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Abstract: This paper discusses the hydrological impacts of land use changes on the Olifants Basin
in South Africa using the Soil and Water Assessment Tool (SWAT). A three-phase land use scenario
(2000, 2007 and 2013) employing the “fix-changing” method was used to simulate the hydrology of
the Olifants Basin. Changes in land uses were related to different hydrological responses through
a multi-regression analysis to quantify the effects of land use changes. Results reveal that from
2000 to 2013, a 31.6% decrease in rangeland with concomitant increases in agriculture lands (20.1%),
urban areas (10.5%) and forest (0.7%) led to a 46.97% increase in surface runoff generation. Further,
urbanization was revealed as the strongest contributor to increases in surface runoff generation, water
yield and evapotranspiration (ET). ET was found to be a key water availability determinant as it has a
high negative impact on surface runoff and water yield. Urbanization and agriculture were the most
essential environmental factors influencing water resources of the basin with ET playing a dominant
role. The output of the paper provides a simplistic approach of evaluating the impacts of land use
changes on water resources. The tools and methods used are relevant for policy directions on water
resources planning and adaptation of strategies.
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1. Introduction

Land use and land cover (LULC) is an essential component of the terrestrial ecosystem, influencing
various fundamental characteristics and processes such as the hydrological cycle, geomorphological
processes, land productivity and animal species [1,2]. The undue pressure on land resources in
the wake of providing food, water and shelter for the world population has resulted in recognizable
changes in land cover with its attendant repercussions on hydrological regime alterations and sediment
yield increases in watersheds [3,4]. The Olifants Basin in the north-eastern part of South Africa is
not exempted as far as the ramifications of anthropogenic activities on LULC and water resources
availability are concerned. Generally, studies have shown that changes in catchment hydrology
occur mainly due to alterations in interception, infiltration, evapotranspiration and groundwater
recharge which are linked to LULC changes [3,5]. Assessing the impacts of LULC changes on
hydrology therefore remains an important step in watershed management strategies inclusive of
water resources planning and conservation measures. More so, evaluating the impacts of LULC
on the hydrology of the Olifants Basin is particularly important considering its water stressed
nature [6]. However, quantifying the impacts of LULC on the hydrologic responses of large watersheds
presents a major challenge due to the complex LULC–climate–hydrology nexus [7]. Notwithstanding,
watershed assessment of hydrological responses to LULC changes has reportedly been achieved
through the use of two methods; the paired catchment studies and hydrological modelling [8,9].
Investigations based on the paired catchment studies have the ability to provide direct evidence of
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the land use impacts on runoff. However, the application of the paired catchment method is limited
to small study areas with long time step data. To overcome the limitations of the paired catchment
method, recent studies on the effects of land use changes on hydrology have been carried out using
hydrologic models [10–12]. The use of hydrologic models offers the advantage of spatially mapping
the patterns of hydrological consequences resulting from LULC changes and allows for the comparison
of basinal changes in hydrological components with basinal scale changes in LULC. Numerous studies
have illustrated the significant advantages in the application of hydrologic models such as the Soil
and Water Assessment Tool (SWAT) [5,13–18], Système Hydrologique Européen (MIKE–SHE) [19],
Distributed Hydrology–Soil–Vegetation Model (DHSVM) [20], the Precipitation Runoff Modelling
System (PRMS) [21] and the Soil Conservation Service (SCS) model [22] in assessing the impacts of
LULC on hydrology.

Nie et al. [23] examined the impacts of LULC changes on the hydrology of the upper San Pedro
watershed using the physically distributed hydrologic model; SWAT. The upper San Pedro watershed
originates in Sonora, Mexico and flows north into southeastern Arizona, USA. They concluded that
increases in surface runoff and water yield were due to urban expansion. The changes observed were
spatially mapped to aid in the decision-making processes. Similarly, using the SWAT hydrologic
model, the effects of changes in farmlands and urban areas on streamflow of the Upper Du watershed
in China were investigated and changes were spatially mapped [4]. Hydrologic simulations and
spatial mapping of LULC impacts on hydrology therefore present a useful means of watershed water
resources assessment, leading to the enhancement of policy directives. Ostensibly, quite a number
of studies have been carried out in the Olifants Basin; nonetheless, most of these studies have not
focused on the contributions of individual land use impacts on hydrological components of the basin.
It is imperative that present and future watershed management strategies towards water resources
management be addressed within the broader context of land use changes with a localized emphasis
on how each land use impacts on the various components of the hydrologic cycle.

