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Abstract

Land alterations including deforestation, unsustainable land management practices and an
increase in cultivated areas have occurred in the Upper Ruvu watershed in recent decades
threatening water and natural resources. This study, which used a combination of remote sensing
techniques, field experiments, watershed monitoring, and modeling was designed to investigate
impacts of environmental changes on hydrology and soil erosion. The objectives were to: map
the extent of land use and land cover changes and its influence on soil erosion; correlate the
contribution of climate variability and human activities to the changes in hydrology at headwater
and watershed scales; estimate surface runoff, sediments and Curve Number at plot scale, and
model streamflow responses to changes in land use and land cover using the SWAT watershed
model. Results indicate that areas covered by forest decreased from 17% in 1991 to 4% of the
total watershed area in 2015. However, areas covered by cropland increased from 14% to 30%
of the total watershed area from 1991 to 2015, respectively. Further, results indicate that site
characteristics affect runoff and sediment yield as higher soil loss was estimated from cropland
with a mean of 28.4 tha™in 2015 from only 19.8 tha* in 1991. Results from monitoring show high
sediment loads were from the most disturbed watersheds, compared to Mbezi. Analysis of trends
for the long term records at the watershed showed that rainfall had significant decreasing trends.
At annual scale, climate variability contributed 46% and human activities contributed 54% of the
changes in streamflow. Results from the rainfall simulation experiments show upland rice had
higher runoff (48 mmh™!) and soil loss (94 gm2) compared to grassland and forest. Results from
the model outputs showed that average streamflow decreased by 13% between 1991 and 2015.
Average peak flows increased by 5% and 12% for 2000 and 2015, respectively compared to the
baseline. Land alterations had impacts on surface runoff which increased by 75% and baseflow
decreased by 66% in 2015 from the baseline. These results highlight the main areas of changes
and provide quantitative information for decision makers for sustainable land and water
resources and management.
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General Audience Abstract

Deforestation, unsustainable land management practices including cultivation in marginal areas,
slash and burn, illegal forest harvest; and bush fires have been common threats to the landscapes
of the Upper Ruvu watershed in recent decades. These practices have contributed to the
deterioration of water and natural resource base and jeopardize sustainability. Our study was
designed to investigate the impacts of environmental changes on the hydrology and soil erosion.
We used a combination of methods including experiments in the field, remote sensing and
mathematical modeling to investigate the extent of the problem and provide useful information
for sustainable management of resources. The objectives were to understand the extent and
dynamics of land use and land cover change and subsequent influences on soil erosion; to
correlate contribution of climate variability and human activities to hydrology at different scales;
to estimate surface runoff and sediments at plot scale; and to model and predict streamflow
responses to changes in land use and land cover. Our results indicate that the watershed has
been characterized by a loss of forest cover which decreased from 17% in 1991 to 4% of the total
watershed area in 2015. Areas of the watershed occupied by cropland increased from 14% to
30% of the total watershed area from 1991 to 2015, respectively. Further, results indicate that
the changes had effects on runoff and sediment yield as a high increase of soil loss was estimated
from cropland which increased from 19.8 t ha™in 1991 to 28.4 t ha* in 2015 and areas occupied
by forest were least contributors to soil erosion. The assertion is supported by results from a
stream-monitoring which revealed that watersheds with least human interferences generated
less sediments, and upland rice had higher soil loss compared to grassland and forest. Analysis of
rainfall trends showed significant decreasing trends and fluctuations in climate contributed 46%,
and human activities contributed 54% of the changes in streamflow signifying impacts on water
availability. Results from the model outputs showed that average streamflow decreased by 13%
between 1991 and 2015, with increase in peak flows and decrease in baseflow. Results highlight
the changes and subsequent consequences on the hydrology of the watershed and water
availability. The information is useful for watershed planning and water resources management.
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Author’s Preface

This dissertation is comprised of four separate manuscripts (Chapters 2 through 5) preceded by
an introductory chapter and followed by the final chapter of major conclusions and highlights
areas for future research. The dissertation author is the major contributor and writer of all the
four chapters included in this dissertation.

Chapter 1 gives a background information on studies related to the hydrological consequences
of land use and land cover change and climate variability around the world, and elucidates on the
general problem in the Upper Ruvu Watershed. The author stresses efforts that have been
carried out, and the gap that needs to be filled for proper implementation of proper land and
water conservation efforts in the watershed.

Chapter 2 explores the changes in the land use and land cover in the Upper Ruvu Watershed for
the past 25 years. Using remote sensing and GIS techniques, analysis of Landsat satellite imagery
were carried out and major land covers were identified through image classification. Post-
classification methods for change detection were used to quantify the change. RUSLE model was
used for spatial modeling of soil erosion potential and the change in erosion potential was
guantified. The manuscript has been submitted and is under review with the Journal of Land
Degradation and Development, 2016.

Chapter 3 presents a discussion about a monitoring program of three headwater watersheds in
the upstream of Upper Ruvu Watershed (Mbezi, Mkungazi and Kivumaga), where meteorological
and hydrological parameters were monitored for two years. The three watersheds display
different levels of degradation due to human activities manifested through the percentage forest
cover and percentage of agricultural lands. We found a relationship between levels of
degradation and increases in water yield and amount of sediment collected at the outlet of the
watersheds. Higher sediment yields were collected from the most degraded watersheds. Overall,
the influence of human activities on hydrology were higher compared to climate, which did not
differ significantly among the sites. Analysis of long term rainfall, evapotranspiration and
discharge data reveal decreasing trends in rainfall in most of the rainfall stations, some which
were significant at both annual and seasonal time scales. Changes in quantiles of extreme values
displayed decreasing and increasing trends, but most stations showed decreasing trends in
precipitation, especially in the recent years. Discharge displayed decreasing trends which were
not significant at 0.05 level of significance. Contribution of human activities (such as land clearing,
forest conversion, shifting cultivation, grazing and forest encroachment) and climate variability
were quantified and indicated that human activities contribute about 54% of changes in
streamflow. This manuscript has been submitted to the Journal of Hydrological Processes, 2016.
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Chapter 4 presents analysis of runoff and sediment yield experiments using rainfall simulator and
estimation of Curve Number at plot scale in the Upper Ruvu watershed. Overall, it was found that
agricultural lands generated more amount of runoff and sediments compared to grasslands and
forests. Site characteristics, especially ground cover and soil characteristics including initial soil
moisture had more influence on the variations in the amount of runoff and sediments generated
from the plots. This paper has been submitted and is currently under review with CATENA, 2016.

Chapter 5 evaluates the applicability of two models, SWAT for simulating streamflow responses
to changes land use and land cover in a tropical watershed. The model was calibrated and
validated using biophysical information collected and analyzed in Chapter 2 through 4, the land
use map of 1991, the climate and streamflow data, soil maps, DEM, and land management
information. Using the classified land cover maps of 1991, 2000, and 2015 and climate data for
1990 through 2012, the calibrated model was simulated for investigating the changes in
streamflow following the changes in land uses. The manuscript has been submitted to the Journal
of Water Resources Management.
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Chapter 1. Introduction

1.1 Background Information

Water resources around the world are diminishing and water scarcity is already being felt by many
people (Jury and Vaux, 2005), and further threatened by deteriorating water quality (Novotny, 2003;
Dewan et al., 2012). Water stress is clearly becoming one of the most sensitive issues across the
globe (Jenerette and Larsen, 2006; Stehr et al., 2010) and is posing a threat to food production,
especially in developing countries where the majority of the population derive their livelihood
directly from rainfed agriculture. Water availability and use for such purposes as agriculture,
domestic, industries, and environment are becoming unsustainable for climate reasons such as
climate variability and climate change as well as non-climatic reasons including increasing demands
exacerbated by population growth, urbanization, high levels of consumption and intensified
competition for water resources by different sectors. The unprecedented rates of environmental
change including changes in land use and land cover (LULC) are likely to cause widespread impacts
on hydrology (Eshleman, 2013), land, other economic sectors (Lambin and Meyfroidt, 2011) and on
key ecosystem functioning (Lambin et al., 2001). Land use/Land Cover change (LULC) change have
become major problems contributing to ecosystems and environmental deterioration of
watersheds (Carpenter et al., 1992; Tang et al., 2005; Zhao et al., 2012). Nonetheless, land use and
land cover (LULC) is considered to be among the most important components of the terrestrial
ecosystems (Lin et al., 2009; Stehr et al., 2010) and are responsible for modifying the bio-
geochemical and bio-geophysical cycles, the hydrological cycle including precipitation,
evapotranspiration, and land surface temperatures (Feddema et al., 2005; Foley et al., 2005;
Stonestrom et al., 2009) and energy exchange of the soil-vegetation-atmosphere system (Breuer et
al., 2009), affecting amount of precipitation reaching the ground and consequently increasing runoff
during extreme events. Moreover, LULC changes contribute to climate change at local and global
scales and remains to be the major cause of land degradation.

Land degradation which refers to a temporary or permanent decline in the productive capacity of
the land, or its potential for environmental management is a serious problem in many landscapes
around the world, including Sub-Saharan Africa (Lambin et al., 2001). Land degradation has
exacerbated watershed degradation through water pollution through sedimentation,
eutrophication and impaired recreation, and water shortages for various uses (Richter et al., 2003;
Wei et al., 2007; Schilling et al., 2011; Peng and Wang, 2012).The threat of human induced land
degradation is also reflected through loss of soil fertility in agricultural lands, and this is directly felt
by the majority of smallholder farmers in developing countries like Tanzania. Soil degradation
sometimes results into temporary or permanent abandonment of farms and plots and may further
result into land conversions to agriculture and grazing. Rapid increases in human population
associated with increases in human development activities, that have intensified loss of vegetation
cover, and widespread poverty, are among the reasons for increased land degradation in most
African landscapes (Sharma et al., 1996).



Soil erosion and associated impacts have increased worldwide mainly due to land use change
(Ananda and Herath, 2003; Igbal et al., 2012), and remain to be major threats to agricultural
production. Soil erosion apart from on-site effects such as loss of fertility of the top soil (Gao and
Puckett, 2012), is also responsible for the off-site effects such as sedimentation, turbidity in streams
and eutrophication in water bodies (Pimentel et al., 1995; Duvert et al., 2010; Fang et al., 2012).
Eroded soils are transported from the areas they are generated into stream channels, where some
are deposited and can be re-suspended later, while others travel through the stream network of a
watershed (Gao and Puckett, 2012). Point sources such as mass movement and non-point sources
such as agricultural fields, are responsible for much of the in-stream sediment (De Vente and
Poesen, 2005; Gao and Puckett, 2012). It is therefore important to understand the dynamic links
between the sources and downstream transport for watershed management (Pimentel et al., 1995).
Soil erosion is affected among other things by climate, topography, vegetation and anthropogenic
activities.

Growing concerns on the potential consequences of environmental change have attracted research
to understand the responses on hydrology and soil erosion and vyield valuable information for
sustainable agricultural production, and natural resources management. Many studies in several
parts of the world have addressed the change in hydrology due to impacts from land uses
intensification as a result of increasing human population and changes in climate (Zhang et al., 2008;
Li et al., 2009; Lin et al., 2009; Ma et al., 2009; Sterling et al., 2013). Other studies have investigated
the impacts of the environmental changes on soil erosion and sediment yield at field, basin and
regional scales (Zhang et al., 2008; Mueller et al., 2009; Tang et al., 2011; Defersha and Melesse,
2012; Khoi and Suetsugi, 2014). Numerous studies have stressed the importance of considering
scale during the investigation as impacts differ spatially (Wang et al., 2013; Khoi and Suetsugi, 2014).
The methods used for assessment in most studies include paired catchments, plot/field scale
experiments, statistical analysis (time series) and hydrological modeling (DeFries and Eshleman,
2004; Li et al., 2009; Elliott et al., 2012; Fang et al., 2012; Eshleman, 2013; Khoi and Suetsugi, 2014).

In an attempt to improve the understanding of interrelations between processes involving different
environmental factors, plot scale experiments have been widely used (Wendt et al., 1986;
Rittimann et al., 1995; Wainwright et al., 2000) and in recent years these studies have been applied
to examine land use and land cover change and their impacts on natural resources (Wainwright et
al., 2000; DeFries and Eshleman, 2004; Blackie and Robinson, 2007; Moreira et al., 2011; Eshleman,
2013). Plot-scale studies may be used to elucidate runoff mechanisms, soil erosion and land cover
dynamics following these changes. Furthermore, rainfall simulation studies under controlled
conditions have been used to study water fluxes, sediment transport processes, (Rittimann et al.,
1995; Wainwright et al., 2000; Moreira et al., 2011; Zhao et al., 2013), and environmental impacts
from agricultural activities (Kibet et al., 2014). Although, rainfall simulators were originally used for
soil erosion studies (Mutchler and Hermsmeier, 1965), over the decades studies have used rainfall
simulators to study not only soil erosion, but also other constituents from surface erosion and soil
leachates such as non-point source pollution from agricultural activities (Fu et al., 2011; Elliott et
al., 2012; Zhao et al., 2013; Kibet et al., 2014). On the other hand, field and plot studies using natural
rainfall (Licznar and Nearing, 2003; Defersha and Melesse, 2012; Peng and Wang, 2012) have been
used for assessing environmental change impacts on runoff and soil loss, and trends between the
two have been reported to follow a similar pattern indicating consistency in processes (Kibet et al.,
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2014). Thus, rainfall simulation is being used to predict the likely occurrence of what happens under
natural rainfall, mainly because of its easy applicability even in areas where it would otherwise be
difficult to conduct research under natural rainfall. Advantages of plot scale experiments include
the ability to replicate measurements at both time and space, and the ability to control
environmental conditions to some degree. One major disadvantage of the experiments is that they
are best suited for measuring processes that are assumed to occur in a vertical dimension and
therefore direct extrapolation to larger scales may be misleading.

Small paired/nested catchments experiments offer essential knowledge to elucidate the
hydrological and erosive processes under different land uses. These studies have been widely used
by different researchers to determine the magnitude of water yield changes resulting from changes
in land cover (Brown et al., 2005). Bosch and Hewlett (1982), reviewed watershed experiments to
determine the effect of land cover change on water yield. Notable studies have been on the impacts
of deforestation, afforestation, and forest conversion on annual water vyields, losses due to
evapotranspiration, interception rates and floods (DeFries and Eshleman, 2004). Reviews of
literature from studies carried over several decades describe the importance of paired watersheds
and reveal that much of the current insights into consequences of LULC on hydrology have been
elucidated at small, observable scales paired/nested watersheds (Sahin and Hall, 1996; Stednick,
1996; DeFries and Eshleman, 2004; Brown et al., 2005; Eshleman, 2013). Details of small scale
experiments and observation date back to early catchment experiments in the early 1900s by Bates
(1921) and over the years results have been reported all over the world. Stednick (1996), for
example reports that forest reduction of less than 20% magnitude would be difficult to be
determined by stream flow measurement methods and therefore discriminating watersheds by
region would be essential. Results from other studies have been summarized by other researchers
such as Sahin and Hall (1996) and Brown et al. (2005). Hornbeck et al. (1993), summarized and
compared results from 11 catchments in the northeastern USA and found substantial increases in
water yield in the first year after forest clearing. Paired watersheds to determine effectiveness of
conservation activities and best management practices (BMPs) (Huang et al., 2003; Bishop et al.,
2005; Dunkell et al., 2011), assess soil erosion and suspended sediments as a result of land use
management and vegetation change (Polyakov et al., 2010; Schilling et al., 2011; Sharma et al.,
2011) and to determine effects of fire on runoff, soil, sediment loads and other watershed processes
(Ice et al., 2004; Ryan et al., 2011). In Tanzania, first catchment studies were carried under the East
African Agricultural and Forestry Research (EAAFRO) with the focus being on the effects of
deforestation/afforestation on catchment discharge. Studies by Dagg and Blackie (1965) found
small effects of plantation forests and tea on stream flow once plant canopy had completely covered
the ground. An increase of almost 50% of stream flow was recorded for a cleared forest compared
to a forested (control) watershed (Edwards and Blackie, 1975).

One major benefit of these studies is the availability of good quality experimental data which allows
us to understand the hydrologic response of watersheds to land use change and allow testing of
mathematical models (DeFries and Eshleman, 2004). However, the limitation associated with small
scale experimental data is the lack of experimental replication across a full range of natural
conditions (Eshleman, 2013). For example, plantation forests and tea were found to have small
effects on stream flow once plant canopy completely covered the ground and had established a
deep rooted system (Dagg and Blackie, 1965; and Blackie 1972). In Mbeya, Tanzania where there is
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a six months dry period, long term average increases in stream flow of about 50% was recorded in
a cleared forest compared with the control (forested) (Edwards and Blackie, 1975). Although
numerous studies have shown that increase in forest cover can cause a decrease in water discharge
due to increased evapotranspiration (Hewlett and Hibbert, 1967; Bosch and Hewlett, 1982), a study
in China (Zhang and Lu, 2009) showed results contrary to that. It is well agreed and documented
that watershed hydrology is affected by vegetation types, soil properties, geology, terrain, climate,
land use practices and management, and spatial patterns of interactions among these factors. There
is a general consensus that most of these factors and interactions are influenced by human activities
and climate change (Li et al., 2009; Tomer and Schilling, 2009).

While the hydrological effects of complete clearing of forests are adequately established, few basic
studies have been done to assess the effects of deforestation on the various components of the
hydrologic cycle in Tanzania. Information relating the effects of deforestation on changes in the
hydrologic cycle including water quality changes and crop evapotranspiration is scanty. The
hydrological effects of land use change have been a cause of controversy and debate for many years,
especially the effects of deforestation and afforestation on the dry season flow. Lorup and Hansen
(1997) carried out a study in three small headwater catchments in Iringa Region in the southwestern
highlands of Tanzania. They compared one year's stream flow response from three catchments with
similar physiographic and climatic characteristics. The results revealed that the annual runoff from
a catchment with evergreen montane forest was 30 and 36% lower than from two cultivated
catchments. The largest difference in runoff was found during the dry season where the total runoff
was approximately twice as high from the cultivated catchments.

Statistical analyses in hydrological time series at the usual time scale encountered in water
resources studies are based on the following fundamental assumptions; the series is homogenous,
stationary, free from trends and shifts and non-periodic with no persistence. The availability of data
that have been collected using consistent methods for watersheds is crucial for the time series
analysis (DeFries and Eshleman, 2004; Eshleman, 2013). Despite the challenges faced in data
collection, data archiving, distribution, and computational capabilities, data for different rivers
around the world are now available to allow time series analyses especially in developed countries
such as the United States (McCuen, 2003). Eshleman (2013), points that time series methods for
identifying and quantifying hydrological responses must be able to distinguish between episodic
and circular effects in a long term record (McCuen, 2003). Literature reviews on statistical time
series analysis describe that hydrological effects of land use change are complicated by variability
caused by long term climate fluctuations and climate change (Li et al., 2009; Eshleman, 2013). It is
therefore critical to isolate individual contributions of human activities from those that are caused
by climate change. Moreover, statistical analyses require availability of long term data on climatic
and hydrologic parameters to allow any useful interpretation. Data collection, archiving and
retrieval in developing countries are limited, and therefore long term analyses are problematic.

The use of simulation models has two main aims; to examine the possibility of making certain
assumptions about the real world system and to predict the behavior of the real world system under
a set of naturally occurring circumstances (Beven, 1989; Beven, 2000; Beven, 2011). Hydrological
and erosion models differ in many ways based on process description, temporal and spatial
resolution, techniques solution, land use and model use (Singh, 1995). Models can be classified



depending upon the way the hydrological processes are described as deterministic, stochastic or
mixed and based on process description classified as empirical, lumped, semi-distributed and
distributed models (Singh, 1995).

Empirical models at watershed scale have evolved over the years to include rational method, the
unity hydrograph, SCS method and the Modified Universal Soil Loss Equation (MUSLE)(Eshleman,
2013) among others. Although tremendous progress has been made in computing and data
availability to date, many of the methods are still widely used mostly due to their simplified
assumptions (Eshleman, 2013). SCS method for example has been widely used for studies related
to impacts of land use change on infiltration in agricultural watersheds as well as for storm runoff
in urbanized watersheds. The Curve Number (CN) which is assigned to different hydrologic soil
groups and used in SCS and other models (e.g. AGNPS, SWAT) to account for surface runoff was
originally developed from experimental watersheds in the USA and take advantage of the wide
availability of experimental data. However, the use of the empirical model has a limitation because
of the assumptions that the processes occur in a linear way and thus limits the application to small
watersheds (Beven, 2000), and are limited to the environment in which they have been developed
(Aksoy and Kavvas, 2005).

Process based classification divides models into lumped, semi-distributed and distributed models.
While a lumped model uses single values of input parameters with no spatial variability and results
in single outputs, distributed models uses spatially distributed parameters and provides spatially
distributed outputs taking into account spatial variability of the process (Aksoy and Kavvas, 2005).
Physical based simulation models have been supported by the relative advancement of
computational capability. Continuous simulation in the physical based models have been important
for examining impacts of long term land use and climate change in watersheds. However, lumping
or spatial averaging of watershed parameters limits application to small watersheds with
homogeneous characteristics (Beven, 1989). Major weaknesses of lumped models include their
inability to represent the spatial variability of hydrological process and parameters (Moore et al.,
1991), and effective parameters in the model are not directly related to measurable watershed
characteristics (Eshleman, 2013).

On the other hand, semi-distributed models permit parameters to vary in space by dividing the basin
into a number of smaller sub-basins. Major advantage of these models is that they are physically-
based than the structure of lumped models and that they are less data demanding on input data
than fully distributed models. Some of the widely used models are shown in Table 1-1.



Table 1- 1. Some hydrological and erosional models

MODEL EMPIRICAL CONCEPTUAL SEMI-DISTRIBUTED DISTRIBUTED
MIKE-SHE X

DHSVM X

TOPLATS X

WASIM X

SWAT
TOPMODEL
PRMS

SLURP

HBV

WEPP
CASC2D-SED
EROSION 3D
CREAMS
USLE

RUSLE
MUSLE X

LASCAM X

X X X X X
xX X X X

x X

The use of spatially distributed models has become common in recent years because of their ability
to include spatial and temporal variability of both climatic and biophysical parameters. They allow
parameters to vary in space at a resolution chosen by the researcher, and incorporate data
concerning the spatial distribution of parameter variations together with computational algorithms
to evaluate the influence of the distribution on simulated rainfall-runoff as well as land use change
(Beven, 1989).

Soil Water Assessment Tool (SWAT) is one of the models that has been widely used for assessing
surface runoff and sediment delivery to reflect impact of changes in land use or land management
and climate change in many parts of the world including the data-scarce catchments. In Tanzania
SWAT has been used for hydrological modeling of the Kihansi River Catchment (Birhanu, 2009) and
Simiyu River Characterization (Mulungu and Munishi, 2007). SWAT has been used for investigating
the effects of climate and changing land use in the Ngerengere catchment (Natkhin et al., 2013;
Natkhin et al., 2014) and impacts and uncertainties of climate change on hydrology of River Mara
Basin (Dessu and Melesse, 2013). The performance of the SWAT model was tested in a data scarce
tropical complex catchment in the Pangani River Basin (Ndomba et al., 2008). Apart from the use of
the model for runoff prediction, research on the use of the model for non-point pollution modeling
including sediments have been conducted in at least two catchments in Tanzania (Ndomba et al.,
2005; Ndomba et al., 2008; Kimwaga et al., 2011). SWAT was considered to have performed
satisfactorily well in most of the studies, however most of the authors recommended a proper and
wider validation efforts in different watersheds before its adoption.



The landscapes of Uluguru Mountains in Morogoro Tanzania are faced with increased human
population (URT, 2011) causing rapid land use changes. Unsustainable agricultural practices are
widespread in the landscape including shifting cultivation as a result of declining soil fertility (Yanda
and Munishi, 2007). The search for new areas for agricultural expansion has resulted into catchment
forest encroachment that have led into natural resources depletion and biodiversity loss (Burgess
et al., 2002; Yanda and Munishi, 2007; Lopa et al., 2012).

