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Abstract 

An assessment study on the impact of land use change through afforestation on catchment water balance was 
carried out in one of the semi-arid quaternary catchments (C52A) of the Modder River Basin located in the central 
region of South Africa. The study used ArcGIS and the Soil and Water Assessment Tool (SWAT) to create scenarios of 
forest cover areas and to simulate the water balance of C52A, respectively. Climatic data from 1993 to 2020 were used 
to simulate the catchment water balance. The climatic data from 2011 to 2020 were generated using SWAT weather 
generator while the rest was obtained from South Africa Weather Service at three weather stations located within 
C52A catchment. In the C52A quaternary catchment it was envisaged to increase forest cover by considering affor-
estation on pastureland that is found on slopes > 8% and > 3% which created two forest scenarios. The baseline land 
use [Land use 2000 (LU2000)] which is taken as the base scenario in this study has about 84% of the catchment area 
covered with pasture. The two forest scenarios created were: forest scenario1 (FRSE1), i.e. conversion of pastureland 
on slope > 8% to forest, and forest scenario2 (FRSE2), i.e. conversion of pastureland on slope > 3% to forest. The type 
of forest considered in these scenarios is an evergreen tree, acronym as FRSE by SWAT land use classification. The 
conversion increased forest cover by 8.3% and 30.5% on FRSE1 and FRSE2, respectively. The result of the water bal-
ance of the catchment based on the land use scenarios were compared with the baseline land use scenario (LU2000). 
The result obtained showed that FRSE1 produced a non-significant change both on the mean monthly surface runoff 
and water yield compared to LU2000. On the other hand, FRSE2 showed 30% decrease on the mean monthly surface 
runoff, but increased the mean monthly lateral flow and base flow by 110% and 254%, respectively compared to the 
LU2000. Thus, in the overall water balance, the mean monthly water yield of the catchment increased by 171% on 
FRSE2 compared to the LU2000. Although there are considerable number of research reports on the negative effect 
of forest on catchment water yield, this study showed a significant water yield increase when approximately 30% of 
the C52A catchment area, which lay on slopes > 3% and covered by grass, was converted to evergreen forest land. The 
result showed that having a forest cover on a suitable slope range can bring about a positive effect on the total water 
yield of a catchment. Therefore, this finding is important for catchment management stakeholders and policy-makers 
when devising land use and water resources management strategies in a catchment.
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Introduction
A recent shift in paradigm regarding land use change elu-
cidates that land use change emerges as a result of inter-
action between the environment, the biophysical factors 
and the socio-economic drivers in an environment 
(Woyessa et al. 2008). The interactions are considered so 
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complex and differ from place to place. The interactions 
are also being taken as the main drivers for an emergent 
land use change which may affect the sustainable water 
resource of an environment or ecosystem.

In a catchment, the natural resource in general and the 
water resource in particular can be affected by change 
in biophysical factors such as climate, land use/vegeta-
tion as well as socio-economic factors such as popula-
tion, income, etc. In most cases, the change in land use 
cover can happen due to the decision made by farmers/
farm managers (Couclelis 1986) which is the result of the 
reflection of the interactions between actors and socio-
economic factors within the environment.

As bare land increases surface runoff, most schol-
ars reported that afforestation decreases stream flow of 
a catchment). For instance, Guzha et  al (2018)  reported 
that increasing forest cover could result in a reduction of 
annual flow by up to 15% and annual surface runoff by up 
to 30%. Many researchers also reported that forest cover 
can intercept significant amount of a rainfall (e.g., Huber 
and Irouné 2001), which enhances high evaporation loss 
from the forest canopy leading to a corresponding reduc-
tion of the magnitude of peak flow during floods as well 
as peak flows during summer season.

Studies elsewhere, however, reported contradictory 
results on the effect of afforestation on the different com-
ponents of catchment stream flow. For instance, Pizarro 
et  al. (2006) studied runoff coefficients and their rela-
tion to vegetation cover and water yield in Purapel River 
basin, as influenced by land use for four decades since 
1960s. The study concluded that there were no differ-
ences in runoff coefficients with the change of vegetation 
cover but rather due to increased amount of rainfall.

