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Abstract

Intensification of agricultural land use and population growth from
1990-2017 has caused changes in land cover and land use of the Mbarali River
sub-catchment which is located in the Upper Great Ruaha Sub basin, Tanza-
nia. This has affected the magnitude of the surface runoff, total water yield
and the groundwater flow. This study assesses the impacts of the land cover
and land use changes on the stream flows and hydrological water balance
components (surface runoft, water yield, percolation and actual evapotrans-
piration). The land use and land cover (LULC) maps for three window period
snapshots, 1990, 2006 and 2017 were created from Landsat TM and
OLI_TIRS with the help of QGIS version 2.6. Supervised classification was
used to generate LULC maps using the Maximum Likelihood Algorithm and
Kappa statistics for assessment of accuracy. SWAT was set up and run to si-
mulate stream flows and hydrological water balance components. The as-
sessment of the impacts of land use and land cover changes on stream flows
and hydrological water balance component was performed by comparing hy-
drological parameters simulated by SWAT using land use scenarios of 2006
and 2017 against the baseline land use scenario of 1990. Accuracy of LULC
classification was good with Kappa statistics ranging between 0.9 and 0.99.
There was a drastic increase in areal coverage of cultivated land, for periods
1990-2006 (5.84%) and 2006-2017 (12.05%) compared to other LULC. Dur-
ing 2006 and 2017 surface runoff increased by 4% and 9% respectively; how-
ever, water yield increased by only 0.5% compared to 1990 baseline period.
This was attributed to increased proportion of cultivated land in the
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sub-catchment which has a high curve number (59.60) that indicates a higher
runoff response and low infiltration rate.

Keywords

Geographic Information System (GIS), Mbarali River Sub-Catchment, Land
Use and Cover Change, Soil and Water Assessment Tool (SWAT), Water
Balance, Stream Flow

1. Introduction

Many studies in African countries have revealed a decline in availability of water
and agricultural productivity within catchments [1]. This decline is partly caused
by changes in land use and land cover [2]. Land use and land cover are key va-
riables in managing most of the hydrological models for large and even smaller
river catchments. A study conducted by [3] revealed that land use and land cover
changes (e.g., change of forestland to agricultural land or built area) have a se-
rious effect on the rate of surface runoff, groundwater recharge, erosion and se-
diment transport. Since land use change has a significant and profound effect on
water quality and quantity, there is an urgent need to understand the interaction
between land use change, hydrology and water resources management [4] [5].
Several studies [6] [7] have discovered that deforestation or afforestation can
cause decrease or increase in total water yield. This has been detected in catch-
ments with wide-ranging area spreading from a smaller than 1 km* to more than
1000 km? [8].

Tanzania, like other countries, has been experiencing frequent alteration of
land use as a result of several factors such as population growth, climatic varia-
bility, and national policies. In previous years, land cover and land use changes
induced by human population pressure and rainfall variability have adversely
affected the condition of water resources in the Great Ruaha Sub-catchment of
the Rufiji Basin [9]. A study by [10] discovered that land modifications in the
Upper Great Ruaha resulted in decreased base flows, high peak stream flows, in-
creased width of river channel, and sediment accumulation along the riverbed.
This study used remote sensing as the only technique to investigate the hydro-
logical impacts of land use and land cover changes on flow regimes of the Great
Ruaha River. The study was unable to integrate hydrological model and land use
land cover changes detection technique to evaluate the impacts of land use and
land cover changes on the hydrology and water balance of the catchment. The
present study sought to integrate quantum geographical information system
(QGIS), semi-distributed soil and water assessment tool (SWAT) model to
quantify the extent and impacts of land use and land cover changes on river flow
in the Mbarali River sub-catchment between 1990 and 2017.

Mbarali River sub-catchment experiences rapid population growth, with an

annual growth rate of 3.1% compared to the national annual growth rate of 2.7%
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[11]. This has resulted into the expansion of built-up area and agricultural land.
Consequently, it has impacted the water balance of the river sub-catchment by
changing the magnitude and pattern of the components of stream flow such as
surface runoff and ground water flow, resulting into increased extent of water
management problems. Regardless of what is so far known about threats on
Mbarali River Sub-catchment, little effort has been made to understand the ef-
fects of land use and land cover changes on hydrology and water balance in the
river sub-catchment. This calls for the need to understand the extent to which
alterations of the land use and land cover have impacted on water availability in
this river sub-catchment. Assessing the impact of land use and land cover
changes on hydrology is very important for current and future management of

Mbarali River Sub-catchment and other catchments in Tanzania.