The Uluguru Mountains are recognized for their importance in biodiversity conservation and is a
major headwater region for the tributaries of the Ruvu River which supply water to the main city of
Dar Es Salaam and other surrounding towns (Bhatia and Buckley, 1998; Burgess et al., 2002; Yanda
and Munishi, 2007). The Ruvu River is a major water source for Dare Salaam which has a population
of about 4 million people. In addition, the forests provide products including timber, medicinal
plants, honey, and eco-tourism, which are important for people living in the vicinity of the forests
(Bhatia and Buckley, 1998). High fertile soils and high rainfall almost throughout the year, are major
lures for the increase in settlements and agricultural activities along the slopes of the landscape.
Escalating population growth in the basin has created demands for more food and more water for
domestic uses, industrial, irrigation of crops and horticultural products, and is a main threat to the
forests manifesting itself in fragmentation, felling of trees for timber, charcoal, firewood and
building pole collection, uncontrolled fires, livestock grazing and clearance for subsistence and cash
crop cultivation (Bhatia and Buckley, 1998; Yanda and Munishi, 2007). Moreover, lack of soil
conservation techniques to control soil erosion has worsen the situation (Lyamuya, 1994; Ngoye
and Machiwa, 2004; IUCN, 2010). Availability of good pasture and water for livestock is an attraction
for pastoralists to migrate from other areas into the foothills and lowlands of the Upper Ruvu
watershed causing farmers-pastoralists conflicts (IUCN, 2010).

The trend of exploitation and extraction of natural resources is likely to escalate over the coming
years and decades, to satisfy the increasing numbers of people in expanding urban areas, putting
the sustainability of the watershed resources into serious jeopardy. Alarming rates of soil erosion
have been reported in several parts of the Uluguru Mountains (Rapp et al., 1972; Temple, 1972;
Yanda and Munishi, 2007; Kimaro et al., 2008; JICA, 2012), subsequently leading to declines in crop
productivity (Lopa et al., 2012) and water quality degradation (Ngoye and Machiwa, 2004). The
continued extraction of resources in the upstream part of the watershed have caused siltation
problems in the rivers and wetlands found in the lower Ruvu plains (Ngoye and Machiwa, 2004),
and may further threaten water resources and biodiversity. Suspended sediments and turbidity
levels have been increasing in the Mgeta, Ruvu Kibungo tributaries over the last two decades such
that turbidity increased from 130 NTU to 185 NTU in only 10 years from 1992 to 2002 (Yanda and
Munishi, 2007), and the increasing loads in the river lead to increased water treatment costs
downstream (at Ruvu Chini treatment plant) (Yanda and Munishi, 2007; IUCN, 2010; Lopa et al.,
2012).

It is estimated that the number of inhabitants in the city of Dar es Salaam alone will reach 6 million
by 2020 (IUCN, 2010), an increase that signals shortages of water, such that several alternative
sources of water have been identified and examined. One of such alternative is the construction of
the Kidunda Dam with an estimated capacity of 190 Mm?3 in the downstream part of the Upper Ruvu
watershed to regulate flows in the Ruvu, supply water for Dar es Salaam and other surroundings,

7



provide water for irrigation and water to support livestock, fishing and support ecosystem
functioning (JUCN, 2010; ESIA, 2011). On the other hand, the watershed is faced with impacts of
climatic variability manifested in the occurrence of hydrological extremes such as droughts that
cause decrease of dry season flows and limit the ability to meet the present demand of water
requirements (Yanda and Munishi, 2007; IUCN, 2010; ESIA, 2011) and increase in flash floods (IUCN,
2010; ESIA, 2011) which have led to loss of lives, damage to properties and infrastructures. The flash
floods in the long rainy season of 2014 is an example of such extreme events that caused havoc in
Morogoro and Dar es Salaam (Balile, 2014; TCRS, 2014). In order to sustainably manage water
resources for socio-economic and environmental needs in the basin, Tanzania is implementing the
Integrated Water Resources Management (IWRM) (WRBWO, 2008), which for the upper Ruvu
Watershed and the Ruvu sub-basin is managed by the Wami-Ruvu River Basin Water Office.

Natural resources protection, soil and water conservation measures are needed for the
sustainability of the upper Ruvu River watershed. Information on the extent, rate and impacts of
land use and land cover changes, trends and variability in climate variables and their subsequent
influence on the hydrology and soil erosion in the watershed is important. Unfortunately, this
information is difficult to obtain as analyses are hampered by a lack of reliable data and has delayed
the design and planning of key interventions for soil and water conservation in the watershed.

1.2 Problem Statement and Rationale

The landscapes of the Uluguru Mountains are home to some of the most diverse species of flora
and fauna and are ranked 15% and 6% globally for bird fauna and vertebrates respectively (Bhatia
and Buckley, 1998; Burgess et al., 2002; Burgess et al., 2007). According to JICA (2012) report, Upper
Ruvu has the highest water potential out of the seven watersheds in the Wami Ruvu Basin with 44%
and 37% of annual specific discharge for dry and wet years respectively. In addition, the watershed
resources support important economic activities such as agriculture, fishing, mining, industry, eco-
tourism and livestock keeping. However, the landscapes in the watershed suffer from land
degradation mainly attributed to increased human population that rely on subsistence agriculture,
livestock grazing, small scale mining and forest resources for their livelihood (Ngoye and Machiwa,
2004; Mbilinyi et al., 2006; Yanda and Munishi, 2007; Lopa et al., 2012).

Landscapes in the Uluguru Mountains contain about 60% of the population of the Upper Ruvu
watershed with an average population density of between 250-300 people/km? (URT, 2011). For
several decades, the watershed has experienced increased rates of soil erosion and sedimentation
problems, and changes in the hydrological regimes (Ngoye and Machiwa, 2004; Yanda and Munishi,
2007; Msaghaa et al., 2014). Land degradation in the watershed has serious economic and
environmental consequences affecting not only the human population but also the environment
(WRBWO, 2008; IUCN, 2010). A combination of factors including conversion of forests to cultivated
lands, inappropriate agricultural practices, logging, bush fires, grazing, climate variations and steep
slopes are responsible for the increasing rates (Yanda and Munishi, 2007; IUCN, 2010; JICA, 2012;
Msaghaa et al., 2014). Dwindling water supplies downstream, especially in the dry season, flooding
in the wet season and deteriorating water quality have been reported (Burgess et al., 2002; Ngoye
and Machiwa, 2004; Lopa et al., 2012; Msaghaa et al., 2014) as a result of the environmental
changes.



Yanda and Munishi (2007), in a study carried for the entire Ruvu basin, reported a decrease of about
25% and 49% for forests and woodlands respectively in a span of just five years from 1995 to 2000.
Increases of about 350% in cultivated land, 31% of grasslands, and about 50% of bushland was
reported for the same time from 1995 to 2000. In 1995 cultivated land occupied only 7% of the
basin area, but the coverage increased to 32% in 2000 (Yanda and Munishi, 2007). Although this
study was conducted for the entire basin, the results highlight the magnitude of change for the
upper Ruvu watershed, and the change could be much worse in the resource rich area. The gazetted
Uluguru Mountains occupied about 277 km? in 1909 (Temple, 1972), but by 2000 only 230 km? of
the forest were estimated to remain, with a forest of 0.6% per annum between 1977-2000 (Burgess
et al., 2002). As of 2002, Burgess et al. (2002) reported that evergreen forests were only confined
to the catchment forest reserves managed by the government. Most of the catchment forests in the
lowlands have since been cleared for agricultural purposes, and the few remaining have shrunk in
size and are continually being degraded. The loss of vegetation cover through forest and woodlands
encroachment and increase in cultivated lands and grasslands can have devastating impacts on the
hydrology and socio-economic activities of a watershed (Bounoua et al., 2002; Foley et al., 2005),
accelerating carbon release to the atmosphere from deforestation and burning of vegetation and
modification of the climate through mediation of exchanges of energy, momentum and water
between the biosphere and atmosphere (Pielke et al.; Sellers et al., 1996; Bounoua et al., 2000;
Sterling et al., 2013). Alarming rates of soil erosion, a decline of dry season and water quality
problems have already been reported (Ngoye and Machiwa, 2004; Yanda and Munishi, 2007).

Despite of its importance of the Upper Ruvu watershed, no studies have focused to understand the
extent, dynamics and impacts of environmental changes in the watershed. Studies on the
guantification of the impacts of the changes on hydrology and soil erosion are scant because of the
lack of information including reliable biophysical data hydro-climatic data. Availability of remote
sensing data such as the recent launched Landsat 8 and advances in the algorithms for land use and
land cover investigation may present the recent perspective changes in land use and land cover and
provide new insights. Yanda and Munishi (2007) attempted to qualitatively analyze the relationship
between land degradation and hydrology of the basin, and reported that the upper watersheds (e.g
Kibungo, Mgeta, Mvuha, and Mfizigo) contributed approximately 70% of the turbidity in the streams
mainly due to their presence in higher slopes. A modeling study using the Water Erosion Prediction
Project Model (WEPP) by (Msaghaa et al., 2014) reported that cultivated land in the Mfizigo
contributed more than 81% of the soil loss and 86% of sediment yield in the Kibungo watershed.

This study seeks to investigate and quantify impacts of land use/cover and climate variability on
hydrology, and soil erosion in the basin, through a combination of field experiments and
hydrological modeling. While distributed models are widely used tools for answering the question
of how land use and climate variability affect hydrological processes, field experiments are essential
for providing site-specific data of variables that influence the processes. The models will be used to
simulate streamflow, and soil erosion. The data and models might potentially serve as decision
support tools for the key stakeholders in the basin. Understanding how LULCs and climate influence
hydrology and sediment yield, will enable planners to formulate policies towards minimizing the
undesirable effects of future land use and climate variability on the watershed. The knowledge of
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the types and consequences of these changes is essential for resource base analysis and
development of effective and appropriate response strategies for sustainable management of
natural resources. The findings from the study will be important for decision makers, land and water
resources planners in formulating and implementing effective and appropriate responses to
minimize undesirable effects of land use/cover and climate variability.

1.3 Research Objectives

Studies on the quantification of hydrological and soil erosion responses to vegetation changes have
relied on paired catchments or single catchment experiments (Bosch and Hewlett, 1982; Ashton et
al., 2005), field observations, statistical approaches (time series analysis) and simulation models
(DeFries and Eshleman, 2004; Eshleman, 2013). DeFries and Eshleman (2004) summarized factors
hindering the applicability of field and catchment experiments as: cost, short length of hydrological
records, natural variability of hydrological systems, difficulties in controlling land use change in real
catchments, small number of small-scale experiments and problems of extrapolation and
interpolation of the results from small scale to large scale and other catchments. Use of simulation
models to provide information that will guide the design of strategies for controlling land
degradation and sediment delivery, evaluate yield and sustainability of flows and groundwater for
domestic and irrigation is highly needed. Developing countries in the tropics including Tanzania
whose economies depend on agriculture are moving towards increasing irrigated areas that will
increase food production to ensure food security and meet future food demands. High dependence
of the majority of the population on natural resources for livelihood has increased vulnerability of
these resources to the changes in population and demands. There is, therefore, a great need for the
use of simulation models for quantification of impacts of anthropogenic activities and climate
change on the sustainability of natural resources and prediction of the potential responses to the
changes. Unfortunately, unavailability of important data for evaluation of the models, has made
their application a challenge. Many of the available models have been developed for conditions in
the USA or Europe and therefore local empirical data are needed for their adoption.

The overall goal of this research was to investigate the potential consequences of changes in land
use and land cover (LULC) and climate variability on the hydrology and soil erosion of a tropical
watershed, characterized with complex terrains, variability in climate and increased anthropogenic
activities. The study focused on monitoring experiments, field experiments and modeling approach
for better understanding of the hydrological processes with the view of providing useful information
for improved land and water resources management in the watershed for a sustainable
environment. Specific objectives of this study were:

1. Mapping land use and land cover changes and its influence on soil erosion in the Upper
Ruvu Watershed

2. Correlate the contribution of climate variability and human activities to the changes in
hydrology at headwater and watershed scales.

3. Estimate surface runoff, sediment yield and Curve Number using a rainfall simulator at
plot scale

10



4, Model streamflow responses to changes in land use and land cover in the Upper Ruvu
Watershed using the SWAT model.

From these objectives, there are a number of specific questions that provide some focus to this
research. The questions following thus help to guide and clarify the focus of this research.

(a) What are the major land cover classes and what is the extent of land use and land cover
change (LULC) in the Upper Ruvu watershed for the 1991 to 2015 period?

(b) What are the consequences of changing LULC on soil erosion within the watershed?

(c) What is the contribution of climate variability and human activities in the hydrology of
headwater sub-watersheds and at watershed scale?

(d) What are the effects of site characteristis and soil characteristics on runoff volume, rate and
sediment yield relationships?

(e) Is the Soil and Water Assessment Tool (SWAT) model suitable for simulating the response of
streamflow to the changes in land use and land cover in the watershed?
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Chapter 2. Mapping Land Use and Land Cover Changes and its influence on Soil Erosion in the
Upper Ruvu Watershed, Tanzania

Abstract

Soil erosion by water is a pressing environmental problem affecting the sustainability of many
landscapes in Tanzania. Landscapes in the Uluguru Mountains in Tanzania are affected by an
increase of population leading to forest conversions into cropland and grazing areas. Land use/land
cover (LULC) change and its impacts on soil erosion were investigated in the Upper Ruvu Watershed
over a 25 year period (1991 through 2015) using Landsat imagery and remote sensing techniques.
Eight land use/land cover classes were identified and generated at three different time periods
(1991, 2000, and 2015). LULC classification was done using Random Forests (RFs) algorithm and
satisfactory classification accuracy with kappa coefficients of 92%, 89% and 92% were obtained for
the 1991, 2000 and 2015 data respectively. Results show a decrease of natural forests by 77%,
woodlands by 44% and wetland by 50%, and an increase of croplands by 111%, shrubland by 39%
and grasslands between 1991 and 2015. The Revised Universal Soil Loss Equation (RUSLE) model
was used to estimate the influence of the changing land uses on soil erosion. Mean soil losses of up
to 34 t/ha/year were estimated in the uplands compared to mean soils of 2 t/ha/year in the
lowlands. Higher soil erosion was estimated in the uplands which are characterized by steep slopes
and higher rainfall, compared to the lowlands and foothills. Higher soil losses were estimated in
cropland with a mean average of 28.4 t/ha/year in 2015 from just 19.8 t/ha/year in 1991 and
negligible in natural forests. Average annual soil losses for the entire watershed were estimated to
be 5.4, 7.5 and 14 t/ha/year for 1991, 2000 and 2015 respectively, showing increasing soil erosion
with continued land use change. About 13% of the watershed was estimated to be in the high to
severe erosion risk. Soil erosion rates were higher in sub-watersheds located in the uplands with
soils losses ranging from 26 to 47 t/ha/year. These results help to quantify the extent and impact of
soil erosion in the watershed, and identify areas contributing to sedimentation in the river and those
areas at greater risk for land degradation.

Key words: Land use, Land cover change, remote sensing, soil erosion potential, RUSLE, Landsat
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2.1 Introduction

Soil erosion is a major concern for human sustainability (Lal, 1998) in many parts of Tanzania,
especially on the steep slopes of mountainous areas like the Uluguru Mountains whose landscapes
are highly populated and converted into farmlands. On-site consequences of soil erosion include
loss of soil fertility due to the decline in inorganic matter and nutrients (Biro et al., 2013; Leh et al.,
2013; Gao et al., 2014; Mufioz-Rojas et al., 2015) can be devastating for crop productivity (Bewket
and Teferi, 2009; Morgan, 2009; Ochoa-Cueva et al., 2015). On the other hand off-site impacts such
as increase in turbidity, sedimentation, eutrophication and siltation affect water quality and reduce
capacity of rivers, reservoirs and dams downstream. Changes in land use and land cover (LULC) as a
result of increasing human population and subsequent responses to changing economic activities
have affected the environment in pervasive ways (Lambin et al., 2001; Foley et al., 2005). Apart
from soil erosion changes in LULC contribute to watershed destruction leading to water pollution
and water shortage, habitat destruction (Lambin et al., 2003), biodiversity loss and species
extinction (Richter et al., 2003; Vanacker et al., 2007; Wei et al., 2007; Schilling et al., 2011; Peng
and Wang, 2012).

The Uluguru Mountains are recognized as an area of global importance for biodiversity conservation
(Burgess et al., 2002; Burgess et al., 2007), and important sources of water supply to the Ruvu River.
The Ruvu River is a principal water supply to Dar Es Salaam City serving a population of about 5
million people, and other surrounding towns (Burgess et al., 2002). The Upper Ruvu watershed is
part of the Ruvu River Basin which join the Wami to form the Wami Ruvu Basin (WRBWO, 2008).
According to a JICA (2012) report, Upper Ruvu has the highest water potential out of the seven
watersheds in the Wami Ruvu Basin with 44% and 37% of annual specific discharge for dry and wet
years, respectively. However, the landscapes in the watershed suffer from deforestation that is
mainly attributed to increased human population (Yanda and Munishi, 2007) and is susceptible to
soil erosion (Rapp et al., 1972; Kimaro et al., 2008; Mulengera et al., 2010), affecting not only human
population, but also ecosystems(Burgess et al., 2002; Yanda and Munishi, 2007). Dwindling water
supplies downstream, especially in the dry season, flooding in the wet season and deteriorating
water quality have been reported (Burgess et al., 2002; Ngoye and Machiwa, 2004; Lopa et al., 2012;
Msaghaa et al., 2014).

The uplands of the Upper Ruvu accommodate approximately 60% of the population in the landscape
(NBS, 2012). The majority of the population depend on subsistence agriculture and directly derive
their livelihood from natural resources (Ngoye and Machiwa, 2004; Mbilinyi et al., 2006; Yanda and
Munishi, 2007; Lopa et al., 2012). Yanda and Munishi (2007) in a study conducted in the entire Ruvu
River Basin, reported a change of cultivated land from 7% of total area in 1995 to 32% of total area
in 2000, and decrease of natural forests from 8% of the total area to 6% of total area in the same
time. A decrease in woodlands and increase in grasslands were also reported, thus increasing the
exposure of land surface to erosion and increased surface runoff. Earlier studies in Mgeta and other
areas (Temple, 1972; Temple and Murray-Rust, 1972; Temple and Rapp, 1972) (Lundgren, 1978)
suggest that soil erosion problems has been known before the 1970s. Several conservation
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measures had been introduced during the German-British colonial rules, but all failed as they were
unsoundly based and ill-advisedly implemented (Temple, 1972; Lundgren, 1978).

Furthermore, it is estimated that the number of inhabitants in the city of Dar Es Salaaam alone will
reach 6 million by 2020 (IUCN, 2010). The city will likely face water shortages as a result of the
population increase considering current water infrastructures. The construction of the Kidunda Dam
on the downstream part of the Upper Ruvu watershed has been identified as one of the solutions
to deal with water shortages, regulate flows in the Ruvu River and provide water for other socio-
economic activities and ecosystem functioning (ESIA, 2011; IUCN, 2010). However, changes in LULC
especially deforestation are likely to result in sediments and siltation in the dam and other
downstream areas. Sediments from eroded soils in the uplands have been reported to affect
downstream areas including wetlands (Ngoye and Machiwa, 2004) and have resulted in rising water
treatment costs (Lopa et al., 2012). Unfortunately, the extent of land cover change and its influence
on soil erosion are still not well understood mainly because of lack of adequate temporal and spatial
information on LULC change. Understanding the influence of changes in LULC is essential for proper
planning of strategies to combat soil erosion and improve watershed management. Availability of
the information would enable planning and development of proper soil and land management plans
and strategies, enable focus on priority watersheds that would provide best return on investments
in the Upper Ruvu Watershed and in other similar areas of Tanzania and Sub-Saharan Africa, as well
as setting of priorities and education to create awareness on soil and water conservation projects.
This is particularly important as efforts to convince major water users (buyers) downstream to pay
for watershed services and address poverty of the poor upstream farmers in a win-win situation.

Land use and land cover mapping using remotely sensed data not only provides a current inventory
of resources and land-use, but also offers an opportunity to identify and monitor changing patterns
of LULC (Peterson et al., 2004). Remote sensing and geographic information systems have become
indispensable tools for monitoring and analysis of LULC for developing countries like Tanzania. As
soil erosion is highly associated with changes in land use/cover, characterization and detection of
changes allows resource and decision makers to monitor landscape dynamics over large stretch of
areas even in the most challenging and difficult terrains. The Revised Soil Loss Equation (RUSLE)
(Renard et al., 1997) is used to estimate annual soil loss data in most parts of the world (Mutua et
al., 2006; Ochoa-Cueva et al., 2015), largely because of its less requirement of data inherent with
most developing countries. Availability of the spatial information on land use and land cover change
and knowledge on soil erosion are crucial for sustainable management of the Upper Ruvu
watershed.

The objective of the study was to investigate the changes in land use and land cover from 1991 to
2015 in the Upper Ruvu Watershed and quantify the impacts on soil erosion. Specifically, this study
was designed to answer the following questions: (a) What are the spatial trends in LULC conversion
for the past 25 years change, and (b) what are the consequences of this change in LULC on soil
erosion within the watershed?
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2.2 Materials and Methods

2.2.1 Study Area

The Upper Ruvu watershed is located within Eastern Arc Mountains of Tanzania. The approximate
geographical coordinates are between latitudes 7° 00’ and 7°11°23.5”S and longitudes 37°30" and
37°38’36.6"E, (Figure 2-1). The watershed covers an area of approximately 75610 km?. The Uluguru
Mountains, which make part of the Eastern Arc Mountains form the main headwaters of the Ruvu
River Basin.

The rainfall distribution pattern is bi-modal with the main rainy season from March to May (MAM)
locally known as the masika, and the short rains usually start in October and end in December (OND)
locally known as the vuli, which is mainly controlled by the global circulation patterns. The bimodal
pattern is usually associated with the northward and southward movement of the Intertropical
Convergence Zone (ICTZ) and the El Nino-Southern Oscillation (ENSO) or other oceanic or
atmospheric signals as well as the topography. Mean annual rainfall in the study watershed as
observed from 1956 to 2012 ranges from 728 mm at the Morogoro Water Department station to
2450 mm at the Mondo station.

The high altitude areas receive more rainfall than the foothills and lowlands. Lowlands immediately
adjacent to these mountains are characterized by less precipitation and high evapotranspiration
rates, which often result in negative water balance. Temperature in the study area is variable with
the mean monthly temperature ranging from 17.4° C (July) to 22.4° C (December).
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Figure 2- 1. Map of the Upper Ruvu watershed showing location, elevation, river network

system and Rain gauge locations.
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2.2.2 Methodology

Satellite imagery and ancillary data

Landsat data of the years 1991, 2000 and 2015 for path/row 167/65 and 166/65 were acquired from
the Earth Explorer database of the US Geological Survey (http://earthexplorer.usgs.gov/). The time
periods were chosen based on Landsat imagery availability. All the images were collected in the dry
period (Table 2-1) in order to minimize the influence of weather variability on the analyses. LULC
analyses in tropical countries are often affected by cloud cover, and therefore classification accuracy
is usually affected by timing of data acquisition, and analysis period is chosen based on data
availability. Clouds and shadows are common in the forested part of the Uluguru Mountains, such
that cloud-free images are rare to find. In this study, it was not possble to obtain two scenes for a
single date for 2015 which were cloud free. Therefore, a composite image for 2015 was made from
six images of the two scenes. Seven bands were used for the imagery analysis with all at a ground
resolution of 30 m.

Table 2- 1. Landsat data used in the study watershed

Satellite Acquisition date % Cloud Cover
Landsat 5 June, 5, 1991 2%

Landsat 7 July, 07, 2000 5%

Landsat 8 June-Aug, 2015 <10%

Image processing and classification

Pre-processing is usually done to make sure that every pixel in the image records the same type of
measurement at the same location over time (Lunetta, 1998; Kennedy et al., 2009). A total of 50
well distributed ground control points (GCPs) were used in the rectification process and the root
mean square varied from 0.2 to 0.5 pixels. A first-order polynomial fit was applied and the data were
resampled to a 30 m spatial resolution using the nearest neighbour method and projected to the
Universal Transverse Mercator (WGS 84) coordinate system (Zone 37 South).