To this end, the need to have up-to-date information on the impacts of LULC on the hydrology
of the Olifants Basin in order to inform the adaptation of sustainable strategies for water resources
and land-use planning and to safeguard against the effects of anthropogenic activities on ecosystem
functions becomes imperative. Therefore, we present in this work an assessment of the impacts of
LULC changes on the hydrology of the Olifants Basin using a physically based distributed hydrologic
model: SWAT, coupled with multi-regression techniques. Specifically, the study evaluates the impact
of LULC on major hydrological components of the study basin by quantifying the contribution of
changes in individual LULC to the Olifants hydrology.

2. Materials and Methods

2.1. Study Location

The water stressed Olifants Basin located in the north-eastern part of South Africa was used as a
case study. The newly modified Olifants Basin which is in accordance with the National Water Resource
Strategy 2 (NWRS-2) [24] drains a total area of 73.7 × 103 km2 with the Olifants River traversing roughly
770 km before flowing into the Massingire dam in Mozambique. The basin spans between latitudes
22.6◦ S–26.5◦ S and longitudes 28.3◦ E–31.9◦ E. However, this study limits its investigations to the
area extending from the upper Olifants to gauge station B7H015 (Figure 1) which drains an area
of approximately 50,000 km2. The main tributaries of the Olifant are the Wilge, Moses, Elands and
Ga-Selati rivers on the left bank and Klein Olifant, Steelpoort and Blyde rivers on the right bank. On the
right bank, Steelpoort is the largest tributary draining an area of 7136 km2 compared to the Elands on
the left bank with a drainage area of 6148 km2. Generally, the elevation of the basin ranges from 0 m to
2400 m above mean sea level (m a.s.l.). Rainfall is seasonal in the basin, occurring during the months of
October to April with appreciable spatio-temporal variability. The mean annual precipitation (MAP) is
documented by Gyamfi et al. [25] to be 664 mm with peaks in January. Temperatures range from 18 ◦C
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to 34 ◦C in summer and 5 ◦C to 26 ◦C in winter. The basin is characterized by five major soil types
namely; cambic arenosols, chromic luvisols, chromic vertisols, orthic acrisols and rhodic ferralsols [26].
Dominantly, land uses of the Olifants Basin consist of agriculture lands, built up areas and vegetation.
According to McCartney et al. [27], agriculture forms an essential land use type with most activities
centered on commercial and subsistence agriculture. In the northern and eastern sections of the basin
are located small amounts of inland tropical forest with urban and agricultural expansion oriented in
the southern and middle sections.
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Figure 1. Study area within the context of South Africa (a), study extent (b) and weather stations (c).

2.2. Model Selection and Description

The Soil and Water Assessment Tool (SWAT) was selected to assess the impacts of LULCs on
the hydrology of the Olifants Basin. The SWAT model is a continuous, long-term, physically based
distributed model considered one of the most suitable models for the simulation of land use impacts on
water, agricultural pollutants and sediment in large complex watersheds [28,29]. The basic operational
unit of the model is the hydrologic response unit (HRU) which consists of an area of homogenous
land use, management and soil characteristics. The HRUs are nested within sub-basins and hence
simulations are aggregated at the HRUs and then unto the sub-basins. Hydrological components
simulated within the model include surface runoff, evapotranspiration, percolation, lateral flow, return
flow, transmission losses and ponds [29]. SWAT is capable of integrating different spatial data, thus
making it versatile in the area of watershed management and water resources planning in particular.
For further reading on the SWAT model, one is referred to Arnold et al. [29] and online resource at
http://swat-model.tamu.edu/.

2.3. Model Inputs

The input data required to run the SWAT model includes a Digital Elevation Model (DEM),
digital soil data, digital land use and land cover maps, and climate data. The DEM (see Figure 1c)
was a 3 arc second (90 m × 90 m) pixel resolution Shuttle Radar Topography Mission (SRTM) DEM,
downloaded from the Consortium for Spatial Information of the Consultative Group of International
Agricultural Research (CGIAR–CSI). Soil data and information on related soil properties were obtained
from the Food and Agriculture Organization (FAO) soil map [26]. The LULC data for three time