2. Material and Method
2.1. Description of the Study Area

The Mbarali river sub-catchment (Figure 1) is located between latitude 7°S and

9°S and between longitude 33.8°E and 35°E in the upper Great Ruaha sub basin
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Figure 1. Map of the study area.
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of the Rufiji basin in the southern highlands of Tanzania. The population of
Mbarali depends mainly on subsistence agriculture and livestock keeping for li-
velihoods. The River catchment has a total area of 1530 sq km, of which 321,500
ha are arable land that have potential for agriculture production and currently
187,600 ha have been developed (NBS, 2012). Paddy production becomes the
main food/cash crop which makes Mbarali to become one of the main paddy
producers and exporters in Tanzania and neighboring countries. Other crops
which are also grown include maize, sweat potatoes, sorghum, sunflower,
onions, cassava, beans, groundnuts and vegetables (Mbarali District Profile
2016). Apart from rain fed agriculture the river catchment also undertakes agri-
culture irrigation farming and paddy being the main crop cultivated at large
scale under irrigation. The district has the total of 44,000 (Ha) cultivated under
irrigation which is equivalent to 13.7% of the total arable land potential for
agriculture. The sub-catchment is at an altitude ranging from 1000 to 1800 me-
ters above sea level, and its average temperature ranges between 25°C and 30°C,

while its mean annual rainfall is about 450 to 650 mm.

2.2. Method

Data collected and used in this study included spatial data, hydrological data and
meteorological data. Spatial data include satellite images and 30 m resolution
digital elevation model (DEM) downloaded from USGS-GLOVIS [12] and
NASA reverb [13] respectively. Meteorological data comprised rainfall, relative
humidity, solar radiation and wind speed. The minimum and maximum tem-
perature data were obtained from Tanzania Meteorological Agency and Rufiji
Basin Water Office, Iringa. River discharge data for the year 1990-2010 were
used in this study and obtained from Igawa maji gauging station (IKA11A).

2.2.1. Data Analysis

The land cover change detection analysis was conducted to assess and quantify
spatial and temporal changes in land use and land cover in Mbarali sub-catchment.
Appropriate satellite imagery acquisition was done with a higher consideration
of cloud cover, the seasonality and phenological effects [14]. Clouds free satellite
images with less than 10% clouds cover were selected for this study.

To ensure accurate identification of temporal changes and geometric compa-
tibility with other sources of information, images were pre-processed whereby
geo-correction was conducted to rectify precisely matching of images (refer Ta-
ble 2). Band stacking and Images enhancement was performed using different
color composite band combination and its contrast was stretched from mini-
mum to maximum to reinforce the visual interpretability of images. Images were
registered to the UTM map coordinate system, Zone 36 South, Datum Arc 1960.
Image Mosaic was conducted to merge together images of the same year with
same path and different row (refer Table 1) so as to create a single image that
covers the entire catchment. Supervised image classification using Maximum

Likelihood Classifier (MLC) was conducted to create a base map.
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Table 1. Satellite imagery data.

Year Spacecraft Sensor_ID Path/Row A‘E‘g}iﬁgil;;te Cki’l::(d%)
Landsat 5 TM (SAM) 168/66 11/07/90 1
190 Landsat 5 TM (SAM) 169/66 10/06/90 1
Landsat 5 TM (BUMPER) 168/66 09/06/05 5
2006 Landsat 5 TM (BUMPER) 169/66 09/16/06 1
2017 Landsat 8 OLI_TIRS 168/66 22/10/2016 1.59

Ground truthing data were used to formulate and confirm different cover
classes existing in the study area (refer Table 2). Training sites were identified by
inspecting an enhanced color composite imagery. Areas with similar spectral
characteristics were trained and classified. Supervised classification by using
Semi-automatic Classification Plug in (SCP) available in QGIS version 2.2 was
conducted and a maximum of seven dissimilar land cover classes were identified
(refer Table 2).

2.2.2. Image Classification and Accuracy Assessment
User accuracy, producer’s accuracy and Kappa coefficient statistics (K) was used

to assess the accuracy of final image classification

= NZ::I Yi _Z::l(x” X ‘x+i)
N2 - z::l (xi+ x x+[)

where Nis the total number of sites in the matrix, ris the number of rows in the

K

(1)

matrix, x;;is the number in row 7and column j x,,is the total for row j and x,, is
the total for column.

Post classification comparison was used to quantify the extent of land cover
changes over the period 1990, 2006 and 2017. Post classification comparison
bypass the difficulties associated with the analysis of the images that are acquired
at different times of the year, or by different sensors and results of high change
detection accuracy [15]. The estimation of the rate of change for the different

land covers was computed based on the following formulas [10].