Classification scheme and and LULC cover classes

For LULC classification, eight thematic classes, excluding cloud cover and shadow, were identified
to represent the prevailing situation on the range of cover types and associated land uses and
management across spatial and temporal scales (Table 2-2) based on the reflectivity behaviour of
the different classes (spectral signatures) and based on higher resolution imagery available from
Google Earth, field assessments and literature review of publications (Burgess et al., 2002; Yanda
and Munishi, 2007; Lopa et al., 2012). The classification scheme is based on the one recommended
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by Anderson (1976). The scheme represents coarse data aggregates corresponding to basic land
management practices occuring in the Upper Ruvu River watershed and the Uluguru Mountains in
general.

LULC classification in this study was done using the Random Forests (RFs) algorithm (Breiman, 2001).
Random Forests (RFs) is an ensemble machine learning techniques which applies bootstrap
aggregatation (bagging) and random feature selection to individual classification or regression trees
for prediction (Breiman, 2001), and is increasingly being used for image classification and creation
of continuous variables (Horning, 2010). The algorithm uses results from many different models to
calculate a response (Horning, 2010). Several studies have reported the superiority of the RFs
algorithm (e.g.,Breiman, 2001; Palmer et al., 2007; Horning, 2010; Rodriguez-Galiano et al., 2012).
To date, several open source and commercial implementation for RF model development exist (Liaw
and Wiener, 2002; Witten and Frank, 2005; Horning, 2012). In this study, the Random-Forest
package (Horning, 2012) within the statistical software R 3.2.2 was used. Important common
parameters required for running RFs include input training data and response variables, number of
trees to be built, number of predictor variables to be used to create the binary rule for each split
and parameters used to calculate information related to error and variable significance (Liaw and
Wiener, 2002; Horning, 2010).

As a rule of thumb, the number of training samples is at least ten times the number of variables
used in the classification to be considered sufficient (Richards and Richards, 1999; Jensen, 2005). In
this study, a total of 886 training polygons with at least 100 pixels each were created and used in
the study for the 2015 image. The polygons were selected randomly in the imagery but ensured
good distribution in space and land cover classes. The highest numbers of training polygons were
given to croplands and woodlands which had 174 and 112 training polygons respectively and
distributed in different parts of the imagery. About 783 and 1081 training polygons were created
for the 2000 and 1991 imagery, respectively. The choice of the training polygons for different cover
types was based on the combination of field information, high resolution imagery (from Google
Earth, IKONOS) of the study area.

The training polygons were converted to shape files and exported to the random forest model along
with the stack of the Landsat images. It was difficult to discriminate various classes based on their
spectral signatures from the Landsat imagery, due to the inherent heterogeneity in the area. Other
indices representing different variables were therefore incorporated and used. These include, the
normalized difference vegetation index (NDVI) to represent the phenology in vegetation, the
normalized difference water index (NDWI) for water segregation, the tasseled cap for brightness,
wetness and greenness, and elevation. In total 13 bands representing NDVI, NDWI, the three
tasseled cap bands, elevation and the seven Landsat bands were made for each of the three time
periods and used as input in the model. Procedures for data preparation were carried out in Erdas
Imagine and ArcGlIS, while the random forest model was run in R software.
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Table 2- 2. LULC Classification scheme for the Upper Ruvu Watershed.

Type Description

Forests These are natural forests found in reserved areas of Uluguru montane
forests and other protected areas with a canopy cover over 90%. Other
areas include along rivers and in steep slopes and plantations.

Bushland Dominant vegetation lower than 3 m but higher than 1m with a canopy

cover above 10%, or dominant vegetation below 1m with a canopy cover

above 50%. Often traversed by animal tracks.
Cropland and settlement Areas currently under crop or land being prepared for growing crops.

Areas with permanent concentration of man-made structures, people and

activities such as villages and rural areas.

Woodland All wooded areas with tree cover > 60%. Closed stands of trees.

Grassland Open grassland/herb found in flat areas, grasses around the river banks in
which water-table is at or near the surface, extensive livestock areas

Bare land Non-vegetated/sparsely vegetated areas such as bare rocks, hard pans,
where soil exposure is obvious

Water Rivers, ponds and water reservoirs

Wetland Flooded shrubland and reed beds dominated by bushes and grasses

Clouds and shadow Areas covered with clouds and cloud shadows

Classification accuracy assessment and change detection

Accuracy assessment for the 2015 classification was performed based on data collected in the
summer of 2014 and 2015 and Google Earth imagery for the time period. A total of 450 points were
collected for the eight land cover classes. A stratified sampling approach was used in collecting
reference data for accuracy assessment. Each land cover class was treated as a strata and reference
data were collected randomly within the strata from different parts of the watershed. Apart from
the reference data collected from the field, additional data from high resolution imagery within the
Google Earth platform were used. Due to lack of field observations at the time of the earlier images,
visual interpretation of the raw landsat images were used for the 2000 and 1991 images. This
method has been reported in other studies for example Biro et al. (2013) and Sulieman (2008).

An error matrix or confusion matrix is a widely used way to represent thematic accuracy (Congalton,
1991; Congalton, 2001; Congalton and Green, 2008). In total, four measures of accuracy were
produced for assessing accuracy: overall accuracy, kappa (K), producer’s accuracy and user’s
accuracy. The producer’s accuracy shows the probability that a pixel location of a land use class is
correctly shown on the map, while the user’s accuracy shows the probability that a pixel location
on the map correctly identifies the land use class location as it exists in the field (Story and
Congalton, 1986). Overall accuracy is an indication of the correctness of the map and is calculated
by dividing the total number of correctly classified points by the total number of points

n
i=1

Overall Accuracy = *100% (2-1)
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where C is the number of correctly classified points of the particular land cover and N is the total
number of points. The Kappa coefficient is a measure of classifier performance derived from the
error matrix but which is free of any bias resulting from chance agreement between the classifier
output and the reference data (Richards and Richards, 1999; Campbell and Wynne, 2011). Kappa
provides information about the map quality and its value ranges from -1 to 1.

Change detection is a useful method of satellite based remote sensing and involves finding the
type, amount, direction and location of land cover changes occuring in an area (Yeh and Li, 1996).
Following the classification of imagery from the individual time periods, a post-classification
(Singh, 1989) comparison algorithm was used to determine changes in land cover in three time
intervals, 1991-2000, 2000-2015 and 1991-2015. Post-classification comparison has been used
successfully in other studies for detecting LULC change (Mas, 1999; Lu et al., 2004; Peterson et al.,
2004; Shalaby and Tateishi, 2007; Dewan and Yamaguchi, 2009; Kashaigili and Majaliwa, 2010; Lu
et al., 2012). The percentage cover of LULC for the different covers was computed using the
following formula:

Area. - Area.
it+1 It % 100% (2_2)

%LULC =

Areait

where Ajt = area of cover i at the first date, and Areaiw+1 = area of cover i at the next date.

2.2.3 Assessment of Soil Erosion Risk

The Revised Soil Loss Equation (RUSLE) (Renard et al., 1991; Renard et al., 1997) was used to
calculate annual soil loss. The RUSLE equation is given as:

A = R¥K*LS*C*P (2-3)

where: A is the average soil loss produced by water erosion per unit area (Mg haly?) at a particular
point, R is the erosivity factor caused by rain (MJ mm ha?h?), K is the erodibility factor of the soil
(MghMJt mm?), LS is the slope length and steepness factor, C is the cover and management factor,
and P is the support practices factor. In this study all the factors were considered to be spatially
constant for a grid size of 30m. Information for each factor was calculated and interpolated using
the Inverse Distance Weighted (IDW) method to make a raster for each factor at every cell/point in
the wateshed.

Rainfall Energy factor (R)

Rainfall energy or erosivity refers to the capacity of rain to erode soil particles (Wischmeier and
Smith, 1978). R factor (Wischmeier, 1959) can be calculated as a function of the total rainfall kinetic
energy (E) and the maximum 30-minute rainfall intensity (I30) known as the Elso (Haan et al., 1994)
(Wischmeier and Smith, 1978; Morgan, 2009). The transport is then averaged over a time period,
usually a year, in order to get the rainfall erosivity. Continuous rainfall records are necessary to
calculate the maximum 30 minute rainfall intensity (Els). Due to lack of breakpoint rainfall to
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calculate rainfall intensity, Arnoldus (1977) proposed a modified fourier index F for use in R
calculation which does not require the use of rainfall intensity. The index uses monthly and annual
rainfall averages, which can easily be obtained in most areas. The F used in this study based on
Arnoldus (1977):

12 2
poZi=lP (2-4)
P
where pi is average monthly rainfall and P is average annual rainfall. Arnoldus et al. (1980) found a
linear correlation between the F index and the Rainfall Erosivity factor (R). Based on the F, Renard
and Freimund (1994) recommended an equation that can be used for calculating R for given F values
greater than 55 mm:.

R=95.77-6.081F +0.4770F (2-5)

where R is the R-factor in (MJ mm ha'h?) and F is the Modified Fourier Index in mm.

Rainfall data for the study watershed were obtained from the Wami Ruvu Basin Water Board Office
and the Tanzania Meteorological Agency. Rain gage network in the watershed is unevenly
distributed with most gages found mostly around Morogoro town and in other populated areas in
and around the watershed. There were 13 stations with monthly data ranging from 1990 to 2012
chosen and used in the study. The monthly average for the 23 year period was obtained for each
rain gage station. The calculated R-factor values using Equation 2-5 are shown in Figure 2-2. The
values range from 4496 to 34874 MJ mm hathly?
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Figure 2- 2. Spatial distribution of R-factor values within the watershed

Soil sampling and soil erodibility factor (K)

Soil samples in the watershed were collected in the period from June — August, 2015 at the depth
of 0-20 cm. A steel auger of 7 cm diameter was used for soil sample collection. A total of 22 samples
were collected from sites representing different soil types. Each soil sample consisted of 2 to 6 sub-
samples that were mixed to form a composite sample. These samples were taken from sites of
different land use types. Slope, land use/cropping system, site and surface charateristics of each site
were observerd and recorded at the site based on the National Soil Service of Tanzania, soil profile
sheet. The soil samples were taken to the laboratory, where they were air dried and sieved through
a 2-mm mesh. The hydrometer method (Bouyoucos, 1962) was used for determining soil particles’
size distribution, and a wet sieving was used to determine the proportion of very fine sand. Humid
oxidation using the Walkley-Black method (Soil Survey Staff, 2014) was used for determining the
soil organic matter (OM). The permeability at each site was determined qualitatively in the field by
evaluation of the soil horizons. Soil structure was also determined by physical evaluation in the field.
The soil parameters were coded with the Wischmeier’s nomograph (Wischmeier et al., 1971). Soil
information for other land use types and management where samples were taken, were extracted
from the world soil grids by the ISRIC - World Soil information (ISRIC, 2013). The database carries
world soils at six depths. For this study, soil information at the top 2 depths (0-5 cm and 5 -15 cm)
were averaged to obtain a single depth equivalent to the one used in the field collection.
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The soil erodibility factor defines how susceptible soils are to erosion, representing the fact that
various soils erode at different rates because of different physical characteristis such as texture,
structure, and organic matter content. The K-factor was calculated using the equation suggested in
Wischmeier and Smith (1978). As the equation comes in english units, conversion to Sl units was
done by dividing by 7.59 as suggested by (Renard et al., 1997).

K = 0.277*10°5*ML14*(12-OM)+(0.0043(s-2)+0.0033(p-3)) (2-6)

where: K is the erodibility factor, OM is organic matter in percent, s represents structural parameter
based on the first soil horizon, p is a permeability parameter and M is a function of the primary
particle size fractions given by.

M = (% very fine sand + % silt)*(100-% Clay) (2-7)

As the Wischmeier monograph only shows OM values of up to 4% organic matter, values greater
than 4% of OM were assumed to be equal to 4% (Ochoa-Cueva et al., 2015). The K-factor values for
each grid cell were calculated and are shown in Figure 6. The values range from 0.01 to 0.079, with
a mean value of 0.04.

L and S factors

The effect of local topography on soil erosion rate in RUSLE is expressed by the LS factor, which is a
combination of the effects of slope length (L) and slope steepness (S). A Digital Elevation Model of
30 m spatial resolution Shuttle Radar Topography Mission (SRTM) was downloaded from the USGS
website (http://earthxplorer.usgs.gov) and processed by filling depressions and voids. The equation
adopted for computing the LS factor (Mitasova et al., 1996) is:

LS = (m+1)* [ x (08 0 0-8)
22.13 0.0896
where Ay is the upslope contributing area per unit width of the contour width, 6 is the local slope
(in radians), and m and n, are adjustable values depending on the soil’s susceptibility to erosion. The
values of the exponents vary in the literature, but m=0.4 and n=1.4 are the most commonly used
values. These values were therefore chosen and used in this study. Slope gradient in degrees and
flow accumulation were generated using ArcGIS®. The computed LS values ranged from 0 to 36.

Cover management C

The cover management is an important factor to be considered in the RUSLE equation as it denotes
the human impacts on the environment as they interact and manage vegetation and soil, and the
effect of vegetation growth stages on rainfall energy and soil loss (Haan et al., 1994; Morgan, 2009).
Apart from empirical values available in literature, remote sensing techniques such as the
Normalized Difference Vegetation Index (NDVI) have successfully been used in some parts of the
world (Karydas et al., 2009; Tian et al., 2009), including East Africa (Arhem and Fredén, 2014; Jiang
et al., 2014) for estimating the C-factor. In this study, NDVI was derived from the Landsat imagery
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for each of the three years. A raster of C-factor based on NDVI for each time period was calculated
using the equation given by Van Der Knijff et al. (1999).

C=exp[—01*—NDVI 1 (2-9)
(B-NDVI)

where C is the calculated cover management factor, NDVI is the vegetation index, and & and 6are
scaling factors that denote the shape of the correlation curve of NDVI and C-factor. The raster of
NDVI-derived C-factors was combined with the land use map to produce mean C-values for each
land cover class. A raster of C-factors from literature (Morgan, 2009; Mulengera et al., 2010) for
each land cover class was prepared. Subsequently, the C-factors for each time period was
calculated as an average of the mean C-factors and the corresponding C-factors from literature,
and raster of C-factors for each land cover map were used for subsequent processes in the RUSLE
equation.

Conservation Practices (P) Factor

The conservation practice factor describes the impacts of different practices implemented for land
management to reflect the effect practices such as contours, terraces, strip crops and sediment
basins. The practices could not be derived from the land use maps. It is also important to note that,
apart from few areas with conservation methods and agroforestry introduced during the Payment
for Watershed Ecosystem Services pilot project (Lopa et al., 2012), and individual efforts by a small
number of farmers in areas such as Mgeta, most areas remain without proper soil conservation
measures. The P factor was assumed to be 1 for all three years.

23 Results and Discussion
2.3.1 Classification Accuracy

The accuracy assessment was performed using the 450 referenced points which were collected
through stratified sampling. Error matrices were used for assessing classification accuracy of the
maps based on the method by Congalton and Green (2008). Overall accuracies obtained were 93%,
91% and 93% for the 1991,2000 and 2015 images, respectively. The calculated Kappa indices of
agreement for the three maps were 92%, 89% and 92% for 2015, 2000 and 1991, respectively (Table
2-3). The producer’s accuracy (PA) which refers to the probability that a certain land cover of a place
on the ground is classified, was between 89% and 100% for all land cover classes.The user’s accuracy
(UA)which refers to the probability that a pixel characterized as a certain land cover class in the map
is really in the class, was between 81% and 99% for all land cover classes. Based on the overall
accuracy and Kappa coefficient, the classified maps achieved a satisfactory classification accuracy.
Anderson (1976) and Foody (2002) suggested that a good classification map should possess
accuracy of at least 85 percent.
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Table 2- 3. Accuracy Assessment of Classified Land Use and Land Cover Maps

Land Cover 1991 2000 2015

PA UA PA UA PA UA
Natural Forest 95 95 89 98 99 97
Shrubland 91 91 93 89 94 91
Cropland and Rural Settlement 91 86 92 92 91 87
Woodland 91 94 93 86 94 97
Grassland 97 98 89 88 92 95
Bareland 99 9% 94 86 92 88
Water 93 81 96 88 95 81
Wetland 97 99 87 95 96 98
Clouds and shadows 100 99 98 98 89 91
Overall Accuracy 93 91 93
Kappa Coefficient 91 89 92

2.3.2 Land Use and Land Cover (LULC) Maps for 1991, 2000 and 2015 and change detection

The land use and land cover maps for the three time periods, 1991, 2000, and 2015 were mapped
for the watershed. Results show that forests and woodlands were dominant in 1991 and significant
changes have occurred over time across the watershed. Figures 2-3, 2-4 and 2-5 reveal changing
patterns of the land covers. While montane forests which are dominant up in the Uluguru
Mountains have not changed much, other natural forests and woodlands in other parts of the
watershed have been seriously disturbed from what used to be in 1991.
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Figure 2- 3. Land use and land cover maps for 1991 for the Upper Ruvu Watershed
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Figure 2- 4. Land use and land cover maps for 1991 for the Upper Ruvu Watershed
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Figure 2- 5. Land use and land cover maps for 1991 for the Upper Ruvu Watershed

Natural forests in the watershed are concentrated in the natural reserves particularly on the
Uluguru Mountains, and other forest reserves which are found in the eastern foothills of
Kimboza, Ruvu, Mvuha/Chamanyani and Mkulazi (further east of the Ruvu river). Figure 2-3
shows that in 1991, natural forests were found in almost all areas in the eastern part of the
watershed and riparian forests were common along the Ruvu and Mgeta rivers. However, as time
progressed, most of these areas have either been reduced to shrublands, or have been
converted into cropland and human settlement (Table 2-4). Woodland occupied the majority of
the watershed with 29% of the total area in 1991, followed by natural forests which occupied
17% of the entire watershed area. Shrubland occupied 15% and cropland occupied 14% of the
total watershed area. The percentage coverage of natural forests, woodland and wetland
continued to decrease for the year 2000 (Figure 2-4) and 2015 (Figure 2-5). On the other hand,
shrubland and grassland gained coverage for the 2000 and 2015 years, with more increase in
grassland than in shrubland, occupying 15% and 20% of the entire watershed area for 2000 and
2015 respectively. The study also reveals loss of wetlands from 9% in 1991, to 4% in 2015, as
most of this area was converted into cropland, mainly because of water availability for irrigation.
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Table 2- 4. Land Use and Land Cover distribution for 1991-2015

Land use 1991 2000 2015
Area(Km?) % Area (Km?) % Area (Km?) %

Natural Forest 1289 17.2 767 10.2 295 3.9
Shrubland 1142 15.2 1385 18.4 1583 21.0
Cropland and Rural settlement 1048 14.0 1567 20.9 2216 29.4
Woodland 2171 28.9 1825 243 1212 16.1
Grassland 883 11.8 1142 15.2 1526 20.2
Bareland 177 24 176 2.4 284 3.8
Water 110 1.5 88 1.2 36 0.5
Wetland 668 8.9 545 7.3 332 4.4
Clouds and Shadows 15 0.20 17 0.2 68 0.9

Changes of land use in a 10-year period between 1991-2000 reveal a decrease of forests by 40%,
and an increase of 50% of cropland. The results show a rapid shrinking of area covered by forests
especially in the uplands. The decrease of forests and woodlands, and increases in croplands and
grasslands was also noticeable for the period between 2000-2015. In general, there was an
annual decrease of natural forests of approximately 4% and annual increase in cropland of
approximately 5% between 1991 and 2015. Yanda and Munishi (2007), in a study involving the
entire Ruvu basin reported a 25% decrease of forests and a 350% increase of cultivated land
between 1995 and 2000. It is postulated that population increase in the landscapes of the
watershed was responsible for the escalating land conversions. Comparison of population data
from 2002 to 2012 show that population increased from 319,885 in 2002 to 433,421 in 2012.
Figure 2-6 shows population increase pattern for some of the administrative wards in the
watershed. Almost all wards experienced a surge in population, and increase of such activities as
cutting trees for charcoal and firewood for rural households and for the urban population, and
other activities was experienced.
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Figure 2- 6. Population increase of selected wards from 2002 to 2012 (Source: NBS,
2012)

2.3.3 Soil erosion estimation results

Results from the calculation of soil losses using RUSLE suggest that average soil losses over the
entire watershed for 2000 and 2015 increased from the baseline period in 1991. There was an
increase in the maximum and total soil loss for 2000 and 2015 as compared to the baseline year
in 1991 (Table 2-6). Table 2-6 shows that the average annual soil loss was 6.4 t ha-1/year in 1991,
9.2 thalyear?!in 2000 and 14 t hayear?!in 2015 when evaluated for the entire watershed. These
results show a 44% increase of soil loss from 1991 to 2000 and a 49% increase in soil loss from
2000 to 2015. The increase of mean values in the three time periods with other factors kept
constant, varying only the land use factor shows that soil loss increased with increasing change
in land use and land cover in the study area. The simulated average soil loss results for 2015
exceeds the tolerable values of 12t/ha/y (Milliman and Meade, 1983). In a study in the Mzinga
watershed, which is located adjacent to the Upper Ruvu, but all located in the Uluguru
Mountains, Mulengera et al. (2010) using USLE, reported average soil loss of 17 t/ha/yr.
Maximum values of soil loss estimated increased from 45 t/ha/yr in 1991 to 53.3 t/ha/yr in 2000
and 79.8 t/ha/yr in 2015.

The greatest increase in soil loss was found in areas mostly dominated by cropland which
increased by 26% and 82% for 2000 and 2015 respectively from the baseline time period in 1991
(Figure2-6). The increase was influenced by the expansion of cropland areas which increased
from 1048 km?in 1991 to 2216 km? in 2015 (Table 2-3). Average soil loss from cropland areas
increased from 19.8 t/ha/y in 1991 to 28.4 t/ha/y in 2015. From field measurements in the
Mzinga River Catchment, which is located along the slopes of the Uluguru Mountains in the
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opposite side of the Upper Ruvu watershed, Mulengera et al. (2010) reported an average of 33
t/ha/y of soil loss from agricultural lands. The values of soil loss are lower compared to the values
observed by Kimaro et al. (2008) using experimental plots in agricultural fields along the slopes
of the Uluguru Mountains reported soil loss values of between 69 and 163 t/ha/yr. Nishigaki et
al. (2016) using runoff plots conducted in maize fields reported soil loss values ranging between
15.9 t/ha/y to 47.2 t/ha/y. Using rainfall experiments on cropland,(Mbungu, 2016) reported
mean soil loss values of between 11.1 and 18.9 t/ha/yr for gentle and steep slopes respectively.
The values estimated in this study from the cropland areas fall within the values measured from
the field and exceed the limits for sustainable utilization of land. The increase in soil loss is also
evident in the estimated total amounts which were 218,822 t/y, 305,174 t/y and 481,986 t/y for
1991, 2000 and 2015 respectively. In other reported studies, Ligonja and Shrestha (2015)
reported average annual soil loss between 14.7 and 23 t/ha/year in Kondoa, Dodoma, while
Arhem and Fredén (2014) reported 38-43 t/ha/year in Musoma, Tanzania. These studies, though
from different landscapes and characteristics, help to define the confidence in our results. Some
results, especially those obtained from experimental plots, are a bit higher compared to the
results in the study watershed, but are within the range of results from other studies.

Table 2- 5. Soil loss estimates for the whole study area

Soil Loss 1991 2000 2015
Average (t/ha/y) 6.4 9.2 13.7
Minimum(t/ha/y) 0 0 0
Maximum (t/ha/y) 47.2 53.3 79.8
Standard deviation 34 49.6 68.9
TOTAL (t/y) 218,822 305,174 481,986.4

Figures 2-9 show the spatial distribution of soil loss in the watershed for 1991, 2000 and 2015. It
can be observed that most of the soil loss is concentrated in the northern part of the watershed
where cropland and other human activities are conducted on the steep slopes of the Uluguru
Mountains. These areas are also characterized by high rainfall and soils susceptible to soil
erosion. Out of six land cover classes ( by excluding wetland, water, and clouds and shadows),
forest had the least soil loss, with an annual average of 1 to 2 t/ha/year (Figure 2-7). Removal of
vegetation cover as a result of deforestation on the slopes of the Uluguru Mountains contributes
to the formation of crusts which facilitate runoff and limits infiltration of water into the soil. The
increase in runoff and soil loss from the landscapes facilitate the removal of nutrients much
needed for crop production in the area. The area covered by montane forest (Uluguru North and
South Forest Reserves), although located in high precipitation and characterized by steep slopes
experience lower values of soil loss. The presence of the forest help to protect the soil by
providing high infiltration capacity and less runoff. This shows the contribution of the C-factor in
estimating soil erosion with the RUSLE model. Areas within the same rainfall regime and
topographical characteristics but with different C-factors (derived from the land cover)
experienced different rates of soil loss. There was less soil loss from bare land for all the three
time periods, which might have been due to its presence in the lowlands with low slopes and also
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low rainfall but was consistent with the change in area coverage. There was increase in soil loss
from woodland, although the area covered by woodland decreased in 2000 and 2015.
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Figure 2- 7. Average soil loss per land cover class and year for selected land covers.