http://swat-model.tamu.edu/
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periods (2000, 2007 and 2013) used in the assessment of the impacts of LULC change on hydrology
was obtained through a supervised land use classification of Landsat 7 Enhanced Thematic Mapper
Plus (ETM+) images. The cloud free images of spatial resolution 30 m were downloaded from the
United States Geological Survey database and are available at http://glovis.usgs.gov/. Table 1
details the attribute of the images for each epoch. The Scan Line Corrector (SLC) off data gaps in
the acquired images were filled using SLC-off corrected data. Following gap filling and radiometric
correction, images were classified into five level 1 classes (Figure 2) using ERDAS Imagine, version 14.0.
The classification scheme developed by Anderson et al. [30] for the interpretation of remote sensor
data was adopted in this study with details presented in Table 2. Climatic data including daily rainfall,
maximum and minimum temperatures at thirteen weather stations were obtained from the South
African Weather Service (SAWS) for the period between 1980 and 2013. Missing data in historical
rainfall and temperature records were interpolated using the method proposed by Di Luzio et al. [31].
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Figure 2. Land use maps for (a) 2000, (b) 2007 and (c) 2013 in the Olifants Basin.

Table 1. Details of Landsat 7 Enhanced Thematic Mapper Plus (ETM+) Images used for classification.

Acquisition Date Path Row Image ID

3 June 2000 169 077 LE71690772000155SGS00
3 June 2000 169 078 LE71690782000155SGS00

23 April 2000 170 077 LE71700772000114SGS01
23 April 2000 170 078 LE71700782000114SGS01
22 May 2007 169 077 LE71690772007142ASN00
23 June 2007 169 078 LE71690782007174ASN00
13 May 2007 170 077 LE71700772007133ASN00

18 September 2007 170 078 LE71700782007261ASN00
7 June 2013 169 077 LE71690772013158ASN00
6 May 2013 169 078 LE71690782013126ASN00
14 June 2013 170 077 LE71700772013165ASN00
14 June 2013 170 078 LE71700782013165ASN00

Table 2. Land cover classification scheme according to Anderson et al. [30].

Land Cover Class Description

Rangeland Herbaceous, shrub and brush and mixed rangeland
Water Lakes, reservoirs, stream

Agricultural lands Crop fields and pastures
Forest Deciduous, evergreen and mixed forest

Urban/Built up Residential, commercial services, industrial, transportation,
communications, mixed urban or built up lands

http://glovis.usgs.gov/
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2.4. Model Calibration and Validation

The model was calibrated (1988–2001) and validated (2002–2013) using monthly stream flow data
from gauge station B7H015. The first 8 years prior to 1988 were used as a warm up period to mitigate
unknown initial conditions. Sensitive parameters to streamflow with their fitted values (Table 3)
were adapted from Gyamfi et al. [32]. The model performance was evaluated using four objective
functions namely; coefficient of determination (R2), Nash–Sutcliffe efficiency (NSE), Root Mean Square
Error (RMSE) observations standard deviation ratio (RSR) and percent bias (PBIAS). Three of the
objective functions (NSE, PBIAS, RSR) for the calibrated and validated SWAT model were compared
to the performance statistics ratings (Table 4) for monthly time steps proposed by Moriasi et al. [33]
to determine the performance of the model. Generally, a model is considered acceptable if the R2 is
greater than 0.5.

1. Coefficient of determination (R2): It measures the proportional variation in the simulated variable
explainable by the observed variable and gives an indication of the linear relationship between
the simulated and observed variables. R2 is calculated as follows:

R2 =

 ∑n
i=1 (Oi − Si)(Si − S)(

∑n
i=1(Oi − O)2

)0.5(
∑n

i=1(Si − S)2
)0.5


2

(1)

2. Nash–Sutcliffe efficiency (NSE): This statistic determines the relative magnitude of the residual
variance compared to the observed data variance. NSE ranges from −∞ to 1, where 1 denotes
perfect agreement between simulated and observed variables. NSE is formulated as:

NSE = 1 −
∑n

i=1

(
Oi − Si

)2

∑n
i=1

(
Oi − O

)2 (2)

3. RMSE observations standard deviation ratio (RSR): RSR standardizes the root mean square error
(RMSE) using the observation standard deviations. It is calculated as:

RSR =
RMSE
STDobs

=

√
∑n

i=1

(
Oi − Si

)2

√
∑n

i=1

(
Oi − O

)2
(3)

4. Percent Bias (PBIAS): PBIAS is a measure of how much (in percentage) the observed variable is
either underestimated or overestimated. It is calculated as shown:

PBIAS =
∑n

i=1(Oi − Si)

∑n
i=1 Oi

× 100% (4)

where Oi is the observed variable, Si is the simulated variable, O is the mean of the observed
variable, S is the mean of the simulated variable, n is the number of observations under
consideration, RMSE is the root mean square error, STDobs is the standard deviation of the
observed variable.