Area, .  —Area, .

% Cover change = — e 2100 (2)

Zi:1 Areai year x

Area, — Area,

Annual rate of change = haki Lyearxt] (3)

tyears

Areai yearx Areai year x+1
% Annual rate of change = %100 (4)
Areai year x x tyears

Area is the area of cover 7at the first date,
Area[ year x+1

D Area, . isthe total cover area at the first date,

i year x

is the area of cover 7at the second date,

Lears i the period in years between the first and second scene acquisition dates.
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Table 2. Land use/cover classification scheme.

Land cover class Description

Land covered with naturally regenerated native tree species

Forest with no clearly visible indications of human activities
Wetland Land area that is saturated with water either permanent or seasonally
Woodland Area of land c‘overed lo‘w (‘1€nsity trees forming open habitat with
plenty of sunlight and limited shade

Grassland Land area dominated by grasses
Bushland Area dominated with bushes and shrubs

Cultivated land Farm with crops and harvested cropland

Built up area Man-made infrastructure (roads and buildings) and settlement

2.3. Hydrological Model

The study used the Soil and Water Assessment Tool (SWAT) model to simulate
the effects of land use and land cover changes on stream flow. The calibrated
SWAT model was run with the input data including digital elevation model
(DEM), soil data, land use data, rainfall, and stream flow. The following steps
were conducted during SWAT model set up. The first step was to delineate the
sub-catchment by splitting the catchment into sub-basins according to the ter-
rain model and river channels. QSWAT 2012, a QGIS interface, was used to de-
lineate the sub-catchment. HRUs were generated based on user-defined thre-
shold percentages [16]. Before defining the HRUs, the land use data were reclas-
sified to match with the SWAT land use classification. Land use and soil data
were required in SWAT model to determine the area and the hydrologic para-
meters of each land-soil categories simulated within each sub-catchment. Input
data (climatic data) were prepared, edited and saved into delimited format so
that they can be read in SWAT.

2.3.1. Sensitivity and Uncertainty Analysis

To understand how closely the model simulates the hydrological processes
within a sub-catchment, it is critical to examine the influence of different para-
meters. Sensitivity analysis is the computation of the most sensitive parameters
for a given sub-catchment. In this study a sensitivity analysis using the Sequen-
tial Uncertainty Fitting (SUFI-2) within the SWAT-CUP model [17] was used.
The advantage of using SWAT-CUP relies on the possibility of using different
kinds of parameters including those responsible for surface runoff, water quality
parameters, crop, parameters, crop rotation and management parameters, and

weather generator parameters [16].

2.3.2. Most Sensitive Parameters and Their Fitted Values

SWAT CUP 2012 software was used for SWAT model sensitivity analysis, cali-
bration and validation. This software has been applied in a number of studies
and is gaining popularity worldwide. Its advantageous features are a us-
er-friendly interface, linkage with the QSWAT model run results, simplicity re-
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garding execution, and semi-automated process for the selection of best basin
parameter ranges. Before calibration, a sensitivity analysis was performed in the
selection of the most sensitive hydrological parameters. The best parameters
which give the best value of the objective function were used in the current
study. The average monthly stream flow data of 16 years from 1990 to 2005 of
the Igawa Maji gauging station were used to compute the sensitivity of the

stream flow parameters.

2.3.3. Model Calibration and Validation

Calibration was conducted daily and was done for 16 years from 1990 to 2005, 5
years prior to 1990 were used for warm up period which was intended to allow
the model parameters to reach a stable state conditions. Validation period was
set for 5 years period from 2006 to 2010. The calibration and validation

processes were carried out using the Sequential Uncertainty Fitting (SUFI-2).

2.3.4. Simulation Analysis

The calibrated model was then used to simulate stream flows under changed
land-use/cover conditions for the year 1990, 2006 and 2017, while maintaining
the same weather data. The influences of the land use and land cover changes on
stream flows were quantified by comparing output of the SWAT hydrological
model (Observed and Simulated) for the time period 1990, 2006, 2017. The dif-
ferences between the observed and simulated discharge under changed land use
and land cover represent the effects of land use and land cover changes on hy-

drological responses in the catchment.

3. Results and Discussion

3.1. Land Use and Land Cover Changes over the Mbarali River
Sub-Catchment

Figure 2 below presents the variations in land use and land cover maps of the
Mbarali River Sub-catchment during the year 1990, 2006 and 2017, while Table

3 shows the comparison of classification of the Land use/cover from Landsat

Table 3. Comparison of the LULC of the year 1990, 2006 and 2017.