Based on estimated annual soil loss, the watershed was categorized into five erosion classes
based on the severity of the soil loss. The classes are shown in Table 2-7 ranging from minimal
(0-2 t/ha/year) to extreme (soil loss greater than 45 t/ha/year). Results show that, watershed
areas in the minimal class decreased over time, and there is a consistent increase over time of
the area under moderate to severe soil loss. The impacts of soil loss occuring in the moderate to
extreme category constituting 20% of the watershed area can be overwhelming to the
sustainability of the watershed. It is apparent that approximately 13% of the watershed is
experiencing annual soil loss of more than 20 t/ha/year and 7.5% area in the extreme category
are all above the threshold limit of 12 t/ha/y for sustainable landscapes. It is also worth noting
that most of the soils eroded from the uplands are deposited in the foothills and lowlands and
have off-site effects on the streams and rivers. Soil deposition was observed along river and
stream reaches and farms in the lowlands.
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Table 2- 6. Estimated soil erosion risk areas for 1991, 2000 and 2015

Erosion(t/ha/y) Category 1991 2000 2015

Area (km?) % Area (km?) % Area(km?) %
0-2 Minimal 5631 75.4 4751 63.5 5035 66.6
2-10 Low 1013 13.6 1655 22.1 1007 13.3
10-20 Moderate 421 5.6 480 6.4 530 7.0
20-45 Severe 194 2.6 257 3.4 414 5.5
>45 Extreme 212 29 334 4.4 350 7.5
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Figure 2- 8. Soil erosion risk map for the Upper Ruvu watershed for 1991
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Figure 2- 10.Soil erosion risk map for the Upper Ruvu watershed for 2015
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On examining further, the spatial distribution of soil loss, the watershed was delineated into 26
sub-watersheds based on the drainage systems as shown in Figure 2-10. This was intended to
estimate the magnitude of soil loss in the most susceptible areas. The code SW signifies the
watershed and the numbers are arranged from 1 to 26 overlaid on the 2015 soil loss map.
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Figure 2- 11. Spatial distribution of soil erosion risks based on Sub-watersheds for 2015

Soil loss estimates based on sub-watersheds for selected twelve sub-watershed are shown in
Table 2-8. Results show that the average soil loss based on sub-watersheds located in the uplands
were high in sub-watershed number 2 (SW2) with a mean annual soil loss of 47 t/ha/year for
2015 increasing from 24 t/ha/year in 1991 (approximately 95% increase). This was followed by
sub-watershed number 4 (SW4), sub-watershed number 5 (SW5) and sub-watershed 1 (SW1), all
with increasing soil loss from the baseline period in 1991 to 2015. In general, sub-watersheds in
the upstream part of the watershed fall into the moderate to extreme soil loss categories. To put
this into perspective, SW1, which is known as the Kiroka/Maembe sub-watershed, SW2 known
as the Kibungo Sub-watershed with its numerous tributaties (e.g. the Mfizigo, Mmanga and
Mbezi rivers), SW3, SW4, and SW6 comprise the Mgeta sub-watershed, and sub-watershed SW5
known as the Mvuha sub-watersheds are the most susceptible to soil loss. These are dominantly
cropland areas, which enjoy high rainfall and are all within steeper slopes than the rest of the
watershed, apparently, they are the most populated as well.

Soil loss from the watershed in the uplands were examined and it was observed that the erosion
was high in Kibungo watershed (SW2), Mgeta (SW2), Mvuha (SW5) and Kiroka (SW1), with 47
t/ha/year, 28 t/ha/year, 27 t/ha/year and 26 t/ha/year respectively for 2015. An increase of soil
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losses from 1991, 2000 and 2015 was consistent for all sub-watersheds. The results obtained in
this study were compared with studies from similar environments. Mulengera et al. (2010)
carried out a study in the Mzinga catchment using USLE equation and reported average annual
soil losses of 17 t/ha/year. Kimaro et al. (2008) in their study in the opposite side of the Uluguru
mountains carried out plot experiments in maize fields in varying slope steepness and reported
average annual soil losses of 41 to 163 t/ha/year.

Table 2- 7. Average annual soil erosion losses (t/ha/year) and annual total losses
(t/year) based on sub-watersheds

1991 2000 2015

Watershed Mean [t/ha/] Total [t/ha] Mean[t/ha] Total[t/] Mean[t/ha/] Total[t/y]
1 11.9 17067 16.5 23429 26.2 37782
2 24.0 67357 33.9 95474 47.0 133811
3 11.5 35019 15.8 47461 23.0 73198
4 11.2 19002 18.8 33275 28.3 50303
5 15.7 32713 19.8 42167 27.0 57648
6 7.8 25233 13.8 45596 19.0 63619
7 3.2 8212 3.7 9557 6.0 14251
8 13.3 4496 15.2 5124.5 20.0 6767
9 3.03 4707 7.4 7306 12.2 19236
10 5.2 5158.6 5.0 7691 17.1 16835
11 4.5 6970 5.5 8464 11.2 17485
12 2.0 3405 2.1 3759 34 6008

24 Summary and Conclusions

Land use and land cover (LULC) maps for the Upper Ruvu watershed were produced from Landsat
imagery for three years (1991, 2000, 2015) to examine the changes in land cover over time. The
use of random forest classification produced satisfactory results with Kappa accuracies of 92%,
89% and 92% for the 1991, 2000 and 2015 imagery, respectively.

The LULC maps provide the basis for evaluating the changes in land use and land cover for the
last 25 years from 1991 to 2015. Area in cropland and rural settlement have increased, while
natural forests decreased over the 25 year study period. Forest clearing is expected to primarily
be for transition to agricultural activities but also occurs for activities such as for timber and
building poles, and for charcoal and firewood production. In 1991, woodland was the largest
land cover class with almost 30% of the total watershed area, but this decreased to only about
16% of the total watershed area in 2015. Natural forests which were scattered in most areas of
the watershed, even in the foothills, eastern part of the watershed and in riparian areas, now are
only concentrated in the reserve areas which are protected by the government. In some cases,
illegal forest clearing for timber is happening inside the reserve areas threatening the
sustainability of biodiversity. Most of the riparian vegetation has been cleared for cultivation,
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mostly because of water availability for irrigation and soil moisture for growing crops, especially
horticultural crops during the dry season. Migration of people from other areas in search for land
and water for irrigation, and pasture have escalated the land conversion problem. The population
increase is exhibited by the significant change in population from 2002 to 2012. In addition, large
herds of livestock are common in the foothills, and towards the eastern part of the watershed.
Woodlands still dominate in the south-western part of the watershed, mostly because it is
currently still not inhabited. In addition, areas that were dominated by wetlands are increasingly
being used for agricultural purposes.

Soil loss assessment using the RUSLE equation reveal the risk of serious soil erosion in the uplands
of the watershed. The calculated soil loss compares well with other studies using models and
field measurements thus validating the RUSLE model. The average soil loss values increased with
time from 6.4 t/ha in 1991, 9.2 t/ha in 2000 to 13.7 t/ha in 2015. Cropland, which has expanded
to area of steep slopes are the most vulnerable to soil erosion with mean soil loss of 5.6 t/ha in
1991 to 28.4 t/ha in 2015. Areas most susceptible to soil erosion are found in the uplands and
appear to be the most populated and mostly dominated by cropland. High values of soil loss
estimated from 2015 appear to be consistent with the increase in human population (from 1991)
and subsequent increase in cropland areas. The change in the C-factor has a major influence on
soil erosion estimates and is a key factor for predictions of soil loss in the watershed. Comparison
of soil loss for the three time periods shows the importance of vegetation cover for soil erosion
reduction. High soil loss is prominent in the sub-watersheds located in the uplands, where higher
rainfall, steeper slopes and agricultural lands are common. This suggests that soil conservation
efforts targeting the areas most susceptible to soil erosion in the uplands are likely to contribute
to better outputs towards reduction of soil erosion

The results in this study have shown that landscapes in the uplands of the Upper Ruvu watershed
are subject to high soil erosion rates due to the pressure on forests exerted by human beings.
Conservation of natural vegetation and proper agricultural and livestock management are
needed as strategies to reduce soil erosion for sustainable environments. Further research on
soil erosion parameters and field measurements of rainfall erosion targeting small areas are
recommended for proper understanding of the influencing factors and for validation of the
results from prediction models.
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Chapter 3. Correlate the Contribution of Climate Variability and Human
Activities to Changes in Hydrology at Headwater and at Watershed
Scale

Abstract

Itis widely accepted that anthropogenic activities and climate variability have played a great role
in hydrological changes in watersheds and ultimately affect quantity and quality of water
resources. Hydrological responses to climate variability and human activities were investigated
using three experimental watersheds (18-25 km? in size). Flow and suspended sediments fluxes
were monitored for 2 years in the three small watersheds located in the uplands of the Upper
Ruvu watershed (Morogoro Rural District). The watersheds are characterized by different land
disturbances levels with the Mkungazi being the most disturbed (with 56% of the watershed area
occupied by cropland and 38% by forests) followed by Kivumaga (61% of the watershed area
occupied by forest and 39% by cropland) and Mbezi the least disturbed (72% of the area occupied
by forest and 38% by cropland). Water yield was high and characterized by flashy response to
rainfall in the most disturbed (Mkungazi and Kivumaga) compared to the least disturbed (Mbezi)
watershed. High sediment loads were exported from the Mkungazi (284 t km2y*)and 230 t km-
2yt for Kivumaga,) watersheds, whereas a much lower sediment loads were generated in the
Mbezi watershed (117 t km2y?t). The less disturbed watershed was characterized by high
baseflow contribution to total flow and a low flashiness index compared to the two disturbed
watersheds (Kivumaga and Mkungazi). Long term rainfall (1956-2012 and streamflow (1971-
2012) data from 11 stations were analyzed to identify trends and changes in response to climate
variation and anthropogenic activities. Analysis of annual and seasonal trends for the long term
records at the watershed scale showed that rainfall had significant decreasing trends, with a
change point in 1988. Streamflow showed non-significant decreasing trends. Changes in
quantiles of daily rainfall and streamflow extremes displayed variability with positive and
negative changes, with decreasing changes being more dominant. At an annual scale, climate
variability contributed 46% and human activities contributed 54% of the changes in streamflow,
signifying sensitivity of streamflow to human activities. The main human activities in the
watershed with significant impacts to streamflow are related to land use change, which was
significant from 1991 to 2015.

Key words:  climate variability; headwater; human activities; rainfall; streamflow;
suspended sediments; Upper Ruvu
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3.1 Introduction

Evidence of changing mean and distribution of precipitation and temperatures have been
documented around the world (Diffenbaugh et al., 2005; IPCC, 2007; Singh et al., 2014). Human
activities in the form of land use change through deforestation and agricultural management
(Milly et al., 2005; Jiang et al., 2011), along with climate variability have implications on the
hydrology of river basins (Zhang et al., 2008; Wang et al., 2013) and are major drivers of river
flow variability (Conway et al., 2009). Climate variability refers to the seasonal or annual
fluctuation of climate variables such as precipitation and temperature above or below long term
averages. The variability in river flow and changes in hydrological regimes pose a challenge for
water resources management with consequences on water supply and agriculture, especially in
Sub-Saharan Africa, including Tanzania, where agriculture plays an important role in the economy
and in the livelihood of more than 80 percent of the population (Ahmed et al., 2011; Arndt et al.,
2012; Tumbo et al., 2012).

The Uluguru Mountains in Morogoro Rural District are the headwater source of important
tributaries such as the Mbezi, Mfizigo, Mmanga, Mvuha, Mgeta and other small tributaries that
join downstream to form the Ruvu river. Streamflows in the Ruvu River have exhibited an overall
decline in the past three decades (Ngoye and Machiwa, 2004; Yanda and Munishi, 2007;
DAWASA, 2008) which can be attributed to the combined effects of climate variability and
anthropogenic activities. Future projections, albeit with large degrees of uncertainty predict a
decrease of up to 10% of flow in the Ruvu River (Mwandosya et al., 1998; Noel, 2011). Moreover,
conversions of natural forests and woodlands to croplands and grasslands for the last three
decades have been reported (Yanda and Munishi, 2007; Mbungu and Heatwole, 2016a ), and are
likely to continue due to increase in population. Decreases in runoff could potentially result in
serious impacts on socio-economic activities in Dar es Saalam, Morogoro and the Coast Region.
Quantifying the effects and contribution of human activities and climate variability on hydrology
is important for water resources assessment and management. This is especially important as
water shortages in Dar Es Salaam and other areas that depend on the water from the Ruvu River
have already been reported (IUCN, 2010; JICA, 2012). On the other hand, extreme tropical
monsoon rainfalls in the long rainy season (March through May) and the short rainy season
(October through December) have caused devastating floods in downstream areas in recent
years (Baker, 2012). As environmental changes continue along with intensifying anthropogenic
activities, understanding the processes and separating the contribution of climate variability and
human activities is essential for water resources management, and identification of linkages
between upstream and downstream interactions.

Due to the non-linear relationship among the factors causing changes on hydrological processes,
understanding the contribution of each factor has been a challenge in hydrology (Jiang et al.,
2011; Wei et al., 2013). A range of methods have been used in different parts of the world,
ranging from experimental watersheds, field experiments, statistical analyses and hydrological
modeling (DeFries and Eshleman, 2004; Li et al., 2009; Elliott et al., 2012; Fang et al., 2012;
Eshleman, 2013; Khoi and Suetsugi, 2014). While physically based hydrological models are
powerful tools for analyses of impacts of environmental change on water resources,
uncertainties related to structure, scale, calibration, parameters and extensive data
requirements limit their application in data scarce areas, a familiar characteristic of watersheds
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in Sub-Saharan Africa (Conway et al., 2009; Hughes et al., 2015). Monitoring experimental
(paired) watersheds has been used to assess how human activities in modifying the land surface
have affected hydrological processes and other water quality and quantity constituents in
watersheds (Wei et al., 2013). Nonetheless, due to the resources, labor and time required for
monitoring, only small number of experimental watersheds have been instrumented in Tanzania
as typical in most Sub-Saharan countries (Hughes et al., 2015). Monitoring efforts in the Wami-
Ruvu River Basin, have not been focused towards small watersheds, such that few or none of the
headwater watersheds are represented.

According to Milly et al. (2005), apart from climate which is manifested through precipitation and
evapotranspiration, streamflow changes in a watershed can be affected by anthropogenic
activities which may generate non-climatic changes. It is therefore important to determine any
change-point due to non-climate changes and then use the period before as the baseline period
to estimate the effect of climate variability (Jiang et al., 2011). This knowledge is crucial for the
planning, design and management of crucial water resources engineering structures, as the
assumption of time-invariant statistical characteristics of hydro-climatological time series may
not be valid following the increase in spatial extent and intensity of human activities and
intensified global environmental changes (Chen et al., 2007; Mbungu et al., 2012; Tabari et al.,
2012; Eshleman, 2013). A review of methods focused on understanding the individual
contributions of human activities and climate variability are presented in Wei et al. (2013).
Common methods used include computing the impacts on every component of a water balance
equation, regression analysis, runoff coefficient analysis (Wang et al., 2013), sensitivity analysis
(Dooge et al., 1999; Milly and Dunne, 2002) and hydrological modeling (Wang et al., 2010).
While there is evidence of rainfall and river flow variability at the Ruvu basin scale (Yanda and
Munishi, 2007), no detailed studies have been carried to understand the variability in rainfall and
streamflow at both sub-watershed and watershed scale. Moreover, little understanding exists on
the contribution of human activities and climate on streamflow variability. Analyses of long term
hydrological data can identify changes in runoff and also decipher the contribution of climate
variability and anthropogenic activities. As the watershed and its resources are highly dependent
by diverse resource users from the small-scale farmers in the upstream to downstream users in
the city of Dar Es Salaam, proper management should be a high priority. Increase in the frequency
of extreme rainfall events due to changing climate can result in severe losses to life and
properties (Garcia et al., 2007).

The objectives of this study were to i) assess temporal variation of streamflow and suspended
sediment on three headwater watersheds, ii) determine trends and abrupt changes in long term
precipitation and in streamflow records in the upper Ruvu watershed and detect extreme values
in precipitation and streamflow, and iii) quantify contribution of climate variability and human
activities on streamflow.
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3.2 Materials and Methods

3.2.1 Description of the study area

This study was carried out in the Upper Ruvu watershed which is located within the Eastern Arc
Mountains of Tanzania. The headwaters of the Ruvu River lie in the Uluguru Mountains. . The
watershed lies approximately between latitudes 7° 00’ and 7°11°23.5”S and longitudes 37°30’
and 37°38’36.6”E (Figure 3-1). The Upper Ruvu River Watershed covers an an area of
approximately 7510 km2. Major tributaries are the Mgeta in the west, and Ruvu which comprises
the Mvuha, Mmanga, Mfizigo and Mbezi in the east. The Ruvu River is an important source of
water supply for Dar es Salaam city and coast region. Administratively, the watershed lies in the
Morogoro Rural District in Morogoro region.

The mean annual rainfall in the study area ranges from 700 mm to 2450 mm. The rainfall
distribution pattern is bi-modal with the main rainy season from March to May (MAM) locally
known as the masika, and peak in April, whereas the short rains usually start in October and end
in December (OND) locally known as the vuli, which are mainly controlled by the global circulation
patterns. The bimodal pattern is usually associated with the northward and southward
movement of the Intertropical Convergence Zone (ICTZ) and the El Nino-Southern Oscillation
(ENSO) or other oceanic or atmospheric signals as well as the topography. Winds blowing from
the Indian Ocean lose much of their moisture in the Uluguru Mountains in the form of orographic
rain when they are forced to rise and undergo adiabatic cooling. The La Nina winds are
responsible for drought in dry years. More rainfall is received in the high altitude areas than the
foothills and lowlands. Lowlands immediately adjacent to these mountains have less
precipitation. Temperature in the study area is variable with the mean monthly temperature
ranging from 17.4° C (July) to 22.4° C (December).
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3.2.2 Data description

Instrumentation of the experimental watersheds

The headwater watersheds located in the uplands of the Upper Ruvu Watershed were identified
and characterized in January, 2014. The identification of the watersheds for instrumentation was
done in collaboration with the Wami Ruvu Basin Water Office staff. The boundaries of each
watershed were delineated using geographical information sytem (GIS) from the 30-m Digital
elevation model (DEM) from Shuttle Radar Topography Mission (SRTM)(Farr et al., 2007). The
three tributaries forming the headwater watersheds are Mbezi, Kivumaga and Mkungazi which all
join to form the Mbezi River downstream of the town of Kinole. The tributaries originate from the
north-eastern part of the Uluguru North Forest Reserve, and are under forests, cultivation and
human settlements. The Mbezi sub-watershed covers an area of 25.2 km?, while the Kivumaga
and Mkungazi cover areas of 19.6 and 18.5 km? respectively. The three sub-watersheds had
different levels of human disturbances which were examined by quantifying the areas covered by
forests and croplands, the two dominant land use types in the sub-watersheds. The percentage
area covered by forest and croplands for the three sub-watersheds (Table 3-1) was determined
from aland use map of the study area derived from 2015 Landsat imagery. Acrisols were the major
soils dominant in all the three sub-watersheds. Based on the percentages of forest (combination
of natural forests and woodland) and cropland it was found that the Mkungazi sub-watershed was
the most disturbed, followed by Kivumaga, with Mbezi the least disturbed.

Table 3 - 1. Main characteristics of the Study sub-watersheds.

Watershed Area (Km?) Main Land Use Mean %Mean Slope
Elevation
Mbezi 25.2 Forest (72%) 1360 42
Cropland (38%)
Kivumaga 19.6 Forest (61%) 947 43
Cropland (39%)
Mkungazi 18.5 Forest (38%) 1240 40

Cropland (56%)
Shrubland (6%)

A monitoring program of climate parameters (rainfall, temperature, relative humidity, and solar
radiation), streamflow and suspended sediments was developed and implemented in the three
headwater small watersheds. The monitoring program started in January, 2014 and continued
for two years. One automatic weather station was installed at Tegetero Mission to record rainfall,
relative humidity, temperature, solar radiation and pressure. Two additional tipping bucket
recording rain gages (0.2 mm/tip) were installed in Kinole and Nyange Primary Schools to record
rainfall from about 1 m above the ground. Along every automatic rain gage station, a manual rain
gage was also installed where local volunteers recorded data daily.

At each watershed outlet, a pressure sensor to record water level at 15 minute interval was
installed along with a staff gauge. Data from the sensors were dowloaded at least every two
months. Flow measurements were made using current meters in both the dry and wet seasons,
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with the aim of getting enough points to establish a stage-discharge relationship. In a few
occassions, when wading was deemed unsafe, a float was used to estimate stream velocity and
used with the established cross-sectional profile of the site. The rating curves of r>=0.995 (q =
15.149H18144) 2 = 0.9882 (q = 15.77H3>428), r2= 0.9546 (q = 15.024H%°9%) for Mbezi, Kivumaga
and Mkungazi respectively were obtained for the stage-discharge relationships.

Rainfall data recorded from a rain gauge located at Nyange Primary School were excluded from
further analysis because of data gaps due to vandalism of the instrument. Short-term failure in
data acquisition from the other rain gages were corrected by replacing missing values with data
from the manual rain gages located in the area. A heavy storm on November, 26, 2015 washed
out the Mkungazi gage station, hence the data for Mkungazi station ends on that date.

Water samples for suspended solids were collected using grab samples and depth integrated
sampler (DH-48). A weekly sample collection regime was carried out in the rainy season and a bi-
monthly sediment sample collection during baseflow periods.

Long term data compilation

Long term daily rainfall data from nine stations with data ranging from 1956 to 2013 were
obtained from the Wami Ruvu Basin Water Office (WRWBO) and from the Tanzania Meteorogical
Agency (TMA). Location of the rain gage stations are shown in Figure 3-1. The rain gage network
in the Upper Ruvu watershed is unevenly distributed with most gages found around Morogoro
and in areas close to village centers and schools in and around the watershed and there were few
stations in the foothills and some parts of the lowlands. Data collected were of different record
length and some stations had many periods of missing data. A further look into the data archives
showed that data collection and storage was consistent in the early 1950s up to the 1980s and
less efficient thereafter, until recently when there has been a renewed focus on data gathering
and monitoring. Quality checks were done to identify inconsistencies, erroneous entries, outliers
and missing data. Regressions using nearby stations were used for filling missing data.
Temperature, relative humidity, wind and solar radiation data for the Morogoro Meteorological
station was obtained from the Tanzania Meteological Agency. Discharge data for Ruvu River at
Mikula (1H10) were obtained from the Wami Ruvu Basin Water Office. Data collection was
consistent in the early 1960s, 1970s, and 1980s, but data paucity occurred in the 1990s. A
summary of the data used in the analysis are shown in Table 3-2. Missing data for streamflow
records were filled by substituting with simulated data (SWAT model) for the study watershed
(Mbungu and Heatwole, 2016).

Potential evapotranspiration ET, was calculated using the Penman-Monteith Equation (Allen et
al., 1998) expressed as:

0.408A(R, -G)+y 900
_ T+273
ETy =

A+y(1+0.34U2)

U2(es -e,)

(3-1)

where ET, is reference evapotranspiration (mm/day), Rn is net radiation (MJ m-2day?), G is soil
heat flux density (MJ m2day?), T is mean daily air temperature at 2 m height (°C), uz is wind speed
at 2 m height (ms™), es is saturation vapor pressure (kPa), e, is actual vapor pressure (kPa), es-e,

54



is saturation vapor pressure deficit (kPa), A is slope vapor pressure curve (kPa °C?), ¥ is
psychrometric constant (kPa °C). The equation has been implemented in the ETo calculator
(Raes and Munoz, 2009), and was used for computing ET, in this study.