Liu (2004) studied the effect of forest cover in relation 
to total runoff, surface runoff, and base flow from 13 dif-
ferent watersheds whose area varied from 4.37 to 25,167 
km2 with different forest covers in Submontane catch-
ments of the Loess Plateau. The study found that the total 
runoff and surface runoff decreased, while groundwater 
flow increased with the increasing forest cover. A catch-
ment  experimental  study by Bosch and Hewlett (1982) 
revealed  that Pine and eucalypt forest types caused on 
average 40 mm change in water yield per 10 mm change 
in cover.    

Smith and Scott (1992) studied the effect of affores-
tation on low flows in various regions of South Africa 
and found that the dry season flow was lower from for-
ested watersheds than from natural grassland. Bonell 
and Balek (1993) and Sandström (1995) suggested an 
increased trend in base flow following afforestation in 
some semi-arid and humid regions. The impact of Pinus 
patula afforestation on the water yield was studied in the 
Andean highlands of Ecuador and the results indicated 

that afforestation with Pinus patula reduces the water 
yield by about 50%, or an average of 242 mm year (Buy-
taert et  al. 2007).  Some studies have modelled the rela-
tionship between evapotranspiration and rainfall  with 
a view to determine the impact of change in land cover 
on catchment water balance considering the established 
fact  that forest increases catchment evapotranspiration 
compared to grassland catchments (Zhang et al. 1999). 

Farley et al. (2005) concluded that afforestation reduces 
both dry and wet season flow. While the absolute flow 
reduction is largest during the wet season, the dry season 
experiences a larger proportional reduction, which may 
have important consequences for downstream water sup-
ply. Though inconclusive results were reported elsewhere 
on the impact of afforestation, several  studies in South 
Africa have indicated that forest plantations established 
in former natural forests, grasslands, or shrub land areas 
consume more water than the baseline vegetation, reduc-
ing water yield (stream flow)  (Albaugh et  al. 2013;  Dye 
and Versfeld 2007; Gush 2006; Scott and Lesch 1997; 
Scott and Smith 1997; Smith and Scott 1992).  Some of 
these studies have  looked at ways of improving water 
use efficiency by forest plantations in order to minimize 
its negative impact on water resources availability. 

This paper analyses the influence of afforestation on 
stream flow and water balance of a quaternary catchment 
C52A as simulated and predicted by SWAT hydrological 
model up to the year 2020. In addition, the applied meth-
odology seeks to answer the question of ‘what if ’ scenar-
ios. For instance, what would be the water balance of the 
catchment if the percentage of forest cover area changes 
to different magnitudes while other biophysical circum-
stances remain the same (climate, precipitation, soil type 
and land features). The SWAT hydrological  model, which 
was used for this study, is a basin-scale comprehensive 
hydrological model. It is widely used around the world. It 
was successfully used to simulate the impact of land use 
change on basin stream flow/water yield both for gauged 
and un-gauged catchments in South Africa (Welderufael 
et al. 2013; Tetsoane 2014).

Materials and methods
Study area
The study was conducted in the Central Region of South 
Africa, in one of the quaternary catchments (C52A in 
Fig. 1) in the Modder River Basin. The land use map of 
South Africa which was produced during the year 2000 
shows the dominance of grass land in the catchment 
C52A, covering about 84% of the land cover. The study 
catchment has an area of 927.6 km2 and is dominated 
by land type Dc17 (90%) and Valsrivier soil forms. The 
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annual average rainfall is about 537  mm. The Modder 
River also originates in this quaternary catchment.

Input data for SWAT​
The SWAT hydrological model requires the following 
major inputs for setup and running:

•	 Land use map in shape or raster format.
•	 Digital elevation model (DEM) in raster format.
•	 Daily weather data (precipitation, temperature, radia-

tion, humidity, wind speed, etc.).
•	 Soil map in shape file and soil physico-chemical 

properties.
•	 Geographic coordinates of the catchment outlet.

SWAT needs land use input data in shape file format 
or raster format which should be processed from Land-
sat images. The processed land use map in shape file data 
for the year 2000 was obtained from the Institute for Soil, 
Climate and Water (ISCW) of the Agricultural Research 
Council (ARC) of South Africa.

The DEM for the Modder River Basin (C52) was 
obtained from ISCW at a resolution of 90  m by 90  m. 