1990 2006 2017
Year

(Ha) (%) (Ha) (%) (Ha) (%)

Forest 11,348 7.54 8292 5.51 7871 523
Woodland 34,791 23.13 35,327 23.08 24,453 16.26
Bushland 55,132 36.65 46,279 30.77 42,657 28.36
Grassland 10,367 6.89 12532 8.33 9224 6.13
Wetland 92 0.06 53 0.04 125 0.08
Cultivated land 38,0648 25.69 47,426 31.53 65,547 43.57
Built up area 45 0.03 514 0.34 547 0.36
Total 150,424 100 150,424 100 150,424 100

DOI: 10.4236/eng.2018.109045 622 Engineering


https://doi.org/10.4236/eng.2018.109045

E. Mutayoba et al.

8982000 9000000 9018000

8964000

660000

680000

Legend

B Forest

B Woodland

= Bushland

[ Grassland

m Wetland

B Cultivated land

B Built up area
River

N
0

8982000 9000000 9018000

8964000

0 5 10km
;l_ll

660000

660000

680000
1990

680000

8982000 9000000 9018000

8964000

B Forest

m Woodland

0 Bushland

1 Grassland

B Wetland

i Cultivated land

B Built up area
River

7

8982000 9000000 9018000

8964000

0 5 10km|
|_|_||

660000

680000
2006

DOI: 10.4236/eng.2018.109045

623

Engineering


https://doi.org/10.4236/eng.2018.109045

E. Mutayoba et al.

660000 680000

9018000
9018000

9000000

9000000

8982000
8982000

Legend

M Forest

m Woodland

= Bushland

7 Grassland

m Wetland

i Cultivated land

® Built up area 0 5 10km|
River ——

660000 680000

2017

8964000
8964000

Figure 2. Land use/cover maps for 1990, 2006 and 2017.

1990, 2006 and 2017, ie. a complete number of pixels and percentage number of
all pixels. Forest, woodland, Bushland, Grassland, wetland, cultivated land and
Built up area are the major land covers classes. In 1990, 36.65% of all image pix-
els were classified as Bushland, 25.69% as cultivated land, 23.13% as woodland,
7.54% as forest, 6.89% as Grassland and the Built-up area was 0.03%. In more
than 18 years later, the land cover classes had changed as follows: 5.23% forest,
16.26% woodland, 28.36% bushland,6.13% grassland, 43.57% cultivated land and
0.36% built up area.

3.2. Change in Land Use and Land Cover for the Year 1990-2006,
and from 2006-2017

Table 4 presents the land use and land cover area distribution for the window
period 1990-2006 and 2006-2017. From the table it is shown that, the land use
and land cover areas within the Mbarali River catchment are mostly occupied by
cultivated land. In the year 1990, it was found to occupy 38,648 ha, and in 2006,
it had 47,426 ha, while in the year 2017 had 65,547 ha. The cultivated land has
been increasing for more than 10 years. The results also indicate that, for the
two-window period between 1990-2006 and 2006-2017 the area under natural
forest was found to decrease by 3056 ha (2.03%) and decreased by 421 ha
(0.28%), Bushland decrease by 8853 ha (5.89%) and 3622 ha (2.41%) respective-

ly.
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Table 4. Land use and land cover area distribution.

1990 2006 2017 1990-2006 2006-2017
Annual Annual
A P t A P t
LULC rea Percentage | . Area Percentage [ . .
Ha Ha Ha change change change change
(Ha) (%) Change (Ha) (%) Change
(Ha/year) (Ha/year)
Forest 11,348 8292 7871  -3056 -2.03 -191 —421 -0.28 -38
Woodland 34,791 35,327 24,453 536 0.36 33 -10,874 -7.23 -989
Bushland 55,132 46,279 42,657 -8853 -5.89 =553  -3622 -2.41 -329
Grassland 10,367 12,532 9224 2165 1.44 135 -3308 -2.20 =301
Wetland 92 53 125 -39 -0.03 -2 72 0.05 7
Cultivated
land 38,648 47,426 65,547 8778 5.84 549 18,121 12.05 1647
Built Up
45 514 547 469 0.31 29 33 0.02 3

area

Total 150,424 150,424 150,424

The decrease in Hectares in forest for the two-window period is due to the
demand of land for agricultural activities, since agriculture is the main activity
undertaken within the study area.