Table 3 - 2. Stations in the Upper Ruvu Watershed

No ID Station Latitude Longitude Altitude MAR*(mm) %Missing Start End

1 9637046 MorningSide -6.9 37.67 1450 2217 2 1966 2014
2 9737076 Morogoro -6.83 37.65 526 817 0 1971 2014
3 9737006 Matombo -7.08 37.77 390 1547 11 1973 2014
4 9637045 Mondo -6.95 37.63 1120 2384 3 1970 2013
5 9637048 Ruhungo -6.92 37.63 880 979 0 1971 2010
6 9737026 Kibungo -7.02 37.80 270 1519 12 1971 2013
7 9637052 Moro WD -6.82 37.65 510 728 7 1956 2010
8 9000064 Mikula -7.25 38.25 80 765 0.15 1976 2013
9 9737005 Singiza -7.38 37.72 460 1325 9 1973 2007
10 9637047 Hobwe -6.98 37.57 740 917 4 1971 2012
11 9637051 Mlali -6.97 37.53 598 758 5 1956 2010

*MAR-Mean Annual Rainfall

3.2.3 Analysis of suspended sediment samples

Suspended solids concentration (SSC) was determined by gravimetric method. The water
samples were vacuum filtered through a 0.45-um filter and the residue oven dried at 105 °C for
24 h. The weight of each dried residue and the sample volume provided the SSC (g/l). Daily
suspended sediment load (kg/day) was then calculated as the product of the SSC and mean daily
flow.

An estimate of annual suspended sediment yield (SSY, tons) was calculated using the equation
described in Duvert et al. (2010):

n
ssy=22+ 3 q*ssc (3-2)

n =1l
where SSY = Annual Suspended Sediment Yield (tons), Q= average daily streamflow (m3/s), SSC is
the suspended sediment concentration (g/l), and n is the number of samples in a year of 365

days.
3.2.4 Hydrological Analysis

Hydrographs from the three sub-watershed outlets were normalized by their corresponding
watershed sizes for comparison among the three outlets. The calculation of the ratio of the total
runoff to total rainfall for each sub-watershed was computed for each year and here is referred
to as the runoff ratio (RR). Streamflow separation into baseflow and direct runoff was done
based on a method by Hewlett and Hibbert (1967) as implemented in the Web GIS-based
Hydrograph Analysis Tool (WHAT) using a recursive digital filter method of baseflow separation
(Lim et al., 2005; Lim et al., 2010). This approach of hydrograph separation has been used in
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hydrological studies in forested and agricultural watersheds in tropical and temperate regions
(Schwartz, 2007; Longobardi and Villani, 2008; Recha et al., 2012). From the results of the
hydrograph separation, the direct runoff ratio (RRDF) and the baseflow ratio (RRBF) were
computed as the ratio of direct runoff to total rainfall and baseflow to total runoff, respectively.
The baseflow index (BFI) (Bloomfield et al., 2009), a ratio of baseflow to total flow was also
computed. Furthermore, in order to examine the frequency and rapidness of streamflow in the
three sub-watersheds, a flashiness index (R-Bingex) Was computed using the equation by Baker et
al. (2004):

n
é Q-Q,
R-B =L (3-3)

where giand gi.1 are the daily streamflows (m3/s) at time steps i and i-1 respectively, and n is the
number of observations. According to Baker et al. (2004), the flashiness index exhibits low
interannual variability and better detects trends in streamflow regimes. The flashiness index has
been used to investigate streamflow response to changes in land use and forest conversions in
East Africain Kenya (Recha et al., 2012), and in Ethiopia (Tekleab et al., 2014). In order to compare
the differences in flows (high, median and low) across the watersheds, cumulative flow duration
curves (on a probability axis) were calculated (Vogel and Fennessey, 1995).

3.2.5 Long term trend detection

Mann-Kendall trend detection in rainfall, ET, and Streamflow

Monotonic trends in the annual and seasonal rainfall series were assessed using the Mann-
Kendall test. The Mann-Kendall (Mann, 1945; Kendall, 1975) is a non-parametric test that has
been widely used for identification of long-term trend in hydrometeorological time series
(Hamed, 2008; Tabari et al., 2012; Wei et al., 2013; Zhang et al., 2014; Tabari et al., 2015; Wang
et al., 2015). The Mann-Kendall is based on the statistic, S, which is calculated by:

nl n
5=2 2 sgn(x;-x) (3-4)
i=1 =i+l )

where x; and x; are the sequential data values, n is the length of the data set and sgn(x) is the
sign function that is equal to 1, 0, -1 if x is greater than, equal to, or less than zero respectively.

The null hypothesis Ho is that there is no trend in the dataset, that S is approximately normally
distributed with a mean zero. For data sets with more than 10 values, the variance associated
with the statistic S (Var(S)) can be calculated as:

n(n-1)(2n+5)
18

var(S) = (3-5)
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The values of S and Var(S) are used to compute the test statistic Z as follows:

Sl ifsso0
Jva(s)
210, ifS=0 (3-6)
- Stlifs<o
Jvar(S)

The presence of a statistically significant trend is evaluated using the Z value. Positive and negative
values of Z indicate an increasing and decreasing trends, respectively. The statistic Z has a normal
distribution. H, can be rejected as the significance level of a if |Z|2Z1.a/>, where Z;.a, is obtained from
the standard normal cumulative distribution tables (Liu et al., 2014). The slope of the trend was
calculated by applying the Theil-Sen estimator (Sen, 1968). The trend of autocorrelated time series was
estimated following Yue et al. (2002).

3.2.6 Quantile Perturbation approach for extreme rainfall and streamflow

Extreme value analysis deals with the extreme deviations of variables from the mean or
probability distributions. It involves time-dependent parameters such as rainfall and discharge in
order to reflect possible temporal departures in the frequency distribution. Many studies that
have documented changes in rainfall and streamflow have done so through analysis of annual
and monthly mean values. Despite its importance for human livelihoood and socioeconomic
develoment, examination of changes in extreme rainfall and streamflow have been rare, mostly
due to the lack of good quality daily rainfall data. Daily rainfall data collated as part of this study
were obtained from the Wami Ruvu Basin Office (WRBWO) and the Tanzania Meteorological
Agency (TMA) and were first quality checked graphically by JICA (2012), and in this study a
thorough check of accuracy was done using both graphical and statistical approaches such as
double mass curve. In this study variability in precipitation extremes were analyzed using the
guantile pertubation method (QPM). The method includes use of frequency analysis and
calculation of change factors which are hereafter referred to as the pertubations. The temporal
trends in historical time series and cycles are revealed after applying the method to several time
blocks, which are then combined to exhibit the temporal variation of extreme changes. Details
of the methods are described in Ntegeka and Willems (2008), Willems (2013) and Mbungu et al.
(2012). The method has been used for assessing trends in hydro-climatic extremes in the Nile
Basin and Belgium ( e.g. Mbungu et al., 2012; Onyutha and Willems, 2015). Monte Carlo
simulation was applied to the time series to derive bounds of variability using the 95% confidence
interval. In this study, anomalies were analyzed for the two rainy seasons March-May (MAM) and
October-December (OND) using a 5-year time block.
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3.2.7 Change Point Analysis and Double Mass Curves

A sequential Mann-Kendall test (Sneyers, 1991) was used for change point detection of significant
change in the time series. The test sets up two series, a forward series (here is referred as CF and
a reverse series (referred here as CB). The test statistic Sm is defined as:

m n
Sm=2Y Y 6.(m=23,4,...,n) 3.7
S == 37
1 Xi>Xj o
% =10 xiSleﬁlﬁ' (3-8)

The sequential values of the statistic CF are calculated from the following equation:

S -E(Sm)

CF= (3_9)
ﬁ/var(Sm)
In which
E(Sy) = m(”;'l) (3-10)
_i(-1) )
E(t;) = 0 (3-11)
var(S, )= 7—12[m(m—1)(2m+5)] (3-12)

CF follows the standard normal distribution, which is the forward statistic sequence, and the
backward sequence CB is calculated using the same equation but with a reversed series of data.

In the two sided test, if the null hypothesis rejected, an increasing (CF>0) or a decreasing (CF<0)
trend is indicated. If there is a match point of the two curves and the trend of the series is
statistically significant, the match point would be regarded as the change point.

Consistency of the rainfall and runoff data were visually investigated using double mass curve
(Kliment and Matouskovd, 2009). A straight line signifies that the data are consistent, and
changes in the gradient may indicate that the characteristics of rainfall or runoff have changed.
The deviation point is usually the change point. In this study, the method was used along with
the sequential Mann-Kendall to confirm the change point of rainfall and runoff time series.

3.2.8 Estimating the impact of climate variability on streamflow

Impacts of the variability of the climate variables in streamflow was investigated through
hydrological sensitivity analysis. Long-term hydrological sensitivity here is defined as the
percentage change in mean annual streamflow, Q, occurring as result of change in mean annual
rainfall P and potential evapotranspiration ET,. The change in mean annual runoff can be
determined using the expression (Koster and Suarez, 1999; Milly and Dunne, 2002).

AQClim = BAR + CXAETO (3_13)
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Where AQgim is the changes in streamflow caused by climate variability, AR and AET, are change
in rainfall and potential evapotranspiration respectively; g is the sensitivity of streamflow to

rainfall and a is the sensitivity to potential evapotranspiration.

The coefficients g and o can be expanded as:

_ 1+2x+3wx
(1+x+wx2)2
(3-14)
1+2wx
0!=—22 (3-15)
(1+x+wx%)

where x is the aridity index equal to ET.,/R, w is the plant-available water coefficient, which
represents the relative difference in the way plants use soil water for transpiration. While the
value of x was calculated from the relationship of potential evapotranspiration and rainfall, the
value of w for different land cover types was estimated following Zhang et al. (2001). The w
parameter values of 2 were assigned for forests and woodland (where cover > 50%), 1 for
shrubland and grasslands, 0.5 for croplands and 0.1 for bare lands. The p coefficient for different

land use types was calculated and the aggregate value for the mixed land uses in the watershed
was calculated using the relationship suggested by Sun et al., (2005):

b= (8 *¢) (316)

where di is the percentage coverage of different land uses in the watershed

Coverage of different land cover types for the Upper Ruvu watershed were estimated and are
shown in Chapter 1 as summarized in Table 3-3. The sensitivity of land use to streamflow was then
calculated using equation 3-15. The value for sensitivity of land use was found to be 0.49 and
sensitivity to evapotranspiration was found to be -0.23. These values were then used in equation
3-12 for calculating change in streamflow as influenced by climate (AQ

clim )

Table 3 - 3. The percentage coverage of different land uses in different time periods

Land Use % Areain1991 % Areain2000 % Areain 2015 % Mean Area
Natural Forest 17.2 10.2 3.9 10.4
Shrubland 15.2 18.4 21.0 18.2
Croplands 14.0 20.9 29.4 21.4
Woodland 28.9 24.3 16.1 23.1
Grassland 11.8 15.2 20.2 15.7
Bareland 2.4 2.4 3.8 2.9

Wetland 8.9 7.3 4.4 6.9

Water 1.5 1.2 0.5 1.1
Clouds/Shadows 0.2 0.2 0.9 0.4

The aggregation was also used for the calculation of the a index based on the coverage of the
land uses shown in Table 3-3.
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The impacts of human activities on streamflow is assessed through the relationship
AQ, = AQcIim

where A Qnum refers to the change in streamflow caused by human activities, A Qcim refers to
the change in streamflow caused by climate, and A Q, refers to the change in observed
streamflow. By considering the change calculated using equation 3-12, and the long term
change in the observed streamflow in the reference and the change periods, the effect of
human activities were quantified using equation 3-17.

+0Qp o (3-17)

3.3 Results and Discussion
3.3.1 Rainfall, streamflow and suspended sediments in the experimental watersheds

In the study area, rainfall occurred throughout the year, with higher amounts recorded in the
long and short rainy seasons. The long rainy season runs from March through May (MAM) and
the short rainy season runs from October through December (OND). On average the MAM season
contributed between 47 and 52% of the total annual rainfall. Other seasons January and February
(JF) and June, July, August and September (JJAS) received an average of at least 50 mm per month
of rainfall. The station in Tegetero recorded total annual rainfall depth of 2169 mm and 2423 mm
for 2014 and 2015 respectively. Likewise, the station at Kinole recorded a total annual rainfall
depth of 2247 mm and 1941 mm for 2014 and 2015 respectively. Total rainy days in Tegetero
were 198 and 214 for 2014 and 2015, respectively, while Kinole received rainfall for 228 and 178
days for 2014 and 2015, respectively. Figure 3-2 shows the mean monthly rainfall for the two
stations for 2014 and 2015. There was less variation in temperature in the two years of
monitoring with a mean value of 21°C, minimum of 17°C and maximum of 25°C. June and July
were the coldest months with a mean temperature of 19 °C, and the hottest month was January
with a mean temperature of 24 °C.
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Figure 3 - 2. Monthly rainfall comparison for Tegetero and Kinole stations
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3.3.2 Streamflow and water yield

Baseflow contribution was less from Kivumaga and Mkungazi than from Mbezi. Minimum values
of 0.74 m3/s and 0.23 m3/s for 2014 and 2015 were observed at the Mbezi outlet with a mean
value of 3.2 m3/s. Minimum flow values of 0.1 m3/s were observed at the Mkungazi and Kivumaga
outlets and the mean discharges for the two years were 0.7 m3/s and 1.1 m3/s for the Mkungazi
and Kivumaga outlets respectively. All the three streams are perennial with highest discharge
recorded in April. In the two years of monitoring the maximum flows recorded at the Mbezi outlet
was 21.7 m3/s recorded on April, 12t", 2014, while maximum discharge values of up to 45 m3/s
and 52 m3/s were observed at Mkungazi and Kivumaga outlets respectively. Figure 3-3 shows the
streamflow response to rainfall in the Mbezi watershed and Figure 3-4 shows the streamflow
response to rainfall in the Mkungazi watershed. It can be observed that there was an increase in
streamflow following rainfall events, and this is consistent in all the three sub-watersheds. The
high contribution of baseflow can be observed for the Mbezi sub-watershed (Figure 3-3) and less
for the Mkungazi sub-watershed (Figure 3-4). A flashy response was evident in all the streams,
and rise of streamflow could be observed immediately following rainfall events. In a study in
western Australian Ruprecht and Schofield (1989) showed that streamflow increased in a
watershed after forest clearing, due to the decrease in transpiration and interception loss. Using
small watersheds in Kenya, Recha et al. (2012) compared streamflow and water yield from one
forested watershed against three with different years after forest removal. It was found that
streamflow did not respond rapidly to rainfall events, and a flashy response in the three
watersheds with different land use history. It can be observed that there was a gradual increase
in streamflow during the rainy season and baseflow was high during the dry season in the Mbezi
watershed compared to Mkungazi. Due to the high coverage of forests (72% of the watershed
area), it is expected that a part of the rainfall is intercepted by forests and part is taken as
infiltration. In the watershed with high percentage of cropland (56%), a fast response of
streamflow to rainfall during rainfall events and low baseflow during the dry season are expected.
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Figure 3 - 3. Daily Streamflow and rainfall of Mbezi sub-watershed
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Average annual water yield of the three sub-watersheds for the two years of monitoring
(normalized based on sub-watershed area Table 3-4) showed higher discharges in Mkungazi and
Kivumaga compared to Mbezi. The ratio of total streamflow to total rainfall for the Mbezi sub-
watershed was 0.59 while for Kivumaga and Mkungazi the RR was 0.77 and 0.91, respectively. In
general changes in streamflow as a fraction of rainfall was higher in Mkungazi followed by
Kivumaga and was less in Mbezi. The same pattern of changes was observed for DR in relation to
rainfall as well as for BF in relation to rainfall. The Baseflow index was higher (0.76) for Mbezi sub-
watershed and was the lowest (0.35) at the Mkungazi sub watershed outlet. This indicates that
60% of the rainfall that falls in the Mbezi watershed was transformed into stream runoff, while
the percentages of rainfall that was transformed into runoff are higher in Mkungazi (91%) and
Kivumaga (77%). The significant contribution of baseflow to total flow is shown by the BFI which
is higher (0.76) for Mbezi sub-watershed and decreased following the levels of land disturbances
for the other two sub-watersheds. Figure 3-5 shows the comparison of runoff (mm) from the three
watersheds and it can be observed that hydrograph peaks were evident in the rainy season.
Pronounced higher peaks can be observed in the long rainy season (March through May) than in
the short rainy season. It can further be observed that higher peaks were found in Mkungazi
compared to Kivumaga and Mbezi.
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Figure 3 - 4. Stream flow for Mkungazi station

Figure 3-6 shows the cumulative flow duration curve for the three sub-watersheds. The flow
duration curve shows that Mkungazi and Kivumaga had the same pattern for low-frequency flows
(high flows) which were exceeded only about 23% of the time. However, under high-frequency
flows (low frequency) Mbezi watershed was higher than the two watersheds. Nonetheless, the
baseflow was higher in Mbezi compared to the two sub-watersheds. It is clear that the flow in the
Mbezi sub-watershed is mostly dominated by baseflow, which is contributed by the presence of
forest cover. The flow duration curve is consistent with direct runoff ratio and baseflow index in
Table 3-4. Alterations of vegetation in a watershed can affect the distribution of daily flows or flow
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duration curve (Brown et al., 2005). The knowledge that reduction in forest cover increases water
yield is not new in hydrology (Brown et al., 2005), but studies from paired watersheds have been
inconclusive (Bosch and Hewlett, 1982). Results from a comparison of the three watersheds is in
agreement with the knowledge that watersheds with a higher percentage of forested areas is
likely to result in less water yield than cultivated and more disturbed watersheds.

250

200 Mbezi

--------- Kivumaga ----- Mkungazi

150 |

100 |

Water Yield (mm)

(O]
o

T
S

o
0 - v
0 " L e = i i

01/11/2014 04/21/2014 07/30/2014 11/07/2014 02/15/2015 05/26/2015 09/03/2015 12/12/2015
Date

Figure 3 - 5.Water yield comparison for the three monitored watersheds

Table 3 - 4. Hydrological characteristics of the three stream tributaries

Parameter Mbezi Kivumaga Mkungazi
Annual Rainfall(lmm) 2296 2296 2094
Total Runoff (mm) 1365 1776 1917

DR (mm) 331 749 1231

DR, 0.13 0.34 0.59
DF(mm) 1033.5 1027 686

BFI (-) 0.76 0.57 0.35
Flashiness Index(-) 0.18 0.47 0.43

a3Direct Runoff/ Annual Rainfall

The flashiness index, which refers to the frequency and quickness of short term changes in
streamflow follows oscillations in flow relative to total flow. The average flashiness index for the
two years monitoring data was 0.18 for Mbezi sub-watershed, which was about 61% and 58%
lower than the index at Kivumaga and Mkungazi sub-watersheds, respectively (Table 3-4). A high
flashiness index indicates that the streams are flashier and the movement of water is rapid.
According to Baker et al. (2004), land conversions may cause an increase or decrease in flashiness
in the streams, and changes in land use and land management results in the increase of stream
flashiness and decrease in baseflow. The fast response to rainfall for Mkungazi (Figure 3-4) and
high flashiness index (Table 3-5) suggest that part of the rainfall produces quick flow moving
rapidly to the stream channel. The high values of flashiness index computed for the watersheds
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with less forested areas happen to be consistent with the levels of disturbances. In the Mbezi
watershed where 72% is covered by forests, a low flashiness index is calculated. In forest
watersheds, combination of stable soil cover, roots and litter acts as a sponge soaking up water
during rainy seasons, and releasing it more evenly during the dry season (Bruijnzeel, 2004), which
corroborates our results (Table 3-5).
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Figure 3 - 6. Flow duration curve for the three watersheds (mean values of 2014 and
2015)

3.3.3 Suspended sediments

Low values of suspended sediment concentration in the range of between 0.7 and 58 mgl™, with
a mean value of 16.4 mgl* were recorded in the Mbezi watershed (Table 3-6). High values of
sediment concentration ranging between 1 and 425 mgl* with a mean values of 94.3 mgl were
recorded for Mkungazi watershed, and between 2 and 242 mgl?, with a mean value of 63.2 mgl?
were recorded in the Kivumaga watershed. The relationship between streamflow and suspended
sediment concentration is shown in Figure 3-7. It can be observed from the figures that high values
of sediment concentration were found in the rainy seasons. In the two years of monitoring, the
long rainy season (March-May) produced more sediments than the short rainy season (October-
December).

Annual sediment loads for Mkungazi reached 284.6 t km2yr?, almost double the estimates for
Mbezi. Msaghaa et al. (2014) measured suspended sediments in the Ruvu river at Kibungo which
is located downstream of our study watersheds and drains much larger area and calculated annual
sediment loads of up to 450 t/km?/year. The results suggest that human activities which are
prevalent in the Mkungazi than in Mbezi and Kivumaga play a great role in the amount of sediment
loads generated from the landscapes. In a study in Mexico, Duvert et al. (2010) reported annual
sediment loads of up to 1500 tkm=2yr?! in three watersheds, with differences in loads attributed
to differences in land disturbance.

We found a positive correlation between suspended sediment concentrations and flow, with
correlations coefficients (r?) of 0.23, 0.17, and 0.34 for Mkungazi, Kivumaga and Mbezi watersheds

64



respectively (Figure 3-8). Scatter plots of suspended sediment concentration versus discharge are
shown in Figure 3-8.

Table 3 - 5. Suspended Sediment values from the three watersheds.

Watershed Mean SSC Mean Wet season  Dry season SSY (Annual)
(mg/) Sediment (t/day) (t/day) t/km?2/year
load (t/day)
Mbezi 16.4 8.4 14.7 10.8 117.4
Kivumaga 63.2 12.1 35.2 3.2 230.1
Mkungazi 94.3 14.5 48.3 11.1 284.6

On average for the two years of sampling, daily sediment yield for Mbezi watershed was less by
50% from that of Kivumaga and 75% from that of Mkungazi watershed. The annual sediment yield
for Mkungazi was 142% more than the Mbezi watershed, and about 23% more than that of the
Kivumaga watershed. The wet season was responsible for much of the sediment yield (Table 3-5).
The cropping pattern particularly of upland rice and maize (dominant crops) in the study
watersheds usually follows the rainy seasons and starts in February when the land is tilled and
planted and are usually harvested in June. In general the relation between hydrology and
sediment patterns reveal that sediment concentration and sediment yield increase with land

disturbances.
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Figure 3 - 8. Scatter plot of sediment concentration and flow characteristics for the three
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3.3.4 Analysis of climate variability and their impacts on streamflow at watershed scale

Long-term trend analysis and change point analysis of rainfall, ET, and Streamflow

Trend analysis of annual rainfall data for stations in the watershed with data ranging from 1956
to 2014 were carried out using the Mann-Kendall non-parametric tests. Figure 3-9 shows the
Mann-Kendall test statistics for the 11 stations within and around the watershed. The results
show that out of the 11 stations, only three stations had an increasing trend, which was non-
significant, and decreasing trends were observed from eight stations, with four of them being
significant (Table 3-6).

The frequency of trends based on the four seasons shown in Table 3-6 and Figure 3-9 show that
decreasing trends were dominant in all the seasons, with more significant decreasing trends
found in the JF and JJAS seasons (both having 82% decreasing trends), with 64% and 46%
statistically significant trends for JF and JIAS respectively. Of the two rainy seasons, the OND had
18% of the decreasing trends being statistically significant, while the MAM season had 36% of
the decreasing trends being statistically significant.
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Table 3 - 6. Rainfall trends for annual and different seasons for selected stations

Station Annual JF MAM JIAS OND
1 Moro WD -0.7 -0.85 -0.17 -1.08 0.53
2 Mondo -1.8+ -0.97 -1.10 -1.16 -0.89
3 Moro -1.4 -0.95 0.52 -1.37 0.38
4 Morningside -2.3* -0.81 -2.07* -2.91%* -0.92
5 Ruhungo 1.2 0.43 1.81+ 0.15 0.73
6 Matombo -4, 0%** -2.55* -3.1%* -2.24* -2.54*
7 Kibungo -0.85 -0.35 0.30 -0.91 -0.69
8 Mikula 1.7+ 1.09 1.65+ 1.94+ -0.85
9 Singiza -3.23%* -1.76+ -3.74%** -1.99* -0.38
10 Milali 1.51 -3.39%** 0.33 -2.25%* -0.80
11 Hobwe -4,02%** -1.91+ -4.88*** -3.68*** -2.77%*

*** Significant trend at 0.001 level of significance, ** significant trend at 0.01 level of
significance, * significant trend at 0.05 level of significance, + Significant trend at 0.1 level of
significance.