Water 2016, 8, 588 6 of 16

Table 3. Calibrated parameters for stream flow with sensitivity ranking (t-stat).

Parameter Description Range Fitted Value t-Stat
(Absolute Values)

CN2 Runoff curve number 35–98 65 * 37.72
ALPHA_BNK Base flow alpha factor for bank storage 0–1 0.39 6.97

ESCO Soil evaporation compensation factor 0–1 0.67 5.57
SOIL_AWC Soil available water capacity 0–1 0.2 4.13
GW_DELAY Groundwater delay (days) 0–500 345 3.02
GW_REVAP Groundwater “revap” coefficient 0.02–0.2 0.15 2.34

Notes: * Average basin value.

Table 4. General performance ratings for recommended statistics for monthly time step *.

Performance Rating PBIAS (%) RSR NSE

Very good PBIAS < ±10 0.00 ≤ RSR ≤ 0.50 0.75 < NSE ≤ 1.00
Good ±10 ≤ PBIAS < ±15 0.50 ≤ RSR ≤ 0.60 0.65 < NSE ≤ 0.75

Satisfactory ±15 ≤ PBIAS < ±25 0.60 ≤ RSR ≤ 0.70 0.50 < NSE ≤ 0.65
Unsatisfactory PBIAS ≥ ±25 RSR > 0.70 NSE ≤ 0.50

Notes: * PBIAS: Percent bias; RSR: RMSE observation standard deviation ratio; NSE: Nash-Sutcliffe efficiency.

2.5. Model Application

To assess the impacts of LULC on the hydrology of the Olifants Basin, the “fix-changing” method
was used [4,9,34–36]. With this method, the calibrated model was run for each of the land use
maps (2000, 2007 and 2013) from January 1988 to December 2013 whilst keeping constant the DEM,
climatological parameters and soil data. Simulated results were further used to evaluate the impact
of LULCs on hydrological components at the basin and sub-basinal scales. The changes observed in
the hydrological components were mapped out at the sub-basinal scale using ArcGIS 10.2 to aid in
decision making process.

2.6. Statistical Analysis

Evaluation of the impacts of LULC on hydrology was done by first comparing the average
annual basin values for each of the land use scenarios. A bivariate correlation analysis using the
Pearson’s pair-wise correlation matrix was used to establish a relationship between independent
and dependent variables. Independent variables constituted the changes in four LULC classes (i.e.,
agriculture, rangeland, urban and forest) whiles the dependent variables were made of changes
in four hydrological components (i.e., Surface runoff, Evaporation, Water Yield and Lateral flow
variables). Further, the impacts of LULC on hydrologic responses were examined through a stepwise
multi-regression analysis using simulated results for 2000 and 2013 land use scenarios. Initially, a check
for normality with the Shapiro–Wilk (S–W) normality test indicated that the independent samples
were not from a normal distribution population (S–W < 0.96; p < 0.05). As a result, the affected
independent variables were log transformed to achieve a normally distributed population where
necessary. A further check for multicollinearity on the log transformed independent variables proved
the non-existence of collinearity with variance inflation factor (VIF) ranges of 1.72–3.00. Statistical
Package for Social Sciences (SPSS) 20.0 (International Business Machines (IBM), SPSS, Chicago, IL, USA)
was used for the multi-regression analysis and MS excel for graphical output presentation. ArcGIS 10.2
was used in mapping out the spatio-temporal changes observed in the hydrologic responses of the
Olifants Basin to LULC change.
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3. Results and Discussion

3.1. Calibration and Validation of the SWAT Model

The simulated and observed streamflow for the calibration period (January 1988–December 2001)
and the validation period (January 2002–December 2013) are compared in Figure 3. A good match is
revealed between the simulated and observed streamflow. The performance statistics values are shown
in Table 5. From Table 5, NSE and R2 values for both the calibration and validation period are greater
than 0.6, and the PBIAS values are in the range of ±10%, indicating a good model performance [33].
Notwithstanding the satisfactory model performance, SWAT overestimated the observed streamflow
by 11.49% during the calibration period and by 20.69% in the validation period. This is exemplified in
the negative values of PBIAS.
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Figure 3. Observed and simulated monthly streamflow for (a) calibration and (b) validation periods.