Similarly, Built-up area shows an increase of 469 ha (0.31%) by the period of
1990-2006 and increase by 33 ha (0.02%) for the year 2006-2017. The built-up
area was found to increase at the rate of 29 ha/year (0.31%/year) and 3 ha/year
(0.02%/years) for the two-window period, between 1990-2006 and 2006-2017
respectively. The cultivated land had increased by 549 ha/year (5.84%) for the
period 1990-2006 and an increase of 1647 ha/year for the period of 2006-2017.
This fast increase might be due to the expansion of agricultural land and settle-
ment to withstand the living of local people and probably the need for the fire-

wood.

3.3. Change Detection and Post-Classification of Different Land
Use/Cover

Tables 5 and Table 6 present change detection of different land cover maps. A
confusion matrix method was used to map the land cover changes for the
two-window period 1990-2006 and 2006-2017. The results for the change confu-
sion matrix of the LU/LC (Table 5 & Table 6) show an increase in the cultivated
land by 60.85%, grassland increased by 23.2%, and there was no increase in Built
up area. Also, the results revealed the decrease in the forest (16.2%) and the
woodland (13.5%). Figure 3 also depicts the number of hectares occupied by the
LU/LC for the two-window period. It is revealed that cultivated land has
changed significantly in both study periods which resulted in the formation of
wetlands (water bodies) as compare to year 1990-2006 when there were no wet-

lands.
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Figure 3. Comparison between land use and land cover changes for 1990-2006 and

2006-2017.

Table 5. Confusion matrix for land use/land cover (1990-2006).

LULC (ha)

Forest Woodland Bushland Grassland Wetland

Cultivated Built-up TOTAL

land area
Forest 4347 1753 2829 1173 25 1308 57 11,492
Woodland 736 17,995 6981 1424 5 7515 126 34,782
Bushland 1640 8352 23,990 4197 4 16,692 177 55,052
Grassland 207 701 3105 4175 0 2138 14 10,339
Wetland 12 38 34 3 0 4 0 92
Cultivated land 1526 6473 9282 1529 19 19,658 135 38621
Builtup area 2 4 8 2 0 25 4 45
TOTAL 8470 35,317 46,229 12,502 53 47,339 513 15,0424

Table 6. Confusion matrix for land use/land cover (2006-2017).

L(I}E.)C Forest Woodland Bushland Grassland Wetland Cui:;zted Bl:i:p TOTAL

Forest 3642 388 1590 1166 22 1451 33 8292

Woodland 1097 15,560 8357 433 40 9649 190 35,327

Bushland 2119 2455 21,047 3203 34 17,326 97 46,279

Grassland 480 634 2943 3189 17 5232 37 12,532

Wetland 1 0 23 20 2 9 0 53

Cultivated land 501 5359 8551 1198 10 31621 185 47,426

Builtup area 31 57 147 16 0 258 4 514
TOTAL 7871 24,453 42,657 9224 125 65,547 547 150,424
DOI: 10.4236/eng.2018.109045 626 Engineering
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3.4. Change Detection Accuracy

The results of supervised classification of ETM and satellite imagery were eva-
luated for the study area. The overall classification accuracy and Kappa Coeffi-
cient were computed to provide measures of accuracy of the classification. The
producer’s and user’s accuracy were calculated to assess error patterns of the re-
spective classification.

Table 7 shows the result of supervised classification of ETM data of the years
1990, 2006 and 2017. The Kappa Coefficient took a value of 0.9, 0.95 and 0.99
and the overall accuracy was found to increase as 91.98%, 95.92% and 99.31%
for the respective years 1990, 2006 and 2017. The forest and cultivated land
showed a reasonable user’s and producer’s accuracy; the producer’s accuracy was
relatively low for Grassland (73.64) in the year 1990 and confusion may be a re-
sult of the presence of low height forest stands in the forest as well as in the class
boundaries. Built up sample data appeared to be well defined with the producer’s

accuracy of 100% and also with a user’s accuracy of 100%.

3.5. Model Sensitivity Analysis

SWAT CUP 2012 was used for sensitivity analysis. Table 8 presents the list of
the parameters and their ranking with fitted values for the flows measurement at
the 1KA11 Igawa maji gauge station. The curve number which indicates the ru-
noff response of a catchment was found to be the most sensitive parameter fol-
lowed by base flow alpha, groundwater delay, threshold depth of water, the
shallow aquifer required for return flow (Table 8). The curve number and the
base flow alpha are related to ground water, runoff and soil process and thus in-
fluence the stream flow in the watershed. The ALPHA_BF is a direct index of
ground water flow response to changes in recharges. The Mbarali River
sub-catchment has soil dominated with chromic Cambisols, dystric Nitosoils,
dystric Regosols and Eutric Planosolsl that are possible for ground water re-

charge.