MK Statistic
-
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Figure 3 - 9.Results of the trend tests for the annual rainfall time series
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Figure 3 - 10. Frequency of rainfall trends for different seasons (JF: January-February;
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The trend test was applied to the annual streamflow data over the period 1969 to 2012. The Z
statistic of streamflow was -0.39, and showed a non-significant trend. Out of the four seasons in
a year, only the January- February (dry season) showed an increasing trend with a Z-statistic of
0.6. The Z statistic for the other three seasons were -0.46, -1.22 and -0.07 for MAM, JJAS and
OND respectively. It is clear that the dry season (which is the JJAS) had experienced more
decreasing trends than the MAM and OND seasons.
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Figure 3 - 11. Change point detection in annual rainfall and discharge time in time series

68



Analysis of change point using the Mann-Kendall sequential test for the stations with significant
trends in annual rainfall showed that a shift started in the mid-1980s but was evident at
Matombo station in 1988 (Figure 3-11). Figure 3-11 shows the sequential Mann-Kendall change
points for annual streamflow and annual rainfall, the abrupt change is noted at the intersection
of the forward and backward time series. Abrupt changes in annual streamflow (Figure 3-11 (B)
at 1H10 Ruvu at Mikula station started in the mid-1980s. Figure 3-12 shows the comparison of

mean annual streamflows before and after the change.
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120

100
80
60
40

Flow (m3/s)

20

0 1 1 1 1 1 1 1 1 1 J
1969 1974 1979 1984 1989 1994 1999 2004 2009 2014 2019
Year

Figure 3 - 12. Changes of annual streamflow from 1966 to 2012 for 1H10 Ruvu at Mikula
station

3.3.5 Changes in quantiles of extreme daily rainfall and streamflow in the watershed

Results from the quantile perturbation of daily time series of 10 stations in the watershed show
variability in extreme values for different time periods. Figure 3-13 shows the MAM anomalies of
extreme precipitation of two out of the 10 stations. Results show that the late-1970s to Mid-
1980s were generally dry showing decreasing quantile perturbations. Increasing quantile
perturbations were observed from the mid-1980s to the end of 1980s in 60% of the stations and
were significant in 30% out of the 11 stations displaying a rather wet period. The highest
significant change for the MAM season in 1990 was observed at Morogoro WD station with a
change of 31% and the change of extreme precipitation from the mean for Matombo station was
about 13%. An increasing trend of precipitation extremes that was significant in the early 2000s
was visible in about 50% of the stations but was significant in 4 of the stations. A change of
magnitude of up to 41% was observed at Mondo in 2001 and a change of about 58% was
observed at Ruhungo station in 2002. However, the rest of the stations exhibited a decreasing
trend that started in the 1990s up to the early 2000s and was significant at Matombo, Singiza and
Mikula. The highest significant negative change of about 60% was observed at Matombo in 2002.
Increasing anomalies for MAM season in the most recent years (2010s) were observed in
Matombo, Morning Side and Kibungo. The rest of the stations showed decreasing anomalies of
daily precipitation extremes for the MAM season in the most recent years (as can be seen from
the Moro WD station in Figure 3-13).
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Figure 3 - 13. Quantile probabilities for two stations for MAM daily rainfall extremes (5-
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Changes in the extreme precipitation for the OND season show that the 1970s to early 1980s
exhibited a dry to normal rainfall in about 50% of the stations. This was followed by increasing
rainfall extremes from the mid-1980s to 1990s. A significant change of up to 228% from the
reference was recorded at Hobwe station in 1994, 115% was recorded at Mikula station in 1986
and a change of about 42% in 1986 can be observed at Matombo station (Figure 3-13). A
significant decreasing trend starting from the 1980s to the middle of the decade was observed
for two stations (Ruhungo and Kibungo)

Unlike the MAM season where a positive change was significant around 1990 for most stations,
the OND season exhibited negative changes that started around in the late 1980s to 2000s and
were significant at Mikula (34% in 1997) ), Ruhungo (18%), Kibungo (15% in 1989) and Matombo
(68% in 2003). Increasing changes were observed from the 2000s but were significant only at
Morningside (2000), Hobwe and Ruhungo (2005) reaching up to 53% from the reference mean.
While almost all stations showed negative changes in extreme precipitation in the OND season
in years after 2005, Ruhungo showed positive changes (up to 54% in 2008). The negative changes
were significant at Mikula (46% in 2010), Hobwe (43% in 2010), and Morogoro WD (44% in 2010).
Variability in extreme precipitation from the long term value was observed in all the years
towards the present time.
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Figure 3 - 14. Quantile probabilities for two stations for OND daily rainfall extremes (5-
year block)
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Figure 3-15 shows anomalies for discharge at 1H10 Ruvu River at Mikula station during the long
rainy season (MAM) and the short rainy season (OND). The MAM season was characterized by
higher quantiles in the early 1970s (up to 40% change), and experienced decrease in the mid-
1980s (up to 20% lower) and in the early 2000s and late 2010s. The OND season showed a
somewhat similar pattern with significant extreme quantiles in the late 1970s, but a decrease
started that became significant in 1983 (20% change from the long term mean) (Figure 3-14). A
negative change started in the 1990s and became statistically significant from 1992 reaching 65%
change in 2003. Thereafter a positive change in extreme values started up to the present time
reaching 30% in 2008 (statistically significant from the mean).

Changes in the extreme precipitation for the OND season show that the 1970s to early 1980s
exhibited a dry to normal rainfall in about 50% of the stations. This was followed by increasing
rainfall extremes from the mid-1980s to 1990s. A significant decreasing trend starting from the
1980s to the middle of the decade was observed at Ruhungo (Figure 3-14)

Unlike the MAM season where a positive change was significant 1990 for most stations, the OND
season exhibited negative changes that started in the late 1980s to 2000s and were significant at
Mikula ( a change of 34% in 1997), Ruhungo (18%), Kibungo (15% in 1989) and Matombo (68% in
2003). Increasing changes were observed from the 2000s but were significant only at
Morningside (2000), Hobwe, and Ruhungo (2005) reaching up to 53% from the reference mean.
While almost all stations showed negative changes in extreme precipitation in the OND season
in years after 2005, Ruhungo showed positive changes (up to 54% in 2008). The negative changes
were significant at Mikula (46% in 2010), Hobwe (43% in 2010), and Morogoro WD (44% in 2010).
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Figure 3 - 15. Anomalies in discharge quantiles at 1H10 Ruvu at Mikula for MAM and
OND seasons.

Change in discharge quantiles for the two dry seasons, the January through February (JF) and
June through September (JJAS) are shown in Figure 3-16. The results indicate that the watershed
was dominated by negative quantiles and were significant in the 1980s, 2000s and 2010s for both
the JF and the JJAS seasons. Significant positive quantiles of the extreme discharge values were
visible in 1990 but a decreasing trend started from there on. It can be observed that the two
seasons are dominated by decreasing or negative changes compared to the long term average.
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Figure 3 - 16. Change in discharge quantiles at 1H10 Ruvu at Mikula for MAM and OND
seasons

3.3.6 Separation of the effects of climate variability and human activities on annual stream
flow

The change in rainfall and potential evapotranspiration for the reference period (1966-1988 for
rainfall, 1971-1988 for evapotranspiration) and the period that represents change (1989-2015)
was calculated and results are shown in Table 3-7. Potential evapotranspiration was calculated
using equation 3-1. Potential evapotranspiration in the separation of climate variability has also
been applied by Wang et al. (2015) who calculated using the Hargreaves and Samani Equation
(Hargreaves and Samani, 1985).

A double mass curve was used to confirm the time when human activity began to have influence
on streamflow. A consistent relationship of cumulative precipitation-discharge (straight line) over
time shows that there is no influence, but a consistent shift of the relationship may suggest that
other factors apart from climate may have played a role on the change of streamflow (Yao et al.,
2012; Wang et al., 2015). Figure 3-17 shows the double mass curves of rainfall-streamflow for
the reference and change periods divided into the wet and dry seasons. The difference between
cumulative observed seasonal streamflow and calculated values are referred to as change
attributed to human activity disturbances. It can be observed (Figure 3-17) that, in 1988 there
was a clear change of direction, which may suggest the influence of human activities on the
streamflow. At annual scale, the differences in streamflow between the reference and the
change period are shown in Table 3-7. The change point identified from the double mass curves
is consistent with that found using the sequential Mann-Kendall test.
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Figure 3 - 17. Double mass curve of seasonal precipitation and streamflow in the
watershed

The change in rainfall and potential evapotranspiration in the two time periods are shown in
Table 3-7. The results show that rainfall decreased by 4% and evapotranspiration increased by
2%. It can be realized that the change in rainfall and evapotranspiration is not significant for the
years considered in this study.

Table 3 - 7. Changes in annual rainfall, potential evaporation and streamflow in the two
time periods for both calculated and observed.

Time Period Rainfall(mm) ETo(mm)
1959-1988 1345.8 1491.0
1989-2012 1291.2 1522.0
Change 54.7 (4%) 31 (2%)

The effects of the change in rainfall and evapotranspiration on streamflow were computed using
equations 3-12 through 3-15. Based on the land use coverage in the study watershed and
equations 3-13 and 3-14, the value of the sensitivity B and a were found to be 0.49 and -0.24

respectively. The sensitivity values to land use and potential evapotranspiration were used in
equation 3-12 to calculate the change in streamflow as a result of climate variability (AQC“m).

The calculated change in streamflow due to climate was 19 mm. Using measured data from the
outlet station a change in runoff from the baseline data was calculated. A change of 41.2 mm was
found from the 293 mm of streamflow in the reference period (1969-1988) to 252 mm of
streamflow following change (1989-2012), making a 14% decrease in annual stream flow (Figure
3-12). Using equation 3-16, the change attributed to human activities was computed from the
known changes due to climate variability and the measured discharge at the outlet. Results show
that the change in runoff as a result of human activities was 22.2 mm. The contribution of climate
variability (19mm) and the contribution of human activities (22.2 mm) equal to the observed

74



change (41.2 mm). Therefore, climate variability contributed 46% of the total changes in runoff,
and human activities contributed 54% of the changes in runoff.

Changes of streamflow due to climate variability were mainly quantified by considering the
changes the variability in rainfall and evapotranspiration. Quantification of the contribution of
each driving factor to changes in streamflow is not only important for water resources planning,
but also for sustainable water management and for identification of appropriate strategies,
particularly for important watersheds like the Upper Ruvu watershed. Wei et al. (2013), showed
the contribution of forest change and climate variability to changes in runoff, and concluded that
for disturbed watersheds, contribution of human activities could be as important as that of
climate variability.

In this study, we found that the contribution of human activities to changes of streamflow in the
Upper Ruvu watershed was 54%, which was similar to the contribution of climate variability
(46%). Although there are neither reservoir nor major water abstraction from the rivers in the
uplands, but the increasing land use and land cover changes may contribute to the contribution
of human activities to changes in streamflow.

It is important to note that there are uncertainties associated with the method used to separate
the effects of human activities and climate variability on runoff associated with input data and
model parameters. First, the hydrological sensitivity method requires long-term data of natural
runoff without human activities. In this study data from two time periods (the baseline or before
change period and the after change period) and the values signify mean values over the two
periods, and ignore variability in the values within each period. Presence of some outliers in
either period may affect the results. Second, accuracy may have been affected by the poor
network of meteorological stations. Third, data for evapotranspiration were available from only
one meteorological stations, and the method used to calculate evapotranspiration may have
effects on the results. And finally, accuracy of the results may be affected by model parameters
(Jiang et al., 2011; Yao et al., 2015).

3.4 Conclusions

Climate variability and changes in human activities have played a major role in the changes in the
hydrology of the Upper Ruvu watershed from sub-watershed to watershed scale. Analyses of
climate variables and suspended sediments from three sub-watersheds in Upper Ruvu show that
the hydrology of the sub-watersheds was affected by variability in rainfall and human activities.
As expected, increases in discharge during the rainy seasons were accompanied with increase in
suspended sediments transported in the streams. However, during the dry season, flows were
higher in the less disturbed Mbezi watershed compared to the more disturbed Mkungazi and
Kivumaga reflecting the possible influence of anthropogenic activities, given that the three
watersheds were did not have significance difference in topography, soils and rainfall amount.
Anthropogenic activities in the three sub-watersheds were analyzed by comparing the levels of
disturbances which was determined through the percentage of forest cover and croplands for a
particular watershed. It was clear that the most disturbed watershed (Mkungazi) was associated
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with highest water yield and greatest sediment loads, while lower sediment loads were recorded
in the Mbezi watershed.

Analyses of trends and change points show that the Upper Ruvu watershed is generally
experiencing decreasing trends in annual and seasonal rainfall, which are significant in about 36%
of the stations at annual time step, and range from 18% to 64% decreases for the stations in the
four seasons. Changes in quantiles of daily rainfall and streamflow extremes displayed variability
with positive and negative changes, showing that dry and wet periods have been interchanging,
with the earlier years dominated by somewhat wetter periods compared to the most recent
years.

Analyses of streamflow time series have shown the influence of climate variability and human
activities. A decreasing trend in rainfall with a change point in 1988 was identified. The time series
was divided into two periods, the reference (1956-1988) and the change period (1989-2014),.
The computed changes indicate that climate variability contributed 46% and human activities
contributed 54% of the change in streamflow. It is important to note that human activities
especially land use and land cover changes are on the rise and their actual contribution may be
much higher than the methods used in this study were able to quantify.
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Chapter 4. Estimating Surface Runoff, Sediment yield and Curve Number using
a Rainfall Simulator at Plot Scale in the Upper Ruvu watershed,
Tanzania

Abstract

Deforestation, inappropriate farming practices, overgrazing and other human activities are major
factors aggravating soil erosion and water quality degradation in the Upper Ruvu Watershed in
Tanzania. The effect of biophysical and climatic characteristics on surface runoff and soil erosion
is critical for resource managers and decision makers in creating awareness and in the design and
implementation of strategies to combat the problem. This study was designed to quantify the
impact of land use types and site characteristics on surface runoff and sediment generation, and
estimate CN from three land use types in the upper Ruvu watershed, in Tanzania. The
experiments were carried out using a portable rainfall simulator in 18 selected sites in three land
use types (forest, grassland and cropland) with distinct variations on site characteristics (slope,
ground cover, soil and moisture content). Rainfall simulations (75 mm h) were conducted to
generate 30 minutes of runoff on a 2 by 1.5 m runoff plot and runoff and soil loss was measured.
Results indicate that higher mean surface runoff rates up to 48 mm h* were found within the
cropland land use type compared to runoff rates of 24 mm h! for grasslands. The lowest runoff
rates (6 mm h!) were found from forest land use. Similarly, mean soil loss was highest for
cropland (94 gm2) compared to grassland (66 gm™2) and forest (24 gm™). Correlation and
regression analysis indicate that percentage slope, percentage ground cover and some soil
properties had statistically significant effects on surface runoff and soil loss, and help to explain
the variations in runoff and sediment yield across plots. Soil moisture affected runoff, with higher
runoff generated from plots with wet versus dry initial conditions. However, higher soil losses
were recorded from surfaces with dry initial conditions than from surfaces with wet initial
conditions. Average CN values of 88, 57 and 80 were estimated for upland rice, forest and
grassland, respectively.

Key words: Runoff, sediment yield, soil erosion, rainfall simulators, Curve Number, Uluguru
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4.1 Introduction

Land conversions through anthropogenic activities and mismanagement of the natural landscape
can cause enormous changes in the hydrological processes, resulting in reduced stream flow and
water quality problems. Reduced vegetation cover as a result of human disturbances of the
environment is one of the main causes of increased surface runoff, soil erosion and movement
of nutrients downstream and a major contributor of non-point source (NPS) pollution (Novotny,
2003; Nunes et al., 2011; Grismer, 2012; Kibet et al., 2014). In addition, loss of soil fertility due to
soil erosion by water poses serious problems affecting the productivity of agricultural lands (De
Luis et al., 2010; Ziadat and Taimeh, 2013).

Highlands in Tanzania, like the majority of East African highlands, suffer from severe soil erosion
(Rapp etal., 1972; Temple, 1972; Jones, 1996; Vrieling, 2006; Kimaro et al., 2008; Msaghaa et al.,
2014; Nishigaki et al., 2016) with impacts on agricultural productivity and food security (Defersha
and Melesse, 2012), water quality degradation (Ngoye and Machiwa, 2004; Yanda and Munishi,
2007) and biodiversity loss (Burgess et al., 2002). High soil erosion rates with values exceeding
tolerable limits of about 10-12 t/ha/year (Milliman and Meade, 1983) have been reported in
some parts of the Uluguru Mountains (Kimaro et al., 2008). The alarming rates have largely been
attributed to the increase in human activities, especially those related to expansion of croplands
at the expense of forests and woodlands (Yanda and Munishi, 2007). The landscapes in the
Uluguru Mountains are one of the most populated areas in Morogoro with a population density
of about 300 persons/km? (URT, 2011) in some areas, almost four times the national average of
58/ km? for rural areas. Although agriculture is the major occupation, farming methods used are
poor and farming in marginal areas and areas susceptible to soil erosion is commonly practiced.
As part of this study as described in Chapter 2, we reported significant losses of natural forests
and woodlands from 1991 to 2015 (77 % and 41% respectively), and an increase of agricultural
lands from 14% in 1991 to 30% in 2015. Studies conducted in the area have highlighted the
relationship between land use change and increases in runoff generation and soil erosion (Yanda
and Munishi, 2007) and overall decrease in water quality (Ngoye and Machiwa, 2004; Yanda and
Munishi, 2007; Msaghaa et al., 2014). Soil erosion is not only responsible for water quality
degradation, but also for depletion of the fertile top soil causing a decline in crop productivity.
Loss of soil fertility is a major setback in the efforts to improve food security and household’s
income in the rural areas.

Planning for appropriate soil and land management techniques to reduce soil erosion requires
an understanding of the relationships between factors contributing to runoff generation and soil
losses. Various studies from a range of environments and landscapes have highlighted the
interactions existing between surface and climate characteristics for runoff and erosional
processes (Kosmas et al., 1997; Srinivasan et al., 2007; Nunes et al., 2011; Peng and Wang, 2012;
Zhao et al., 2014). Land use or land cover, rainfall intensity, antecedent soil moisture content,
and slope gradients are among the factors that influence the generation of runoff and soil erosion
(Cerda, 2000; Martinez-Murillo et al., 2013; Ziadat and Taimeh, 2013; Zhao et al., 2014).
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However, studies on runoff and soil erosion problems in nature can be a difficult challenge
because of the variability in rainfall characteristics (Moore et al., 1983), soil characteristics, land
use, cover and slope gradients and uncertainties governing the processes (Elhakeem and
Papanicolaou, 2009). The use of plot-scale experiments and lumped-conceptual models have
been helpful ( e.g., McCuen, 2003; Beven, 2011; Eshleman, 2013) for analysis of impacts of
changes in site characteristics on hydrological processes. Plot scale experiments are useful
because of the ability to replicate measurements in both space and time and the ability to control
environmental conditions to some extent (Eshleman, 2013). Due to their easy applicability even
in remote areas, rainfall simulators have been used to study surface runoff and soil erosion
(Walsh et al., 1998; Humphry et al., 2002; Srinivasan et al., 2007; Grismer, 2012; Kibet et al.,
2014). Rainfall simulators allow for control of important variables (Bryan, 1981), expedite data
collection processes and the possibility to study under controlled environment (Joshi and Tambe,
2010). They can be used to investigate different parameters such as impacts of land use practices,
vegetation covers, slope, soil characteristics, best management practices, nutrients such as
fertilizer on surface runoff and non-point source pollutants transport anywhere and at any time
of the year (Dillaha et al., 1988; Sharpley et al., 2001; Arnaez et al., 2007; Srinivasan et al., 2007;
Grismer, 2012). These studies are otherwise impossible under natural rainfall because of human
disturbances and interference (Dillaha et al., 1988; Boix-Fayos et al., 2006).The use of lumped-
conceptual models and physically distributed models has been considered useful (Beven and
Binley, 1992; McCuen, 2003; Eshleman, 2013). Nonetheless, these models need to be calibrated
using field measurements before they are used for local environments (Elhakeem and
Papanicolaou, 2009). Rainfall simulators have been used to derive parameters used in
hydrological, erosion and water quality models (e.g. Curve Number, USLE parameters, Erosion 3D
parameters, WEPP parameters) (Wischmeier and Smith, 1978; Loch, 2000; Elhakeem and
Papanicolaou, 2009; Schindewolf and Schmidt, 2012).

The SCS Curve Number is one of the widely used empirical model for predicting surface runoff
from small watersheds (USDA, 1986). SCS CN method has been integrated in many other
hydrological and erosional models such as the Soil Water Assessment Tool (SWAT) (Arnold et al.,
1998), USLE and its subsequent models such as RUSSLE (Wischmeier and Smith, 1978) water
erosion prediction project (WEPP) (Flanagan et al., 1995) and water quality models such as
CREAMS (Knisel, 1980). Some of these models have been adopted for use in Tanzania, without
proper modification due to lack of field data. The use of rainfall simulators is particularly
important for Sub-Saharan African countries and data-scarce areas where long-term field
monitoring under natural rainfall is often hampered by practical difficulties such as lack of funds,
skills (Hughes et al., 2015) and remoteness of the landscapes. Field experiments under simulated
rainfall can be useful for provision of information unavailable from long-term monitoring
experiments under natural condition. The objectives of this study were (i) to quantify the effect
of land use, soil moisture condition and slope on surface runoff and sediment generation and ii)
to estimated curve number from different land use types.
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4.2 Materials and Methods

4.2.1 Description of the study area

The rainfall simulation experiments were carried out in the Kibungo sub-watershed in the Upper
Ruvu watershed in Tanzania. The Upper Ruvu watershed flows from uplands in the Uluguru
Mountains which are part of the Eastern Arc Mountains. The watershed lies approximately
between latitudes 7° 00’ and 7°11’23.5”S and longitudes 37°30’ and 37°38’36.6"E, (Figure 4-1).
The Upper Ruvu River Watershed covers an an area of approximately 7510 km2. Major
tributataries of the watershed are the Mgeta in the western part and Ruvu which comprises the
Mvuha, Mmanga, Mfizigo and Mbezi located on the eastern part, meeting to form the main Ruvu
river which discharges to the Indian Ocean (WRBWO, 2008). The Ruvu River is an important
source of water supply for Dar Es Salaam city and coast region. Administratively, the watershed
lies in the Morogoro Rural District in Morogoro region.

The mean annual rainfall in the watershed ranges from 700 mm to 2450 mm. The rainfall
distribution pattern is bi-modal with the main rainy season from March to May (MAM), locally
known as the masika, whereas the short rains usually start in October and end in December
(OND) locally known as the vuli, which are mainly controlled by global circulation patterns. The
bimodal pattern is usually associated with the northward and southward movement of the
Intertropical Convergence Zone (ICTZ) and the El Nino-Southen Oscillation (ENSO) or other
oceanic or atmospheric signals as well as the topography. Winds blowing from the Indian Ocean
lose much of their moisture in the Uluguru Mountains in the form of orographic rain when they
are forced to rise and undergo adiabatic cooling. The La Nina winds are responsible for drought
in dry years. More rainfall is received in the high altitude areas than the foothills and lowlands.
Lowlands immediately adjacent to these mountains have less precipitation. Temperature in the
study area is variable with the mean monthly temperature ranging from 17.4° C (July) to 22.4° C
(December).