Rainfall data at three weather stations in the study basin 
for the period of 1993–2007 were obtained from South 
African Weather Service (SAWS). Temperature and pre-
cipitation data for the same length of period were also 
obtained from SAWS for three nearby stations. Other 
climatic data were generated by SWAT through the 
embedded WXGEN weather generator model (Sharpley 
and Williams 1990). Statistical parameters used in the 
weather-generating module were calculated using the 
50-year climatic data of C52A catchment (1951–1999) 
which were obtained from Atlas South Africa. Rainfall 
from the three stations was spatially distributed to the 
catchment sub-basins by SWAT. SWAT uses skewed nor-
mal distribution method to calculate rainfall amounts in 
each sub-basin. In addition to the recorded climatic data, 
additional climatic data up to the year 2020 were simu-
lated by SWAT weather generator in order to simulate 
the trend of the stream water yield of C52A up to 2020.

Soil map of the catchment (C52A) was obtained from 
ISCW in shape file format. The soil is covered by land 
type Dc17 (90%) and Db89 (8%). Both land types are 
dominated by Valsrivier soil forms (Soil Classification 
Working Group 1991). Therefore, the whole area of C52A 

Fig. 1  The study site
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catchment was considered as Valsrivier series for this 
study.

For this study, land use map of the year 2000 was used 
as a benchmark/baseline against which two forest land 
use scenarios were compared. The first parameterisa-
tion was done based on the land use data of 2000. SWAT 
model uses 27 parameters, all of which but soil param-
eters were derived internally by the model during the 
data input, boundary delineation, sub-basin formation 
and hydrological response unit (HRU) creation pro-
cesses (Arnold et  al. 1998). Three slope classes (0–3%, 
3–8% and > 8%) were considered during superimposing 
of land use, soil and slope maps to define different HRUs. 
The three slope-class map generated by SWAT was used 
as one criterion for creating the different land use/forest 
scenarios. Sensitivity and calibration analysis for parame-
ters used in the model are carried out using SWAT statis-
tical module and this was done in a previous study for the 
same quaternary catchment of C52A (Welderufael et al. 
2013). Calibration was carried out on the most sensitive 
input parameters of the model, such as curve number, 
soil available water capacity, threshold depth of water in 
the shallow aquifer, etc. There were 13 sensitive parame-
ters in total. In this calibration process, Nash and Sutcliffe 
efficiency (0.57) together with the coefficient of determi-
nation (R2 = 0.68), agreement index (D-Index = 0.86), and 
residual mean square error (RMSE = 0.87) were used as 
measure of efficiency, all of which are found to be satis-
factory (Welderufael et al. 2013).

Forest cover scenario creation
Two forest cover scenarios, from now on referred to as 
FRSE1 and FRSE2, were created based on the original 
land use map of C52A for the year 2000. The two forest 
scenarios were created using ArcGIS 10.1 according to 
the method used by Welderufael et al. (2011). They were 
created by considering possible future land use changes. 
Thus, to create the forest scenarios the following two fea-
tures were considered:

a.	 Slope range (> 3% and > 8%).
b.	 Land use type pasture.

Therefore, land use of 2000 (LU2000) was taken as the 
base scenario. The two forest scenarios created, based on 
LU2000, are as follows:

•	 Forest scenario one (FRSE1) was created by conver-
sion of pastureland on slope > 8% to forest.

•	 Forest scenario two (FRSE2) was created by conver-
sion of pastureland on slope > 3% to forest.

The first scenario (FRSE1) increased the forest covered 
land area of the catchment from 0.2 to 8.5% while FRSE2 
increased the forest covered land to 39% (Fig. 2). Table 1 
also presents the distribution of the different land uses 
for each scenario across the three slope ranges (0–3%, 
3–8% and > 8%).

Once the three scenarios were created, SWAT was 
setup using land use data of 2000 (LU2000) and the 
inputs such as soil, climate, and DEM data. During the 
setup process, 12 sub-basins and 34 HRUs were pro-
duced by limiting the threshold area of the sub-basin to 
3000 hectares. Then after, by keeping all common input 
data and parameterisation the same, the water balances 
of the catchment on monthly and yearly basis were simu-
lated for each land use scenario. Comparison and analysis 
of the scenarios of water balances were conducted using 
suitable statistical methods.