Table 7. Accuracy classification of ETM data of the year 1990, 2006 and 2017.

1990 2006 2017
LULC Producer User Producer User Producer User
accuracy accuracy  accuracy accuracy —accuracy —accuracy
(%) (%) (%) (%) (%) (%)
Forest 90.17 95.05 100 100 98.56 100
Woodland 95.87 96.55 96.67 92.95 100 100
Bushland 93.74 87.49 86.38 96.79 99.09 98.20
Grassland 73.64 93.11 98.24 98.82 99.18 98.78
Wetland 96.88 100 100 100 100 100
Cultivated land 95.69 89.83 100 88.05 100 99.39
Built up area 91.67 100 100 100 100 100
Overall accuracy (%) 91.98 95.92 99.31
Kappa statistic 0.9 0.95 0.99
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Table 8. List of parameters and their ranking with fitted values for monthly flow.

Parameters
Min_value Max value Fitted value Rank
Name Description

SCS runoff curve
R__CN2.mgt —0.300000 0.300000 —0.295000 1
number (%)

Base flow alpha
V__ALPHA_BF.gw 0.000000 1.000000 0.268333 2
factor (days)
Ground water
V_GW_DELAY.gw 30.000000  450.000000 93.699997 3
delay (days)
Threshold depth of

water in the shallow
V_GWQMN.gw . . 0.000000 2000.000000 1436.666626 4
a quifer required for

return flow (mm)

3.6. SWAT Model Calibration and Validation Results

The SWAT model was run for period of 20 years from 1990 to 2010, but then,
the first 5 years were carefully taken for warming up the model, and calibration
was performed for 10 years from 1990 to 2000. Table 9 shows comparison be-
tween the simulated and measured flows during the calibration and validation
period, its shown that there is a good agreement between the measured and si-
mulated average monthly flows with Nash-Sutcliffe simulation efficiency (NSE)
of 0.70, Percentage Base (PBIA) 4.6 and coefficient of determination (R2) of 0.72
during calibration and Nash-Sutcliffe simulation efficiency (NSE) of 0.74, Per-
centage Base (PBIA) 1.5 and coefficient of determination (R2) during validation.
The observed monthly mean stream flow for the calibration period (1990-2000)
in Igawa Maji station was 11.01 m*/s, while the simulated was 10.5 m’/s. The
difference was not significant for the validation period (2001-2010) which shows
that the observed monthly mean stream flow was 11.74 m’/s and simulated
monthly mean flow was 11.56 m’/s. The Predictive Probability Uncertainty
(PPU) plots derived from running SUFI-2 within the SWAT CUP for 100 simu-
lations are presented in Figure 4 and Figure 5, and both are at monthly time
step.

Table 9 indicates the results of the flows simulation for the model perfor-
mances that are adequately satisfactory during the calibration and validation pe-
riod. This indicates that the model captures well the stream flows generated
from the watershed. Therefore, the simulations results can be used in assessing

the land use and cover impacts on stream flows.

3.7. Assessment of Land Use and Land Cover Changes on Stream
Flow

The main aim of this study was to assess the impact of land use and land cover
changes on stream flows of the Mbarali River catchment. The assessment was
done in terms of the impact of land use and land cover changes on the seasonal

stream flow and variations on the major components of stream flow including
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Figure 4. 95% prediction uncertainty calibration hydrograph at Igawa station.
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Figure 5. 95% prediction uncertainty validation hydrograph at Igawa station.

Table 9. Comparison of simulated and observed monthly flow for calibration and valida-
tion simulations.

Average monthly flow (m?*/s)

Period R? NSE PBIA
Simulated Observed
Calibration (1990-2000) 10.5 11.01 0.72 0.70 4.6
Validation (2001-2010) 11.56 11.74 0.76 0.74 1.5

water balance components during the period (1990, 2006 and 2017). Land use
and land cover have a great influence on the rainfall-runoff process.

Table 10 presents the monthly mean flows for the seasonal cycle. The model
was calibrated and validated using different land use data e land use data for
the periods of 1990, 2006 and 2017. Similarly the SWAT was run differently us-
ing land cover maps (1990, 2006 and 2017 maps) while other remaining
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Table 10. Mean monthly wet and dry month’s stream flow and their variability.