The geology of the watershed can be grouped into Precambrian, Karoo, Jurassic, Cretaceous,
Tertiary and Quaternary rocks. The occurrence of the precambrian is mainly in the Uluguru
Mountains and can be divided into three major lithological groups: acid gneisses, granulites and
crystalline limestone (IUCN, 2010; JICA, 2012). The Karoo rocks occurs in the southern area of the
Uluguru Mountains consist mainly of sandstone and shale. Jurassic rocks occur in the eastern
margin of the Uluguru Mountains.They consist of coarse sandstone, mudstone and oolitic
limestone deposited in a marine environment. Cretaceous rocks, which lie on the elevated rolling
hills, consist of clay, shale, calcerous sandstone, sandy limestone and mudstone. Sediments of
Tertiary and Quaternary occur in the elevated rolling hills and along the Ruvu River flood plain.
The Tertiary deposits consist of sandy clay, clayey sand with lenses of pure sand or clay, gravel
and calcerous fragments. The Quaternary deposits were formed in an alluvial fan and are subject
to swampy condition during the wet season; they consist of clay, silt, sand and rarely gravel
(IUCN, 2010)
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4.2.2 The rainfall simulator and experimental design

The portable rainfall simulator used for this study followed the design by Humphry et al. (2002)
as improved from the National Phosphorus Runoff Project (NPRP) (Sharpley et al., 1999; Sharpley
et al., 2001). Portability, less labor requirement, and minimum costs were important criteria
considered in the design (Humphry et al., 2002). The design for the simulator in this study
considered among other factors terrain characteristics, plot size, accessibility to water sources
and availability of materials in the locality. As our work was mainly based in remote areas, it was
imperative that the simulator be portable, easy to use and require less power and labor to
operate. All the components for the rainfall simulation experiment were designed to fit into a
single full-sized pick-up truck.

A metal frame 3 m long, 2 m wide, and 3 meters high was used to surround a 2 x 1.5 m plot area.
The frame provided a support for a single spray nozzle above the center of the plot area, and
support for a wind screen around three sides of the plot during operation. The frames were
constructed with steel connections that are easy to assemble and dismantle. Runoff plots 2m
long and 1.5 m wide (Humphry et al., 2002) were bounded by steel plates driven at least 10 cm
into the ground to isolate plot runoff. Runoff in the simulation plot was routed to a collection
pan installed in the downslope edge of the plots. The collection pan was a triangular-shaped piece
of galvanized steel sheet metals with edges molded to channel flow to an outlet. Following the
protocol used in the NPRP simulation experiments, a constant rainfall intensity of 75 mmhr* was
applied with the rainfall simulator to generate 30 min of continuous runoff from the 3 m? plots.
Due to differences in initial conditions of different plot, the time from the rainfall initiation to
when the runoff began was recorded for each simulation experiment.

To simulate rainfall with intensity that results in runoff and soil detachment, requires selecting
an appropriate nozzle. (Hudson, 1961) reported a threshold of 30 mm h! for starting erosion
under the tropical rain. Other studies (Okelo et al., 2005; Joshi and Tambe, 2010; Zhao et al.,
2014) have used rainfall intensities greater than 60 mm h for investigation of soil losses in
tropical and semi-arid environments. Mutchler and Hermsmeier (1965) found that in order to
attain high intensity, high discharge nozzles are required.

A coefficient of uniformity (Christiansen, 1942) was used to determine whether the rainfall was
evenly distributed over the plot for each simulated rainfall event using the following equation:

X
cu=1-% (4-1)
Y

where CU is the coefficient of uniformity, x is the absolute deviation of rainfall depths from mean
depth, and y is the mean rainfall depth. A single nozzle with 1/2GG 32Fulljet from Spraying
Systems Co® (www.spray.com) was used in this study. Water was supplied to the nozzle from a
200-liter water tank. The tank was continuously filled during the running of the experiment from
a nearby water source. The water was pumped from the tank by a Remco Aquajet ARC Pump with
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a capacity of 5.3 GPM powered by N60 battery supplying 12 VDC which was continuously charged
using a small power generator. Flow rate reaching the nozzle through the hose pipe was
measured using an adjustable flow meter (Hydronix AFM-055-www.freshwatersystems.com). A
sediment filter was connected in-line to prevent sediment from clogging the pump or nozzle.
Runoff samples for sediment measurement were collected at 5-minute intervals from the time
runoff started. To assess effect of initial soil conditions, two runs were carried out on each plot.
The first run took place after a dry period, to represent dry initial conditions. The second run was
carried out 30 minutes later after the end of the first run to represent wet conditions.

Experiments were conducted in three land use types which include croplands/upland rice,
grasslands and forests in the Upper Ruvu watershed. For each land use type, two sites were
selected for the simulation experiments to represent gentle and steep slopes. At each site,
experiments were carried out on three plots (replicates) which were at least 100 m distance from
each other, making a total of six simulations at each site.

Slopes in percentage and vegetation cover in percentage for each land cover were measured and
recorded. Slope gradients of the plots varied from 9% to 35% and vegetation cover ranged from
30% to 95%. In general, cropland in the uplands are dominated by upland rice, maize, bananas,
pineapples, and spices such as cinnamon and black peppers. While pineapple, banana and spices
are almost perennial crops and do not involve land disturbances at a seasonal time scale, upland
rice is the dominant crop especially in the long rainy season, practiced in the hillslopes with poor
soil conservation practices. The experiments were therefore carried out in the upland rice, and
were conducted after the crops had been harvested. For each of the three land cover types
(forest, grassland and cropland), experiments were carried out for different plots, which
exhibited different site characteristics in a factorial design. The surface characteristics examined
for this study include slope steepness, initial moisture content, percentage cover and soil
properties.
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4.2.3 Soil measurement and soil moisture measurement

A soil sample collected from 0-20 cm depth adjacent to each plot was used to determine textural
composition (sand, silt and clay), pH, EC and soil organic carbon. Undisturbed soil samples were
also taken from each plot for analysis of bulk density using the Eijkelkamp Soil Sampler.
Representative soil moisture conditions were measured at three different places at the top,
middle and bottom of each plot at a depth of 0 to 15 cm, using a theta probe (10HS Moisture
Sensor. The moisture content values measured from the different places were averaged to obtain
a single value before and after each run. The soil samples were analyzed in the laboratory using
the Moberg (2001) laboratory manual. Soil organic carbon (OC) was measured using the
dichromate oxidation method. The composite samples were analyzed for pH in water using pH
meter in the laboratory, and soil particle size distribution was done using the hydrometer
method. For each site, vegetation cover was visually estimated on five 0.25 m? quadrants
distributed over the runoff plot.

4.2.4 Measurements and data analyses

The rainfall simulation studies were carried out during the dry season of 2015, between July, 14t
and August, 15™, 2015. Daily rainfall recorded in Kinole area is shown in Figure 4-3. Simulator
runs were preceded by two days without rain and it did not rain during the experiments.
Experiments at Tegetero site were preceded by a 4-day dry period. The average soil moisture was
about 21% for all the sites. We chose to use a constant rainfall intensity of 75 mm htin order to
take into effect the impact of moderate to high rainfall intensities. Hudson (1961) reported that
erosion under the tropical rain starts at the threshold of 30 mm h. And in order to take into
effect the impact of moderate to high rainfall intensities we chose to use the 75 mm h! rainfall
intensity. Since the aim was to compare runs over different land use/cover plots, the rainfall
intensity was kept constant for all the replications. However, variability of rainfall intensity was
observed ranging from 68 to 80 mm h™L. The rainfall intensity for each experiment was calculated
from the measured rainfall depth recorded for a known period of time. The rainfall depths were
measured by five micro-rain gauges distributed in the borders of the plots.

Runoff rate was measured at 5-min intervals in a 5-L bucket. Sediment concentration was
measured from runoff samples taken in a 1-liter bottle taken in 4 intervals within the runoff
collection time. The time used to fill 1- liter bottle was recorded for each sample. Runoff volume
was measured on-site using a cylinder and runoff samples for sediments were stored and
transported to the laboratory. Analysis of sediment load in the water samples was carried out at
the Soil Science Laboratory of Sokoine University of Agriculture in Tanzania. The water samples
were filtered for suspended solids using a vacuum pressure fitted with a glass-fiber filter. The
filters were first dried and weighed (in grams). The water samples were filtered, and the wet
filters were dried in an oven at 105°C for 1 h. The concentration of suspended solids was
calculated using the equation:
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(A-B)*1000

TSS = (4-2)

where TSS = Total suspended solids (mg/l), A = weight of filter with dry residue (mg), B = dry weight of
filter (mg) C = volume of sample filtered (ml)
Runoff and sediment yield amount and rate were determined using equations 4-3 and 4-4.

gt = v*¥10/(a*t) (4-3)

where qt is the runoff rate (mm h?), v runoff volume in (ml), a - area of the plot (cm?), and t-
runoff time (h).

Sediment production rate (soil loss), also referred to as the soil loss is calculated as:
Sy = (s*10000)/ (a*t) (4-4)
where S, — sediment production rate (soil loss) (g/m?/h), s-sediment yield (g).

Since the measurements were made at a plot scale, the environmental factors were assumed
homogeneous for natural forests, croplands and grasslands. The temporal dynamics of soil
moisture and its relationship with rainfall and vegetation pattern were analyzed.
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Figure 4 - 3. Daily rainfall depth distribution during the time of the experiments
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4.2.5 SCS Curve Method and determination

The SCS-CN method was established for use on small agricultural watersheds, and has since been
appliedin a lot other environments including rural, forest and urban watersheds. The CN is a non-
dimensional index that reflects the response of a specific soil under various site characteristics
and management to a rainfall event through runoff and infiltration (USDA, 1986; Elhakeem and
Papanicolaou, 2009). The CN represents the effects of land use, hydrologic soil group, hydrologic
condition, antecedent moisture condition and varies from 0 (no runoff) to 100 (no infiltration).
The method is based on the water balance equation and two fundamental hypotheses. The
water balance equation is expressed mathematically as:
P=1,+F+Q (4-5)
The first hypothesis states that the ratio of direct runoff to potential maximum runoff is equal to
the ratio of infiltration to potential maximum retention which is mathematically expressed as:

Q

(4-6)

F
P-I, S

And the second hypothesis states that the initial abstraction is proportional to the potential
maximum retention.

I3 =AS (4-7)

where P is the total precipitation depth (mm), F is the cumulative infiltration after runoff begins
(mm), Q is direct runoff (mm), S is the potential maximum retention (mm), I, is the initial
abstraction before runoff (mm), and A is the initial abstraction (ratio) coefficient. I, can be
computed by accumulating the rainfall amount from the start of the experiment to the time of
runoff and it consists of the amount that is taken to account for interception, infiltration and
surface storage. The initial abstraction coefficient A is frequently viewed as a regional parameter
dependent on geologic and climatic factors (Bosznay, 1989; Mishra et al., 2004; Mishra et al.,
2006; Mishra and Singh, 2013), which is assumed as 0.2 in the standard SCN-CN methodology. In
a study by Woodward et al. (2003) using runoff and rainfall data from 307 watersheds or plots in
the US found a better fit to the data with a A value of 0.05. The initial abstraction coefficient of
0.05 has been found to have a better accuracy in other studies conducted in China (Fu et al.,
2011), in Ethiopia (Descheemaeker et al., 2011) and in India (Gundalia and Dholakia, 2014). In
this study, the value of A=0.05 was used.
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Using runoff plot derived from the rainfall simulator, CN for any given location with a specific soil
and cover relationship can be determined from the range of rainfall depths with corresponding
runoff depths by solving for S and I, from the following equations;

2
(P-15)
Q = d (4_8)
P+S-b
And
5=22400 oo, (4-9)

Using rainfall depths and runoff depths data from the rainfall simulation runs, the relationship
between rainfall and runoff described in Egn.1 was used to obtain the values of I, and S by fitting
non-linear regression equations using iterative non-linear least square fitting ( e.g., Bates and
Watts, 1988; Brown, 2001). Runoff and rainfall data from the six runs from three different
adjacent plots at each site were plotted to obtain a ‘best fit’ using Eqn.8. The rainfall depths were
recorded using a tipping bucket gauge located at the edge of the runoff plot and the runoff depths
were recorded at 5-minute interval for each run. By using the relationship in Eqn.7, the value of
S was calculated for each site. Further description of this approach can be found in Elhakeem and
Papanicolaou (2009). Due to small number of samples statistical comparisons and influence of
the different factors (soil moisture, slope, and vegetation cover) was not computed. There were
two sites with a total of six runs for each land use type (upland rice, forest and grassland).

4.2.6 Statistical Analysis

Evaluation of the effects of surface characteristics and land use types on runoff and soil loss was
carried out by descriptive statistics, correlation and regression analysis. The variables considered
were the percentage ground cover, slope steepness, initial soil moisture content and soil
properties. Statements of significance for the tests are based on 5% confidence level. Analyses
were conducted using a combination of programs including R, MS Excel and JMP Software.

4.3 Results and Discussion
4.3.1 Site characteristics and soil properties

The site characteristics and soil properties of the experimental sites are shown in Table 4-1. The
experimental plots located on croplands had an average slope of 24%, while the average slopes
for forests and grasslands were 26%. Average percentage plant cover was the greatest in the
experimental plots located in the forest lands (83%) mainly because it was covered with trees
and leaves falling from the trees. The plant cover was lowest on the croplands (44%), while the
grasslands had on average of 69% surface cover.

The soil characteristics of the sites show that in general the soils in the agricultural lands were
dominantly clay to sandy clay, and those in the forest and grasslands were dominantly sandy
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loam to sandy clay loam. The croplands had a much higher clay percentage (50%) compared to
26% on forests and 31% on grasslands. Based on the pH values, the soils in the agricultural lands
were more acidic with values ranging from 5.09 to 5.55 with an average of 5.30. The average pH
value for the forest lands was 7.75 and for grasslands was 6.75. The average bulk density for
samples collected from the three land uses did not show significant differences. The average soil
organic carbon was higher for samples collected from forested lands (4.09) than those collected
from agricultural lands (2.3) and grasslands (1.05) which help explain later the ability of forest
soils to absorb water for infiltration than other soils.

Table 4 - 1. Site and soil characteristics of the experimental plots

Characteristics Cropland Forest Grassland

Mean S.D* Mean S.D* Mean S.D*
Slope (%) 23.9 9.8 25.8 6.28 25.7 5.68
Plant Cover (%) 44 14.8 83.3 9.85 69.2 14.22
Sand (%) 38.8 17.2 63.5 5.42 61.1 8.85
Clay (%) 49.6 12.8 26.0 4.27 30.7 8.14
Silt (%) 12.6 3.7 10.6 2.53 8.2 0.8
pH (%) 53 0.2 7.75 0.17 6.8 0.2
Electrical conductivity() 30.6 8.7 123.9 82.1 34.2 6.03
Bulk density (g/cm3) 1.0 0.08  1.07 0.19 1.4 0.29
Organic Carbon (OC) 2.3 0.55 4.09 1.9 1.05 0.08
Texture Clay->Sandy Clay  Sandy Clay Loam Sandy Clay Loam

S.D* = Standard Deviation

4.3.2 Runoff response to rainfall simulated from the land covers

Figure 4-3 shows results of runoff evolution during the simulation runs across all the plot for all
land use types. Results show differences in runoff start time for the three land cover types. Runoff
in croplands started about 1.2 minutes after the start of rainfall simulation. There was a delay for
runoff start time in the grasslands and forests, where runoff started 1.8 and 2.2 minutes
respectively. The differences in runoff start time within experiments across land cover types can
be attributed to site factors such as cover type, cover percentage, soil properties and soil
moisture content. The results show a sharp rise of runoff at the beginning of the runoff. Runoff
levels out and becomes stable as a result of saturation, sealing and the reduction in capillary
forces of the top soil. It can be observed from the results in Figure 4-3 that runoff was higher on
croplands followed by grasslands and lowest response was recorded for experiments conducted
in the forest land cover type. The runoff rate in the three land cover types; forest, grassland and
croplands showed a logarithmic relationship with runoff start time (Table 4-2). Significant
differences between mean runoff rates from all land cover types were observed. The mean runoff
rate on cropland was about 48 mm h! which was higher than any other land use type at any time
and for all initial conditions. Runoff rates on forests were significantly lower than those on
grasslands and croplands for all initial conditions (Table 4-2 and Figure 4-3). The mean runoff
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rates for grasslands and forests were 25.8 and 6 mmh™ respectively. Similarly, high runoff
coefficients were found on croplands than on grasslands and forests (Table 4-3). A study by Okelo
et al. (2005) in Njoro, Kenya using constant rainfall intensity reported a similar pattern, where
more runoff was observed on grazing lands and agricultural lands than on indigenous forests and
other types of forests.
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Figure 4 - 4. Runoff from simulations on different land cover types

Table 4 - 2. Correlation analysis between runoff rate (qt) and runoff start time (t) of the
three land cover types

Land Cover Regression Equation Runoff Rate (mm h) R?

Forest gt=2.26 In(t) - 0.48 6.0 0.76**
Grassland gt=11.42 In(t) — 6.98 25.8 0.98**
Cropland ge=15.49 In(t) + 1.09 45.0 0.95%*

4.3.3 Influence of site characteristics on runoff rates for the three land cover types

Table 4-3 summarizes the effects of soil moisture, slope and percentage ground cover on runoff
across all plots within the forest, grassland and cropland land uses types. Correlation coefficients
in Table 4-3 show that percentage slope, percentage ground cover and soil moisture are
important factors that influence runoff generation from field plots. It can be realized from the
correlation and p values that slope had a positive influence on runoff rates, and runoff increased
with increasing slope steepness for forests and croplands and was non-significant for grasslands.
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However, the correlation between runoff rates and slope for the forest and cropland was only
0.35 and 0.2 respectively showing that slope is not the only site characteristic that is responsible
for explaining variability in runoff rates from the three land cover types. The influence of slope
for runoff generation was reported in other studies (Wischmeier and Smith, 1978; Joshi and
Tambe, 2010; Ziadat and Taimeh, 2013). Joshi and Tambe (2010) reported subtle to noticeable
changes of runoff among plots depending on slope steepness and surface characteristics on
badlands in upper Pravara India. Sole’-Benet et al. (1997), found a positive correlation between
runoff and slope gradient. Results (Table 4-3) show that plant/ground cover is negatively
correlated with runoff rates for all land use types. The negative correlation confirm the fact that
runoff rates decrease with increase in the percentage cover, and that a dense plant cover is an
indication of little runoff intensity.

Table 4 - 3. Correlations and p values between runoff rates and site characteristics

Parameter Forest Grassland Cropland

Slope r=+0.35p=0.0001 Non-significant r=+0.2, p=0.0001
Ground Cover r=-0.37,p=0.00011 r=-0.13,p=0.0001 r=-0.12,p=0.0025
Soil Moisture r =+0.33,p=0.0003 r=+0.36, p=0.0001 R=+0.54, p=0.045
Mean Runoff (mm/min) 0.1 0.43 0.75

Runoff coefficient 0.07 0.28 0.50

R? 0.49 0.43 0.48

Influence of soil moisture on runoff rate and runoff coefficient across all plots in all land use types
was investigated and a positive correlation was found for all land use types. Table 4-3 shows the
correlation was significant for all land use types. This explains the fact that under the same rainfall
intensity, plots under wet initial conditions are expected to generate more runoff than those
under initial dry conditions, due to the time needed to account for infiltration. Although, other
surface characteristics play a role in runoff generation, it is accepted that saturated soils will
generally result in increased runoff.

4.3.4 Influence of soil properties on soil erosion rates

The relationship between surface runoff and soil properties (soil texture, pH, Bulk density,
Electrical conductivity and Organic carbon) was examined by correlation and regression analyses.
Results indicate a strong correlation between soil properties and runoff rate. The regression
coefficients between runoff and pH, bulk density, electrical conductivity, soil organic carbon and
clay soil properties were R?=0.66, R?=0.76 and R?=0.94 for forests, grasslands, and croplands
respectively. However, no individual soil property revealed a strong correlation to runoff
generation. Soil organic carbon and clay content had higher influence on runoff generation than
other types of soil properties. Soil organic carbon was negatively correlated, suggesting that
higher soil organic carbon resulted in less runoff, and vice-versa. Increased soil organic carbon in
the soil has a tendency to increase its water holding capacity and conductivity, mainly because
of its influence on soil aggregation and pore space distribution (Hudson, 1994; Saxton and Rawls,
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2006). This can explain the fact that less runoff was observed from forests, as forests accumulate
deposits of organic carbon from decaying plant materials and leaves that allow more infiltration.
On the other hand, clay content also appears to influence runoff. Higher clay contents have more
runoff, as clay tends to limit infiltration and hence increase runoff. The pH values were positively
correlated to runoff rates, but only significant for runs from grasslands.

Table 4 - 4. Correlations and p values between runoff rate and soil properties

Parameter Forest Grassland Cropland

pH(-) Non-significant r=0.1, p=0.0001 Non-significant

Bulk Density (g/cm?) r=-0.13, p=0.0001 Non-significant r=-0.36, p=0.0025
Electrical conductivity =-0.27,p=0.033 Non-significant r=-0.15, p =0.012
Soil Organic Carbon (%) r=-0.26,p=0.0001 r=-0.1,p=0.0001 r=-0.36,p=0.001
Clay (%) r=+0.05p=0.0493 r=+0.1,p=0.0001 r=+0.41,p=0.001
R? 0.66 0.76 0.94

4.3.5 Soil erosion response to simulated rainfall from experiments in the three land use
types

Table 4-5 shows the sediment outputs from experiments carried out in the three land use types.
The mean sediment concentration was 1.45 g/l for forests, 4.5 g/ for grasslands and 5.7 g/I for
croplands across all plots. Soil losses were higher for plots within the croplands than from
grasslands and forests (Table 4-5). Higher mean soil loss of 94 g/m? was observed within
croplands, compared to 65 g/m? within grasslands and 24 g/m? found within forests. Maximum
soil loss values in the croplands were as high as 306 g/m? while the low values were about 8 g/m?,
showing high variability which is also indicated by the high standard deviation. Mean soil loss for
grasslands and forests were 66 g/m? and 24 g/m? respectively.

Table 4 - 5. Sediment yields from rainfall simulations

Parameter Forest Grassland Cropland P-value
Mean Std Mean Std Mean Std

Sediment Concentration(g/L) 1.2 0.9 3.7 1.7 6.2 4.4 <0.0001

Soil loss rate (g/m?) 23.9 18.8 65.9 33.9 94.25 76.88  <0.0001

Figure 4-5 shows the erosion response to simulated rainfall across plots under all initial
conditions. It can be observed that erosion rates were high at the beginning, and continued to
decrease with time. Arnaez et al. (2007), reported high sediment concentration at the beginning
of the experiments and the sediment concentration decreased with time. The evolution can be
explained by high sediment availability at the beginning of the experiment and declining amount
of sediment output over time, due to exhaustion of particles. Higher sediment concentration was
recorded from croplands and variability within land use types decreased towards the end of the
simulation period. Unlike runoff rates, which tends to remain stable after a sharp rise at the
beginning, sediment concentration tends to decrease with time. As observed from Table 4-5 and
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Figure 4-5 that sediment concentration was the highest in cropland/upland rice and was the
lowest in the forest. This is attributed to the presence of debris, twigs and litter within the forest
land use type that reduced soil detachment by rain splash erosion. Other researchers ( e.g.,
Hewlett, 1982; Hartanto et al., 2003) reported the influence of surface roughness on the
reduction of soil erosion by water.
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Figure 4 - 5. Sediment concentration during simulations on three land use types; forest,
grassland and cropland

4.3.6 Effect of site characteristics and soil properties on soil erosion response

Table 4-6 shows the correlations and p values between site characteristics and sediment loss.
The results indicate that slope, ground cover, and initial soil moisture content contribution in
explaining variations in sediment concentration range from 32% to 57%. A study by Vermang et
al. (2009) reported a decrease of soil erodibility with an increase in antecedent soil moisture
content. The three factors explained 57% of the variation in sediment concentration from forest
plots, 32% of variation from grassland plots and about 50% of variation from cropland plots. Slope
steepness had a positive influence on sediment concentration with significant effects on forest
and croplands, but not significant on grassland plots. Ground cover was negatively correlated to
sediment concentration, with an increase in ground cover associated with a decrease in sediment
concentration. Cerda and Doerr (2007) reported that ground cover had a great influence on
hydrological response and soil erodibility. Agricultural land use which often results in less ground
cover was reported to result in higher soil erodibility compared with scrubland (Cerda, 2000) and
agriculture is associated with inducing long term soil degradation that increases runoff and soil
losses (Barbera et al., 2012; Ziadat and Taimeh, 2013). Initial soil condition affected sediment
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concentration and was significant for all three land use types. The results indicate that soil losses
were lower during the wet runs compared to the dry runs. There was a decrease of about 32% in
soil loss from plots within croplands (119 to 90 g/m?), about 45% decrease from grasslands, and
less significant decrease within forests. In experiments conducted in Kenya, Defersha and
Melesse (2012) reported that higher sediment concentrations were found from plots with dry
initial conditions compared to those from initially wet surfaces. Truman et al. (2011), reported
an increase in runoff but decrease in sediments with increasing soil wetness. Ziadat and Taimeh
(2013) reported that soil losses under cultivated lands increased as initial soil moisture conditions
changed from dry, wet and very wet runs, in contrast to our results.