Table 5. Monthly time step calibration and validation performance statistics.

Model Stage
Evaluation Statistics *

R2 NSE RSR PBIAS (%)

Calibration (1988–2001) 0.89 0.88 0.34 −11.49
Validation (2002–2013) 0.78 0.67 0.57 −20.69

Notes: * R2: Coefficient of determination; NSE: Nash-Sutcliffe efficiency; RSR: RMSE observation standard
deviation ratio; PBIAS: Percent bias.
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3.2. Land Use Change Detection

LULC observed in the Olifants basin for the period 2000 to 2013 are shown in Figure 4 with
classification accuracies presented in Table 6. The accuracy statistics were estimated from generated
error matrices of the classified images. Evidently, a satisfactory land use classification was achieved
with overall accuracy statistics of 88.28%, 89.45% and 85.16% for 2000, 2007 and 2013 respectively.
The overall accuracy statistics obtained in the classification process are in conformance with the
minimum threshold of 85% suggested by Anderson et al. [30] for land use classification. The kappa
statistics were respectively 77.43%, 83.00% and 78.28% for 2000, 2007 and 2013 classified images which
are also in accordance with acceptable ranges of 61%–99% [37]. From Figure 4, it is apparent that
changes occurred in all land use classes. Nonetheless, most significant changes were observed in three
land use classes, namely urban areas, agricultural lands and rangelands. Urban and agricultural areas
continually increased for all the years under review. Urban area extent of 13.2% in 2000 increased to
22.4% in 2007. Urban areas gradually increased again from 22.4% in 2007 to 23.7% in 2013. Similarly,
from 2000 to 2007, agricultural areas increased from 15.2% to 21.3%. Further expansion in agriculture
lands were observed, increasing from 21.3% in 2007 to 35.3% in 2013. Unlike agriculture and urban
areas, rangeland continually decreased from 69.2% to 52.4% between the period 2000 to 2007. By the
end of 2013, rangeland had decreased from 52.4% in 2007 to 37.6% making it the land use type to
have received the most significant reduction for the period under study. The reduction in rangeland
was mainly due to its conversion into agricultural and urban land uses. This is exemplified in the
southern portion of the basin where rangelands in 2000 had given way to agricultural activities in
2013 (see Figure 2). The urban sprawl is connected with the numerous industrial activities that are
domiciled and much concentrated within the southern and middle portions of the basin [38].
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Figure 4. Land use and land cover dynamics in the Olifants Basin (2000–2013).

Table 6. Summary of Landsat classification accuracies (%) for 2000, 2007 and 2013.

Land Cover Class
2000 2007 2013

Producers’ Users’ Producers’ Users’ Producers’ Users’

Urban/Built up 65.63 80.77 87.50 94.23 84.00 84.00
Rangeland 97.50 89.14 97.69 88.81 89.01 82.65

Water 100.0 100.00 100.00 100.00 100.00 85.71
Agriculture 76.36 87.50 86.27 86.27 88.54 88.54

Forest 71.43 100.00 41.18 87.50 30.77 80.00

Overall accuracy 88.28 89.45 85.16
Kappa 77.43 83.00 78.28
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3.3. Hydrological Responses to Different Land Use Scenarios at the Basinal Scale

The calibrated SWAT models were used to simulate the impact of LULC change on the
hydrological responses of the Olifants Basin considering three different land use scenarios. The average
annual values of four hydrological components (surface runoff, water yield, lateral flow and
groundwater) are shown in Figure 5 and Table 7. It is evident from Figure 5 and Table 7 that the
utmost impact of LULC change was on the amount of runoff generated. This finding is consistent with
Ghaffari et al. [9] in which, among the three hydrologic components studied (streamflow, groundwater
and baseflow), streamflow was the most affected by LULC changes. Compared to the LULC in 2000,
the average annual surface runoff over the basin is 14.00 mm higher in 2007 and 14.52 mm higher
in 2013: an increase of 45.3% and 46.9% respectively. Average water yield in 2000 was 76.00 mm,
increasing to 83.92 mm with LULC in 2007 (increase of 10.4%). However, there was a reduction in
average water yield by 2.7% in 2013. A similar trend as detected in water yield was evident for lateral
flow. The average lateral flow increased from 10.92 mm with LULC in 2000 to 15.18 mm with LULC in
2007 (increase of 39.0%). With LULC of 2013, the average lateral flow reduced by 26.4% from 15.18 mm
to 11.18 mm with LULC of 2007.
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Figure 5. Average annual basin values of surface runoff, water yield, lateral flow and groundwater for
three land use and land cover scenarios in the Olifants Basin.