Mean monthly flow (m?/s)

Land use/cover map of 1990  Land use/cover map of 2006 Land use/cover map of 2017

Wet months  Dry months Wetmonths Drymonths Wetmonths Dry months
(Jan, Feb, (Jun, July, (Jan, Feb, (Jun, July, (Jan, Feb, (Jun, July,
March, April) Aug, Sept)  March, April) Aug, Sept) March, April)  Aug, Sept)

27.68 0.24 27.82 0.21 28.09 0.20

variables were kept constant during simulations in order to quantify the varia-
bility of stream flow due to the changes in land use and land cover. This tech-
nique presented the flows for both land use and land cover forms. Then, the re-
sults were compared and the discharge change during the season cycles, during
the wettest months of stream flow were taken as January, February, March, April
and the driest stream flow were in the months of June, July, August, and Sep-
tember. These were taken as means of estimating the effect of land use and land
cover change on the stream flow. This has been indicated in Table 10. The mean
monthly stream flow for wet months had increased from 27.68 m’/s to 28.09
m’/s, while the dry season decreased 0.24 m’/s to 0.20 m’/s between the
1990-2017 periods due to the land use and land cover changes. Table 10 shows
the mean monthly wet and dry month’s stream flow for 1990, 2006 and 2017
land use and land cover maps and its variability (1990-2017).

Table 11 presents water balance components as simulated using the land use
and land cover map for the three-land use land cover scenarios. The impacts of
different land-use scenarios on the water balance components were analyzed at
the catchment scale. The results indicate the change in land use land cover maps
from the year 1990-2017 as a result of increase in surface runoff by 4.14 mm in
the year 2006 and 5.29 mm in 2017, while the total water yield has shown to de-
crease by 0.07 mm in the year 2006 and decrease by 0.93 mm in the year 2017.
The cultivation of forest and the demand for agricultural land forced by urban
development into settlements and infrastructure forms a sealed surface, which is
adversely changing the partitioning of precipitation towards increasing surface
runoff and reduced groundwater recharge [18] [19] [20].

The increase of the surface runoff is due to the fact that built-up areas features
have high portion of impervious surfaces which hamper or sturdily decrease in
water percolation and groundwater contribution to stream flow and enable an
increase in surface runoff. This result comes to an agreement with the study
done by [9] on the impacts of land-use and land-cover changes on flow regimes
of the Usangu wetland and the Great Ruaha River. He observed that the change
of the land use and land cover within the catchment causes an increase in runoff,
decrease in base flow, increase in sediment deposit on the bank of the river and
decrease of the width of the river channel.

Similarly, Table 11 shows that there is decrease in both actual evapotranspiration
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Table 11. Impact of water balance components under different land use/cover scenarios:
Note that, Figures in Brackets are percentage change.

YEAR SURQ GWQ PERCQ ET SW WYLD
1990 104.63 61.41 91.79 293.78 377.13 178.97
2006 108.77 (4.0) 57.53(-6.3) 88.25(-3.9) 29298 (-0.3)  378.34(0.3) 178.9(0.0)

2017  114.06 (9.0) 53.51 (-12.9) 83.95(-8.5) 290.67 (-1.1)  383.93 (1.8) 179.83 (0.5)

SURQ: Surface runoff contribution from stream flow from HRU (mm); GWQ: Ground water contribution
to stream in watershed on day, month, year (mm); PERCQ: Percolation in watershed (mm); ET: Actual
Evapo-transpiration in watershed (mm); SW: Soil water content (mm); WYLD: Water yield (mm).

and groundwater contribution to stream flows. These decreases are associated
with the increasing trend in built-up areas for the entire Mbarali River
sub-catchments. It is revealed that for the study area, there is an increase in
built-up area by 31% between 1990 and 2006 and further an increase of 33% be-
tween 2006 and 2017. This corresponds well with a declining trend of ground-
water contribution to stream flow of 3.88 mm between 1990 and 2006 and 4.02
mm between 2006 and 2017, but an increase in urban area by 469 ha in 2006 and
502 ha in 2017, which leads to a strong decrease in actual evapotranspiration.
The increase in surface runoff (Table 11) in the Mbarali River sub-catchment is
considered by an increasing portion of built-up areas, which corresponds with
the decreasing trend of percolation within the sub-catchment. This is reasonable
due to the hydrological effect of impermeable surfaces on the increase of runoff
and decrease in percolation.

The increase of agricultural land activities is associated with transformation
on the land use and increase in water abstraction for irrigation purpose as a re-
sult of an increase of surface runoff following rainfall events. This can be ex-
plained by the crops that demand soil moisture for their growth. Crops need less
soil moisture than forests; therefore, rainfall satisfies the soil moisture deficit in
agricultural lands more quickly than in forests there by generating more surface
runoff where the area under agricultural land is extensive. This causes variation
in soil moisture and groundwater storage. Also, the extension results in the re-
duction of water infiltrating in to the ground. Therefore, discharge during dry
months (which mostly comes from base flow) decreases, whereas the discharge
during the wet months increases. These results demonstrate that the land use
and land cover changes have a significant effect on infiltration rates, on the ru-
noff production, and on the water retention capacity of the soil. These results are
also supported by studies done by [4] and [10]. Over the selected window period
the hydrological study on the land use and land cover changes within Mbarali
River sub-catchment showed that the flow characteristics have changed, with an

increase in surface flow and reduction of base flow.