Results and discussion
Land use change
Table  1 shows that grassland (pasture) is the dominant 
land use feature on the baseline scenario (LU 2000) in 
all the three slope ranges, namely 0–3%, 3–8% and > 8% 
and comprises 80.2, 88.8 and 91.4% of the total area of 
the C52A quaternary catchment, respectively. Under 
the LU2000 scenario, agricultural landuse is the second 
highest land cover with total area coverage of 7.8%. Most 
of the agricultural fields are found on the flatter area of 
the catchment (0–8% slope). Under the FRSE1 scenario, 
the land use distribution remains the same as in LU2000 
scenario on the two slope ranges, 0–3% and 3–8%. On 
slope > 8%, the pastureland under FRSE1 scenario was 
reduced from 91.4% to zero and the forest increased from 
0.14 to 91.6%. Thus, under FRSE1 scenario the catch-
ment’s overall landuse distribution has changed from that 
of LU2000 in a such way that forest cover land increased 
from 0.24% to 7.8% while pastureland reduced from 
84.1 to 75.9% (Fig.  2 and Table  1). The FRSE2 scenario, 
has similar landuse distribution with that of LU2000 
and FRSE1 scenarios on the slope range of 0–3% only 
(Table  1). Under the FRSE2 scenario, pastureland on 
slopes of 0–3% and > 8% was reduced to zero from 88.8% 
and 91.4%, respectively, compared to that of LU2000. On 
the other hand, forest cover area under FRSE2 scenario 
increased from 0.13% to 88.9% and from 0.14 to 91.6% 
on the slope ranges of 3–8% and > 8%, respectively, com-
pared to LU2000. Overall, under FRSE2 scenario, pasture 
area was reduced from 84.1 to 45.4% while forest cover 
increased from 0.24 to 39.0% when compared to LU 2000 
scenario (Fig. 2 and Table 1).
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Fig. 2  Map representation of the two forest scenarios (FRSE1 and FRSE2) and slope range
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Water balances
The water balances of the quaternary catchment C52A, 
based on the baseline scenario (LU2000), and the two 
forest scenarios (FRSE1 and FRSE2), were simulated 
using the climatic data recorded up to the year 2007 and 
simulated by SWAT from 2007 to 2020. The water yield 
and the components of the water balance of the two for-
est scenarios were then compared against each other 
and with the baseline scenario (LU2000). Figures  3 and 
4 show the simulated monthly and annual mean surface 
water (SURQ) component of the stream flow or the water 
yield (WYQ) of the C52A at the catchment outlet.

The results showed that FRSE1 produced a non-sig-
nificant change both on the mean monthly and mean 
annual  surface runoff and water yield compared to 
LU2000 (Figs.  3, 5, 6, 7). On the other hand, FRSE2 
showed 30% decrease on the mean monthly surface run-
off but increased the mean monthly lateral flow and base 
flow by 110% and 254%, respectively, compared to the 
LU2000. Overall, the mean monthly water yield of the 
catchment has increased by 171% on FRSE2 compared 
to the LU2000. Although there are considerable number 
of research reports indicating the negative effect of for-
est on catchment total water yield, this study showed a 