Table 7. Changes in four hydrological components based on three land use change scenarios.

Hydrologic Component
LULC Scenario

2000 2007 2013

Surface runoff (mm) 30.91 44.91 45.43
Water yield (mm) 76.04 83.92 78.11
Lateral flow (mm) 10.92 15.18 11.18

Groundwater (mm) 34.21 23.84 21.5
Evapotranspiration (mm) 518.40 546.60 531.40

A unique trend of continuous groundwater decline was noticed (Figure 5 and Table 7). From
2000 to 2007, the annual groundwater recharge decreased by 10.37 mm (30.3%). A further decline in
groundwater recharge of 12.71 mm (37.2%) was observed in 2013. A similar decline in groundwater
recharge has been reported by other studies [3,9,39]. The declining trend seen in the average
groundwater recharge can be attributed to increases in surface runoff, less soil infiltration and
higher evapotranspiration. It is also the case that groundwater resources within the basin are
sourced for several activities, including household water use, industrial uses, animal husbandry
and irrigation [40,41]. A resulting effect of these uses of groundwater may account for the continuous
decline in groundwater recharge due to overexploitation of the resource over the years. The reduction
in groundwater recharge as depicted by the model results is indeed consistent with the findings of
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Calow and MacDonald [42] where they asserted that groundwater is a preferred source of water over
surface water due to the high inter-annual variations in precipitation which tend to affect surface water
availability. This is particularly the case in semi-arid environments in Africa and so is the case of the
Olifants Basin [43].

A comparison of the variations in surface runoff under the three LULC change scenarios shows
that the basin is under flashier flow regime influence which results in the conversion of rainfall
to runoff. The increases in surface runoff are linked to the significant changes in watershed cover,
resulting mainly from the conversion of rangeland to urban and agricultural areas (Figure 4) and
consequently causing increases in impervious surface covers [44].

Findings from other studies indicate similar effects of urbanization on stream hydrology through
flashier flow regimes [45–47]. Although surface runoff increased for all the LULC change scenarios,
water yield reduced in 2013 probably due to the reduction in groundwater recharge and lateral
flow. Baker and Miller [3] also found a similar relationship between increases in surface runoff and
proportionate decline in groundwater recharge. In addition to simulating surface runoff, water yield
and groundwater, the SWAT model also gave good predictions of evapotranspiration (ET). ET increased
from 518.4 mm in 2000 to 546.6 mm in 2007 (an increase of 5.4%). Post 2007 saw a decline in ET from
546.6 mm to 531.4 mm in 2013 (decrease of 2.8%). The increases and decline in ET (Table 7) coincide
with increases and decline in forest cover and water (Figure 4) for the same period under consideration.
This is so because trees that make up forest generally have the ability to access soil moisture from
greater depths for transpiration and also have greater canopy cover for interception of precipitation
which eventually culminates into the higher observed ET [4].

3.4. Alterations in Water Balance Ratios

Water balance ratios provide a framework for the assessment of the partitioning of rainfall into
different components based on changes in watershed conditions. Table 8 elucidates the water balance
ratios for the Olifants Basin under three LULC change scenarios. The baseflow index (BFI) simulated
by the model (Table 8) was compared with that obtained using the Web-based Hydrograph Analysis
Tool (WHAT) on observed stream flow. Results from the WHAT analysis indicate that about 33% (0.33)
of observed streamflow is made of baseflow and 67% (0.67) of surface runoff. Simulated results on the
BFI, although not the same as those observed, indicated a closer range of 24%–26% (0.24–0.26) baseflow
component of streamflow with a decline from 2000 to 2013. The decreasing orders of dominance in
rainfall partitioning were evapotranspiration, stream flow, percolation and deep aquifer recharge.
The simulated average annual evapotranspiration accounted for 78%–82% (ratios of 0.78–0.80) of
basin-wide estimated precipitation, thus making evapotranspiration a key determining factor of water
resources availability in the basin. This result is also consistent with the findings of Department of
Water Affairs (DWA) [41] who stated that evapotranspiration in the Olifants Basin is approximately
70%. Schulze et al. [48] also alluded to the high incidence of evapotranspiration, terming it as the
highest water consumer within the basin. Evapotranspiration was highest in the period from October
to May and reached minimum values in July and August. The seasonal trend in evapotranspiration
conforms to the general seasonality in rainfall within the basin.

