics and regions. 
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