4. Conclusions and Recommendations

In this study, satellite data and GIS were integrated with a hydrological model to
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assess the impacts of land use and land cover changes on the hydrology of the
Mbarali River sub-catchment, Upper Great Ruaha sub-basin in Tanzania. Re-
mote sensing and QGIS were used to map different land cover classes and to
analyze spatial-temporal land cover appearance. These techniques were applied
to assess the land cover change effects on the hydrology of the River
sub-catchment. The impacts of the land cover change on hydrology were further
analyzed using the hydrological model, SWAT and kappa statistics. The land use
and land cover changes for the three snapshot years 1990, 2006 and 2017 were
identified using TM and OLI_TIRS satellite images, respectively. The land use
and land cover maps of the year 1990, 2006 and 2017 were produced and the
accuracy assessments of the three maps were checked using the confusion Ma-
trix.

Furthermore, data arrangement, sensitivity analysis, calibration, validation
and evaluation of model performance were performed on the hydrological mod-
el, SWAT; these steps are done before the evaluation of the impacts of the land
use and land cover changes on the stream flow of the sub-catchment was ana-
lyzed. The GIS environment in processing DEM uses land use and land cover,
soil data layers and displaying model results. Based on the results, the following
conclusions are drawn: from the land use and land cover analysis, it has been
revealed that, there is substantialy change in land cover classes for the three
years 1990, 2006 and 2017.

The cultivated land area tremendously increased from 25.69% in 1990 to
31.53% in 2006 and 43.57% in 2017 compared to other land classes. The exten-
sion of cultivated land and built-up area has an effect on the decrease of forest
land. As such, the forest land which constituted 7.54% in 1990 was reduced to
5.51% in 2006 and 5.23% in 2017. Thus, by the overhead of forest land and
other land cover types, the cultivated land includes areas for crop cultivation
and the built-up area that are closely associated with the cultivated fields dy-
namically increased in the study (1990-2017). This could be the result of the
increase in population which has triggered a huge need for other lands. As a
result scarcity of cultivation land has been the major problem for farmers in
the study area.

The sensitivity analysis using SWAT hydrological model has revealed four key
parameters that govern the stream flow of the Mbarali River sub-catchment. In
contrast, model calibration and validation have shown that the SWAT model
simulated the flow reasonably well. Model performance during both the calibra-
tion and validation for the Mbarali River sub-catchment was found to be practi-
cally acceptable with Nash-Sutcliffe coefficients (ENS) values of 0.70 and 0.72
and coefficient of determination (R2) values of 0.74 and 0.76 for the calibration
and validation respectively.

Following calibration and validation of the model, impacts of the land use and
land cover changes on stream flow were also carried out. Land use and land cov-
er changes were recognized to have major impacts on hydrological processes.
The result of model for both periods of land use and land cover (1990, 2006 and

DOI: 10.4236/eng.2018.109045

632 Engineering


https://doi.org/10.4236/eng.2018.109045

E. Mutayoba et al.

2017) indicated that during the wet season, the mean monthly flow for 2006 land
cover increased to 27.82 m’/s relative to that of 1990 land cover period while the
mean monthly flow decreased by 0.21 m®/s during the dry season. The study
further examined the impact of land use and land cover on catchment water
balance component. It was revealed that surface runoff increased by 3.9% in the
2006 and 9.01% in the year 2017, while the ground water contribution to stream
flows decreased by 6.3% and 12.86% in both 2006 and 2017 respectively. Simi-
larly, the total water yield, actual evapotranspiration, percolation below the root
zone commonly called as groundwater recharge (PERC) which could be an in-
flow for flow at downstream of the sub-catchment both has been shown to de-
crease.

Within the Upper Great Ruaha sub-catchment of the Rufiji basin, the study
recommends to investigate-different catchment management options, that will
conserve water resource base, whereas upgrading the socio-economic status of
the population. Hence, various advance scenarios should be explored and the
best alternative effected for the Upper Great Ruaha sub-catchment. A proposed
management approach should be planned to conserve the vegetation. This is
suggested to improve the supply of water for the whole Mbarali River
sub-catchment during both wet and dry periods.
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