Table 8. Potential ratios of basin hydrology simulated on three LULC scenarios based on the
hydrological year (October–September).

LULC Scenario
Water Balance Ratios *

B/TF SR/TF SF/P PC/P DR/P ET/P

2000 0.26 0.74 0.07 0.1 0.05 0.78
2007 0.25 0.75 0.09 0.05 0.04 0.82
2013 0.24 0.76 0.09 0.08 0.03 0.80

Notes: * B/TF: Baseflow/Total flow; SR/TF: Surface runoff/Total flow; SF/P: Streamflow/Precipitation; PC/P:
Percolation/Precipitation; DR/P: Deep Recharge/Precipitation; ET/P: Evapotranspiration/Precipitation.
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Groundwater recharge constituted between 3% and 5% (ratios of 0.03–0.05) of basin-wide
mean annual precipitation (MAP). Likewise, DWA [49] reported 3%–6% of MAP as contributions to
groundwater recharge within the basin. The changes observed in the water balance ratios generally
follow the trend of the impact of LULC changes on hydrological components already discussed.

3.5. Contributions of Changes in Individual LULCs on Hydrological Components at the Sub-Basinal Scale

Shown in Figures 6 and 7 are the spatial distribution of changes in four land use types (i.e., urban,
agriculture, forest and rangeland) and four simulated hydrologic components (i.e., surface runoff,
water yield, lateral flow and evapotranspiration) between 2000 and 2013. Urban expansion mainly
occurred in the north-western and south-eastern part of the basin. Expansion in agriculture was
observed to be high in the north-western and southern parts of the basin. The expansions in urban
areas and agriculture were due to the invasion of rangelands. This is confirmed by the negative high
correlation between urban, agriculture and rangelands (Table 9). Increases in forest cover occurred
mainly in the east of the basin. Although rangeland decreased across all the sub-basins, the reduction
was predominant at the north-western section of the basin, buttressing the conversion of this land use
type to urban and agricultural areas.

The most significant increases in hydrologic components of surface runoff and water yield
occurred mainly in the north-western part of the basin, corresponding to a large extent with the spatial
distribution in urban and agricultural expansions. This is explicit in the positive correlation surface
runoff has with urban and agriculture areas (Table 9). Similarly, water yield correlates positively with
urban and agricultural areas. Generally, evapotranspiration (ET) increased across all the sub-basins,
however significant increases were observed in the northern corner, eastern and south-eastern part of
the basin. The spatial distribution of the significant increases in ET somewhat matches fairly with the
areas detected to be covered by forest and agriculture lands. Trees and plants in forest and agriculture
lands take up much water for transpiration and photosynthetic purposes, which may result in increases
in ET. Although major increases in ET occurred in forest and agricultural areas, the correlation analysis
(Table 9) suggests a weak relationship between ET and all the land use types. This suggests that there
is a more complex mechanism that controls changes in ET. ET is a key water availability determinant
in the basin, as it negatively influences surface runoff and water yield (Table 9). Although lateral
flow across sub-basins increased, the increase was marginal. The spatial distribution of lateral flow
demonstrates predominant occurrence in the northern part of the basin, which happens to be the
downstream end. This may possibly be explained by the fact that more runoff from upstream after
fulfilling transmission and storage losses are channeled into lateral flow.

Table 9. Bivariate Pearson correlation for changes in four LULC types and four hydrological
components between 2000 and 2013 a. Bold numbers are for p < 0.05.

SURQ WYLD ET LAT Q FRST URHD AGRL RNGB

SURQ 1.00
WYLD 0.98 1.00
ET −0.99 −0.96 1.00
LAT Q −0.72 0.81 0.65 1.00
FRST 0.09 0.13 0.05 −0.15 1.00
URHD 0.88 0.82 −0.24 0.36 −0.44 1.00
AGRL 0.61 0.54 0.15 −0.31 0.00 0.43 1.00
RNGB −0.15 −0.22 0.08 0.42 0.21 −0.85 −0.83 1.00