Table 1  Land use distributions of the three scenarios across the slopes

Slope range (%) Land use Baseline PAST > 8% to FRSE PAST > 3% to FRSE

RLU2000 FRSE1 FRSE2

Area (ha) % Area (m2) % Area (m2) %

0–3 Agriculture 5823.1 11.11 58,231,422.2 11.11 58,231,422.2 11.11

Forest 165.8 0.32 1,657,933.9 0.32 1,657,933.9 0.32

Pasture 42,008.7 80.16 420,087,355.8 80.16 420,087,355.8 80.16

Rangeland 2295.5 4.38 22,954,994.6 4.38 22,954,994.6 4.38

Urban 413.8 0.79 4,137,642.2 0.79 4,137,642.2 0.79

Water 697.1 1.33 6,971,039.5 1.33 6,971,039.5 1.33

Wetland 1001.8 1.91 10,018,378.6 1.91 10,018,378.6 1.91

Total 52,405.8 100.00 524,058,766.8 100.00 524,058,766.8 100.00

3–8 Agriculture 1358.2 4.27 13,581,694.3 4.27 13,581,694.3 4.27

Forest 42.4 0.13 424,412.5 0.13 282,779,720.8 88.91

Pasture 28,235.5 88.78 282,355,308.3 88.78 0.0 0.00

Rangeland 1358.8 4.27 13,588,292.2 4.27 13,588,292.2 4.27

Urban 142.9 0.45 1,428,801.1 0.45 1,428,801.1 0.45

Water 340.4 1.07 3,404,301.5 1.07 3,404,301.5 1.07

Wetland 326.8 1.03 3,267,587.0 1.03 3,267,587.0 1.03

Total 31,805.0 100.00 318,050,396.9 100.00 318,050,396.9 100.00

> 8 Agriculture 46.7 0.56 467,248.7 0.56 467,248.7 0.56

Forest 11.8 0.14 76,423,017.3 91.56 76,423,017.3 91.56

Pasture 7630.5 91.42 0.0 0.00 0.0 0.00

Rangeland 524.9 6.29 5,248,974.9 6.29 5,248,974.9 6.29

Urban 49.2 0.59 492,500.5 0.59 492,500.5 0.59

Water 14.7 0.18 146,910.5 0.18 146,910.5 0.18

Wetland 68.6 0.82 685,933.2 0.82 685,933.2 0.82

Total 8346.4 100.00 83,464,585.1 100.00 83,464,585.1 100.00

Total catchment Agriculture 7228.0 7.81 72,280,365.2 7.81 72,280,365.2 7.81

Forest 220.0 0.24 78,505,363.7 8.48 360,860,672.0 38.99

Pasture 77,874.7 84.14 702,442,664.1 75.89 420,087,355.8 45.39

Rangeland 4179.2 4.51 41,792,261.7 4.51 41,792,261.7 4.51

Urban 605.9 0.65 6,058,943.8 0.65 6,058,943.8 0.65

Water 1052.2 1.14 10,522,251.5 1.14 10,522,251.5 1.14

Wetland 1397.2 1.51 13,971,898.8 1.51 13,971,898.8 1.51

Catchment Total 92,557.2 100.00 925,573,748.8 100.00 925,573,748.8 100.00
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significant water yield increase when approximately 33% 
of the C52A catchment area on slopes > 3% was converted 
from pastureland to evergreen forest land. This finding 
shows the dynamic relationship between topographi-
cal features of a catchment and the land cover issue and 

challenges the conventional generalisation which assumes 
that all forest cover reduces streamflow. This result is 
also important for catchment management stakehold-
ers and policy-makers when devising land use and water 
resources management strategies in a catchment.   
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Fig. 6  Annual mean surface water under the two scenarios up to 2020



Page 9 of 10Woyessa and Welderufael ﻿Geoscience Letters            (2021) 8:34 	

Conclusion
This study focused on evaluating the possible effect of 
land use change through afforestation on water resources 
by creating likely scenarios whereby land covered by pas-
ture on a certain slope range are converted to forest in a 
quaternary catchment located in the semi-arid region of 
central South Africa. Two scenarios were created, namely 
Forest scenario one (FRSE1): conversion of pastureland 
on slope > 8% to forest; forest scenario two (FRSE2): con-
version of pastureland on slope > 3% to forest. The results 
showed that FRSE1 produced a non-significant change 
both on the mean monthly surface runoff and water yield 
compared to LU2000. On the other hand, FRSE2 showed 
a 30% decrease on the mean monthly surface runoff but 
increased the mean monthly lateral flow and base flow by 
110% and 254%, respectively, compared to the LU2000, 
indicating positive contribution of forest cover to the 
total water yield. In spite of reports indicating the nega-
tive effect of forest cover on total catchment water yield, 
this study showed a significant water yield increase when 
approximately 33% of the C52A catchment area, which 
lies on slopes > 3% and covered by grass, was converted 
to evergreen forest land. The result showed that a proper 
combination of forest cover and a suitable slope range 
can bring about a positive effect on the total water yield 

of a catchment. This result will contribute positively to 
the debate and conversation  between  stakeholders and 
policy-makers regarding land use and water resources 
management strategies in the catchment.
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