Notes: a SURQ: Surface Runoff; WYLD: Water Yield; ET: Evapotranspiration; LAT Q: Lateral Flow; FRST: Forest;
URHD: Urban area; AGRL: Agriculture; RNGB: Rangelands.
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To examine the effects of each land use type on hydrologic response, all four land use types
were regressed stepwise against each of the four hydrologic components (i.e., surface runoff, water
yield, lateral flow and evapotranspiration) and the results are summarized in Table 10. Alterations in
surface runoff were mainly caused by expansions in urban and agriculture areas. Cumulatively, urban
and agricultural expansion explained 61% of the total variance observed in surface runoff. Urban
expansion was found to be the strongest positive contributor to changes in surface runoff with partial
variance of 48%. Comparable to surface runoff, urban and agriculture expansion together explained
75% of the total variance in water yield from 2000 to 2013. Of the two LULC types, urban expansion
exhibited the strongest contribution to changes in water yield with partial variance of 54%. Surface
runoff constitutes approximately 76% of water yield, hence LULC types that influenced surface runoff
generation were to be expected to influence water yield as well. However, the magnitudes of the
influence were different as shown in Table 10. Previous studies found urbanization and agriculture
expansion to have a greater influence on surface runoff [4,23].

Table 10. Responses of four hydrologic components to individual LULC types (predictors), values
represent partial R2 with +/– indicating direction of influence.

Responses
Predictors

R2
Urban Agric Forest Rangeland

Surface runoff 0.48(+) 0.13(+) 0.61
Water yield 0.54(+) 0.13(+) 0.08(−) 0.75
Lateral flow 0.14(+) 0.53(+) 0.67
ET 0.48(+) 0.15(+) 0.63

Notes: Bold numbers are for p < 0.05 for all F tests.

Lateral flow was mostly influenced by agriculture and rangelands with the latter having a greater
influence of 53% of the total variance observed in lateral flow. The cumulative variance in lateral
flow resulting from agriculture and rangelands was 67%. Rangelands, unlike forest cover, have low
transpiration demands, thus causing more water availability compared to increases in forest cover.
Subsequently, lateral flows may be enhanced after transmission losses are satisfied. This explains the
positive effects that rangelands have on lateral flow. A similar explanation holds true for the positive
relation between agriculture lands and lateral flow, comparing the former with forest cover. Changes
in urban and forest cover were identified as the strongest contributor (positive) to the changes in ET
from 2000 to 2013. The positive impact of urbanization and forest cover on ET is expected because
urbanization increases surface runoff thus causing forest cover to abstract more water for transpiration
purposes. Increases in ET from 2000 to 2013 are attributed to the increases in urban and forest covers.

Elsewhere, ET is reported to have reduced by 69% and 81% when forest cover was replaced
with barley and pasture respectively [11]. The reasons ascribed to the reduction in ET were linked
to the shorter vegetation period of barley and pasture compared to forest resulting in less water
uptake for transpiration and eventually culminating in ET reduction. Equally, in the upper San Pedro
watershed in USA, Nie et al. [23] found ET to be less in areas covered by grassland than in areas
covered by shrubs and woodland and attributed the difference to the relatively low transpiration
demands of grassland compared to shrubs and woodland. These findings suggest that ET is less
in areas with low plants transpiration demands and vice versa. An implication of alterations in
hydrological responses, especially in surface runoff generation, is felt on sediment yield dynamics as
reported by Gyamfi et al. [50].

4. Conclusions

This paper investigated the hydrological responses of a semi-arid watershed to current land cover
dynamics for the period from 2000 to 2013. The study quantified the magnitude and direction of
variations in major hydrological components resulting from land use and land cover (LULC) changes
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by coupling hydrologic simulations in SWAT with a multi-regression analysis. The SWAT model
demonstrated versatility in modelling the effects of LULC changes on watershed hydrology with
satisfactory accuracy. Urbanization and agriculture expansion were dominant land use types and
subsequently the highest contributors to the hydrodynamics of the study basin. A 31.6% decrease
in rangeland with concomitant increases in agriculture lands (20.1%), urban areas (10.5%) and forest
(0.7%) led to a 46.97% increase in surface runoff generation. Further analyses indicate urbanization as
the strongest contributor to increases in surface runoff generation, water yield and evapotranspiration
(ET). ET was found to be a key water availability determinant as it has a high negative impact on
surface runoff and water yield. Increases in ET were linked to expansions in forest and urban areas.
Urbanization and agriculture are considered as the most essential environmental factors influencing
water resources of the basin with ET playing a major role. The output of the paper indicates the
usefulness of SWAT as a decision support tool (DST) in evaluating the impacts of land use changes on
water resources. It again emphasizes the need for the use of simplistic assessment methods and tools
in investigating the impacts of dynamic environmental factors on water resources in order to aid in the
adaptation of more pragmatic and sustainable water resources strategies.
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