Table 4 - 6. Correlations and p values between site characteristics and sediment concentration

Parameter Forest Grassland Cropland

Slope r=+0.59, p=0.0001 Non-significant r=0.23, p=0.0001
Ground Cover r =-0.33, p=0.0001 r=-0.13, p=0.0001 Non-significant
Initial Soil Moisture r=0.1, p=0.016 r=+0.36, p=0.0001 R=+0.17, p=0.0079
R? 0.57 0.32 0.50

Soil properties however, help to explain about 71% of variations on forest plots, 8% on grassland
plots and about 48% on croplands. Significant soil properties include pH, bulk density, electrical
conductivity and soil organic carbon. Soil texture seems to have an influence in sediment
concentration with clay and sand showing significant influence on soil losses from forest and
croplands, while silt had significance only on croplands.
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Figure 4 - 6. Sediment concentration from experiments under different initial soil
moisture conditions
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As expected, soil loss on steep slopes was higher compared to gentle slopes for all land uses
(Figure 4-7). The influence of topography on soil erosion has been reported in other studies
(e.g.,Joshi and Tambe, 2010; Martinez-Murillo et al., 2013; Zhao et al., 2013; Ziadat and Taimeh,

2013).
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Figure 4 - 7. Sediment concentration from experiments under gentle and steep slopes

4.3.7 CN Estimation Results

Results of CN and characteristics of the sites are presented in Table 4-7. The CN for each site was
determined using the runoff depths and rainfall depths obtained from the rainfall simulation
experiment conducted for three land use types; upland rice, forest and grassland. The results
show that the two upland rice sites had 85 and 91 CN values. CN values for grassland were 79
and 81, while forest sites had the lowest CN values of 49.2 and 66. In general higher CN values
were found in the upland rice, this may be attributed to the lack of surface cover and therefore
allowed more surface runoff from the plot. On the other hand the forest, had higher percentage
cover and therefore less soil erosion from the plots. However, due to small number of samples,
this was not tested. The results are within the ranges found in literature (Rawls et al., 1980; USDA,

1986).

Table 4 - 7. CN Results from Experiments

Site LULC la (mm) S (mm) CN MC (%) %Cover %Slope
1 Upland Rice 2.3 46.0 84.7 26.5 42.5 24.4
2 Upland Rice 13 26.0 90.7 24.1 45.0 27.4
1 Forest 6.7 134.0 65.5 22.3 90.0 20.8
2 Forest 13.1 262.0 49.2 27.7 76.7 31.5
1 Grassland 34 67.4 79.0 26.3 58.3 28.4
2 Grassland 3.0 60.0 80.9 24.8 80.0 24.6
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4.4 Conclusions

Rainfall simulation experiments were conducted to quantify the impacts of three land use types
(forests, grasslands and croplands), site characteristics (slope, ground cover, soil moisture
content) and soil properties (texture, pH, Bulk density, and soil organic carbon) on runoff
generation and soil erosion.

The runoff and sediment generation rates from the three land use types under different site
characteristics show higher runoff rates (48.0 mm h!) from croplands compared to grasslands
(24 mm h?) and forests (6 mm h1). Similarly, higher sediment concentrations (5.7 g/I) and higher
soil loss rates (94 g/m?) were measured from cropland plots than from grasslands (4.5 g/| for
sediment concentrations and 66 g/m? for soil loss rate) and forests (1 g/l for sediment
concentration and 24 g/m? for soil loss rates). Slope steepness, percentage ground cover, initial
soil moisture content and soil properties were found to have minor to significant effects on runoff
and soil loss variation across plots and runs. Higher soil loss rates of up to 306 g/m? were noted
from croplands on steep slopes. It was found that slope was positively correlated to runoff and
soil loss rates, suggesting that cultivation along high slope gradients may increase the runoff and
sediment generation rates. Ground cover was found to be negatively correlated to runoff and
soil loss for all land use types. The time for runoff to begin was found to be related to the initial
soil moisture conditions. In this study it was found that dry initial soil moisture conditions result
in higher soil erosion rates than wet initial conditions, suggesting that more soil erosion occurs
at the beginning of the rainfall season when soil moisture conditions are dry.

The Curve Number runoff parameter, CN, was estimated for the three land use types; upland
rice, grassland and forest. Results show high CN values in the upland rice and low CN values were
found in the forest. This is not surprising results considering the influence of surface cover and
soil moisture content as recognized by other researchers.

Results obtained from this study are preliminary and give a general trend of relative surface
runoff and soil rates from dominant land use types. The results also provide useful information
for understanding the hydrology of the upper Ruvu watershed and for validating hydrology and
erosion models. The information for this study can be used as a base for devising strategies on
soil conservation by designing farming practices that consider slope, increasing ground cover by
mulching and agroforestry as well as afforestation of the disturbed landscapes. Further studies
using different rainfall intensities involving other dominant land use types and management
practices such as tillage practices and different vegetation cover are recommended.
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Chapter 5. Modeling Streamflow Response to Changes in Land Use and Land
cover in the Upper Ruvu Watershed, Tanzania

Abstract

Changes in land use and land cover (LULC) as a result of population increase have far reaching
consequences on various landscapes and watershed functions in Tanzania. LULC directly impacts
hydrologic processes leading to changes in streamflow at sub-watershed and watershed scales.
In this study, the Soil Water Assessment Tool (SWAT) was used to assess the impacts of LULC
change on streamflows in the Upper Ruvu watershed in Tanzania which has endured significant
land alterations in the last three decades. Calibration and uncertainty analysis of the model was
performed with the Calibration and Uncertainty Programs (SWAT-CUP) using the Sequential
Uncertainty Fitting version 2 (SUFI-2). Daily simulation results from January 1973 to December
1977 were used for model calibration, and evaluation was based on the period from January 1978
to December 1982. Plausible model performance was achieved for simulated daily streamflow
through comparison with measured streamflow from two gauging stations with the Nash-
Sutcliffe Efficiency (NSE) of 0.69 and 0.84 during calibration and 0.68 and 0.67 during evaluation.
In addition, model performance was evaluated using percent bias (PBIAS), ratio of root mean
square error to the standard deviation of measured data (RSR), and the correlation coefficients
(R?) which all indicated reasonable predictions. The calibrated model was used to investigate
streamflow response to changes in land use between 1991 and 2015. Long term average annual
streamflow simulation between 1991 and 2000 showed a slight decrease (2%) from 47.41 m3s!
to 46.32 m3s. Average streamflow simulation between 1991 and 2015 showed a 13% decrease
(from 47.41 m3s! to 41.50 m3s!). Average peak flows increased by 5% and 12% for 2000 and
2015, respectively compared to the baseline. Land alterations had significant impacts on surface
runoff which increased by 75% in 2015 from the baseline period. The land alterations had impacts
on baseflow with declines of 43% by 2000 and 66% by 2015. High amount of surface runoff was
generated in the upstream and areas in the Uluguru Mountains. These results reveal the
dominant role land use plays in the hydrology of the watershed and has provided quantitative
information for decision makers and water managers.

Key words:  land use, land cover change, SWAT, streamflow, modeling, Upper Ruvu,
watershed management, surface runoff
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5.1 Introduction

Human induced land use and land cover (LULC) alterations affect the structure and hydrological
properties of soil and vegetation layers (Hornbeck et al., 1993; Yang et al., 2015). LULC changes
can result in the loss of forest cover and can affect watershed hydrological processes in different
ways including changes on evapotranspiration, interception, infiltration, surface runoff and
groundwater recharge, all of which subsequently change the timing and magnitude of
streamflow (Fohrer et al., 2001; Baker and Miller, 2013; Eshleman, 2013). A decrease in
interception due to loss of vegetation cover during high rainfall events can result in rapid
movements of water when the infiltration is exceeded causing floods and altering flow regimes
(Calder et al., 1995). Changes in land use and land cover do not only result in disturbance of the
watershed’s ability to provide ecosystem functions and services (Carpenter et al., 1992; Tang et
al., 2005; Zhao et al., 2012), but also contributes to land degradation and environmental pollution
(Foley et al., 2005).

The Uluguru Mountains in Morogoro, Tanzania, along with surrounding areas including the
montane forests are renowned for a high level of endemism among plants and terrestrial fauna
and are recognized as one of the important conservation sites in the world (Burgess et al., 2002).
The Ruvu River, which is an important source of water supply for commercial and domestic
purposes for the main city of Dar es Salaam and surrounding areas, has its headwater streams
originating in the rain forests of the Uluguru Mountains. In the past four decades, the Eastern Arc
Mountains including the Uluguru Mountains landscapes have undergone changes as a result of
anthropogenic activities. Disturbances such as encroachment on forest areas through pit sawing,
harvesting for building materials, medicinal, charcoal burning, and firewood (Yanda and Munishi,
2007). Agriculture, especially shifting cultivation is practiced in the landscape because of the
availability of fertile soils and water (Burgess et al., 2002; Yanda and Munishi, 2007). The
landscape degradation has largely been exacerbated by the increase in population as more
people move in search of fertile soils and suitable rainfall. In recent years movement of livestock
herds from outside the watershed to the foothills and lowland areas have also increased (IUCN,
2010). It is estimated that approximately 60% of the watershed’s population live along the slopes
of Uluguru Mountains (URT, 2011), and depend on the landscapes’ natural resources.

Yanda and Munishi (2007), reported a decrease of forest and woodlands of between 2% and 20%
for 1995 and 2000 respectively in the Ruvu River basin. Land use and land cover mapping done
as part of this study (see Chapter 2) found that natural forests decreased by 77% between 1991
and 2015. In addition, a decrease of 44% was found in woodland, and increases of 110% and 72%
were reported in cropland and grassland respectively for the same time period. As agricultural
practices in the area involve shifting cultivation with limited use of conservation techniques, the
land is left exposed to erosion agents resulting in soil quality deterioration and subsequent
decline in crop yield. As a result, most farms are abandoned and farmers clear a new piece of
land for cultivation which further degrade the landscapes. The human activities have
consequences on the availability of water to people and the environment, not only in the
watershed but also in downstream rural and urban areas. Declining water flows especially in the
dry season have been reported in the downstream part of the watershed (Yanda and Munishi,
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2007; IUCN, 2010). Although declining streamflows can caused by other factors including
increased water abstraction, but the role of human activities is worth an investigation.

Given the rapid increase in population seen in recent decades and the subsequent loss of natural
land cover, knowledge of the plausible impacts of LULC change on streamflow and overall
hydrology is important. Numerous studies have revealed the relationship between LULC and
various aspects of hydrology including streamflow (Costa et al., 2003; Legesse et al., 2003; Ma et
al., 2008; Breuer et al., 2009; Mueller et al., 2009; Ghaffari et al., 2010; Mango et al., 2010; Babar
and Ramesh, 2015). Methods such as paired watersheds (Brown et al., 2005), statistical analyses
and hydrological models (Eshleman, 2013) have been employed in the investigation of impacts
of deforestation, afforestation and land conversions on hydrology. In Tanzania, the catchment
studies on the effects of deforestation/afforestation on catchment discharge started back in the
1960s. Plantation forest and tea were found to have small effects on streamflow once plant
canopy completely covered the ground and had established a deep rooted system (Dagg and
Blackie, 1965). Edwards and Blackie (1981), recorded 50% increase in streamflow in cleared forest
compared with the control. (Bosch and Hewlett, 1982) and Hibbert (1965) showed that increase
in forest cover can cause a decrease in water discharge due to increased evapotranspiration.
Other studies in the tropics using paired watersheds have been inconclusive (Baker and Miller,
2013). Although, paired watersheds can provide direct evidence of the influence of land use
change on streamflow, they generally require long time of monitoring, cover only a small area,
may be difficult to replicate and it is sometimes difficult to find comparable paired watersheds,
as it is well documented that the watershed hydrology is affected by vegetation types, soil
properties, geology, terrain, climate, land use practices, and spatial patterns of interactions
among these factors (Tomer and Schilling, 2009).

Hydrologic models are now regarded as powerful tools for investigating the impacts of changes
in land use and land cover on streamflow and hydrology of watersheds (Biftu and Gan, 2001;
Veldkamp and Lambin, 2001; Legesse et al., 2003). However, such models require extensive data
sets that are sometimes difficult to find in developing countries like Tanzania (Ndomba et al.,
2008; Natkhin et al., 2015). Despite the scarcity of long-term observed data available to assess
changes in water resources in Tanzania, several studies have showed promising results using the
Soil and Water Assessment Tool (SWAT) for understanding hydrological processes of watersheds
in Tanzania and East Africa (e.g., Mulungu and Munishi, 2007; Ndomba et al., 2008; Birhanu,
2009; Natkhin et al., 2014; Natkhin et al., 2015). On the other hand, attempts to describe the
impacts of land conversion and forest loss on watershed hydrology has been done only using
qualitative approaches (Yanda and Munishi, 2007). However, it is realized that despite the
challenges, there is a clear motive for finding answers to the problems in hydrology.

In this study we use the SWAT model (Nietsch et al., 2001; Arnold and Fohrer, 2005) to examine

the streamflow responses to changes in land use and land cover in the Upper Ruvu Watershed
for the past 25 years. This information is crucial for planning and water resources management
and the need to quantify the extent to which land use and climate influence the hydrological
conditions is deemed necessary. The SWAT model is an effective tool for simulating rainfall-
runoff relationships under land use changes on the water cycle (Fohrer et al., 2001; Tripathi et
al., 2005).
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5.2 Materials and Methods

5.2.1 Description of the study area

The Upper Ruvu watershed is located in Morogoro Rural District in Morogoro Region,Tanzania.
The watershed lies between latitudes 7° 00" and 7°11°23.5”S and longitudes 37°30" and
37°38’36.6"E, (Figure 5-1). The watershed covers an an area of approximately 7510 Km?. The
Ruvu River is an important source of water supply for Dar Es Salaam city and coast region.

Major tributaries of the watershed are the Mgeta in the western region and Ruvu, which
comprises the Mvuha, Mmanga, Mfizigo and Mbezi located on the eastern region, meet to form
the main Ruvu river at the confluence downstream (WRBWO, 2008; IUCN, 2010).The Ruvu river
traverses through the landscapes dominated by forests, shrubland woodlands, grasslands and
agricultural lands. This study found that agriculture is the dominant land use in the watershed
occupying approximately 30% of the watershed area, followed by shrubland (21%) and grassland
(20%) . The main crops are maize which are cultivated in the uplands and lowlands, rainfed upland
rice which is common in the upland areas and paddy in the lowlands and wetlands. Other crops
include banana, vegetables, roots and tubers, pineapples and spices.

The rainfall distribution pattern in the watershed is bi-modal with the main rainy season from
March to May (MAM) locally known as the masika, and peak in April, whereas the short rains
usually start in October and end in December (OND) locally known as the vuli, which are mainly
controlled by the global circulation patterns. In comparison to the other watersheds forming the
Ruvu River Basin, Upper Ruvu receives higher amount of rainfall. The mean annual rainfall varies
between 750 and 1500 mm/year over most parts of the watershed but rises to over 2000
mm/year in the Uluguru Mountains, for stations such as Mondo, Hobwe and Morning side.
Lowlands immediately adjacent to these mountains have less precipitation.

The bimodal pattern is usually associated with the northward and southward movement of the
Intertropical Convergence Zone (ICTZ) and the El Nino-Southen Oscillation (ENSO) or other
oceanic or atmospheric signals as well as the topography. Winds blowing from the Indian Ocean
lose much of their moisture in the Uluguru Mountains in the form of orographic rain. The La Nina
winds are responsible for drought in dry years. Temperature in the study area is variable with
the mean monthly temperature ranging from 17.4° C (July) to 22.4° C (December).

The geology of the watershed can be grouped into: Precambrian, Karoo, Jurassic, Cretaceous,
Tertiaty and Quaternary rocks. The occurrence of the precambrian is mainly in the Uluguru
Mountains and can be divided into three major lithological groups: acid gneisses, granulites and
crystalline limestone, which were thrust and uplifted by the upward movement of the basic
gneisses, thus giving rise to distinct fault zone in the rocks (IUCN, 2010; JICA, 2012). The Karoo
rocks occurs in the southern area of the Uluguru Mountains consisting mainly of sandstone and
shale which was originally deposited in shallow fresh to brackish water. Jurassic rocks occur in
the eastern margin of the Uluguru Mountains.They consist of course sandstone, mudstone and
oolitic limestone deposited under the marine environment. Cretaceous rocks, which lie on the
elevated rolling hills, consist of clay, shale, calcerous sandstone, sandy limestone and mudstone.
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Sediments of Tertiary and Quaternary occur in the elevated rolling hills and along the Ruvu River

flood plain (IUCN, 2010).
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Figure 5 - 1. Location map of the study watershed showing elevation, meteorological
and discharge stations

5.2.2 Hydrological Modeling

SWAT is a semi-distributed model and its use spans over three decades since its development by
the United States Department of Agriculture (USDA). SWAT has received world wide application
for predicting long term effects of land use/cover on water, sediment, point and non-point
pollution even in complex watersheds (Arnold and Fohrer, 2005; Mueller et al., 2009; Cai et al.,
2012). In the model, a watershed is divided into several sub-basins and further subdivided into
Hydrologic Response Units (HRUs), which are represented as homogeneous soil, land use, and
terrain characteristics. SWAT requires spatial data for soils, land use/management and
topography. Climate data used by the model includes precipitation, temperature, relative
humidity, solar radiation, and wind speed. The model uses the SCS CN (curve number) method
to calculate runoff. The SCS CN method has been described and applied in several studies ( e.g.,
Bondelid et al., 1982; Cronshey, 1986; Lenhart et al., 2002). The SCS runoff equation estimates
event (or daily) runoff as:

2
Ryqy ~029)

Qe = —F— (5-1)
S
ur- (R day *085)
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where Qsyr is the runoff or rainfall excess (mm), Raay is the rainfall depth for the day (mm), Sis the
retention parameter (mm), and is defined as:

1000 j
(5-2)

$=254* ——-10
CN

The SCS curve number (CN) is a function of soil permeability, land use and antecedent soil
moisture conditions. In the SWAT model, the main basin is divided into sub-basins by selecting
points on the stream network that act as outlets. This selection allows the model to provide
output at specific points of the river network. The variables such as water yield, sediment,
nutrient, groundwater recharge, surface runoff are determined for each HRU and are then
aggregated at the sub-basin level and routed in the river channel to the outlet (Arnold et al.,
1998). The water balance in the SWAT model is simulated based on the equation by Nietsch et
al. (2001).

SW,; = SWj, +i=zl(R

CET.-W (5-3)

day “Qgpf ET; seepi -Qgw)
where SW: is the soil water content (mm) on day t, SW At the initial soil water content on day
i(mm), t the time (days), Rday the precipitation on day i (mm), Qsurt the surface runoff on day i
(mm), ET; the evapotranspiration on day i (mm), Wseepi the amount of water entering the vadose
zone from the soil profile on day i (soil interflow) (mm) and Qgw the amount of return flow on
day i (mm).

This study used the SWAT2012 version of the model along with its ArcMap interface (ArcSWAT
10.2) (Arnold et al., 2012). The ArcSWAT interface extracts hydrologic information from spatial
data, assigns parameter values based on soil and land cover, and uses the information for building
needed SWAT input files. Several processes are used for calculating different components in the
SWAT model. Most common hydrological equations for simulations of flow are incorporated in
the SWAT model. However, these mathematical equations incorporated for representing
different hydrological processes are only accurate if detailed input data are available. The main
inputs that determine the usefulness of the SWAT model include the Digital Elevation Model
(DEM) of the watershed, the soil and land use data and data representing the climate of the area.
In the SWAT model, the land uses of a given watershed is assigned to land use types in the model
database. The different land use types in the model have each a CN associated with them to
determine the antecedent soil moisture assigned. Potential evapotranspiration in the model is
estimated using one of the following four methods: Hargreaves (Hargreaves and Samani, 1985),
Penman-Monteith (Monteith, 1965), Priestley Taylor (Priestley and Taylor, 1972), or read-in as
Potential Evapotranspiration (PET). The leaf area index is simulated as a function of heat units
and varies between plant-specific potential minimum and maximum values. Canopy evaporation
is a function of potential evapotranspiration, maximum interception capacity and the ratio of the
actual to potential maximum leaf area index. Plant water uptake from the soil is simulated as a
function of potential evapotranspiration, leaf area index and rooting depth, and is limited by
water content (Arnold and Fohrer, 2005).
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5.2.3. Model input and Set UP

SWAT requires detailed inputs such as climatic conditions, soil, topography, topology, vegetation
and land management.

Digital Elevation Model

We used a 30-m resolution digital elevation model (DEM) from the Shuttle Radar Topography
Mission (available from www.earthexplorer.usgs.gov). The DEM was used to delineate sub-basins
and to determine various topographic attributes (area, slope, slope length) and characteristics of
the channel network including length, width and mean slope gradient (Chaplot et al., 2006).

Land Use

Land use is an important factor that affects surface erosion, runoff, and evapotranspiration in a
watershed. Land use maps used in this study were developed based on Landsat TM, ETM+ and
Landsat 8 for 1991, 2000 and 2015 respectively. In mapping the land use, eight different land
cover classes were identified as natural forest, shrubland, agriculture, woodland, grassland, bare
land, wetlands and water. There was a significant loss of forest and woodland to agriculture and
grassland during the 25 year time period (Figure 5-2). The details of the methodology are
described in Chapter 2.
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Figure 5 - 2. Land Use and Land Cover maps of Upper Ruvu watershed for 1991, 2000 and 2015.
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Soils

The soil map for this study (Figure 5-3) was made from the 1984 Soils and Physiography of
Tanzania (De Pauw, 1984). The soil input (.sol) in SWAT requires information on physical
properties for all layers in the soil. The information was obtained from different sources: Soil and
Terrain Database for Southern Africa (SOTER) (Batjes, 2004), from field soil sampling as part of
this study , and data from the literature (JICA, 2012; Msaghaa et al., 2014). The information was
used to build the database needed by SWAT. There are seven major soils in the watershed:
Acrisols (9.6%), Cambisols (21.2%), Ferrasols (24.5%), Fluvisols (18.9%), Leptosols (2.1%),
Planosols (8.9%) and Vertisols (4.2%).
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Figure 5 - 3. Soil map of the study area showing major soil types.

Weather data

Daily meteorological data collected from the Wami Ruvu Basin Water Office (WRBWO) and the
Tanzania Meteorological Agency (TMA) were collated and assessed for accuracy and consistency.
A total of 11 rain stations with at least 30 years of daily rainfall data are available from within and
around the study area (Table 5-1). Most of the stations are located in the upper part of the
watershed. Daily minimum and maximum temperature, solar radiation, relative humidity, and
wind speed were obtained from the Morogoro Meteorological station. Missing data in the
historical data were filled by regression equations of neighboring stations and were simulated
using the WEXGEN stochastic weather generator model within the SWAT model based on 13
years of data from Morogoro (Neitsch et al., 2002). The WEXGEN model uses monthly statistics
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calculated from daily weather data to fill in missing daily climate data or can simulate long term
weather sequences based on these statistics.

Table 5 - 1. Rainfall Stations in the Upper Ruvu Watershed

No ID Station Latitude Longitude Altitude Ann.Rainfall (mm)* Start End
1 9637046 Morning Side -6.90 37.67 1450 2217.0 1966 2012
2 9737076 Morogoro -6.83 37.65 526 817.0 1971 2012
3 9737006 Matombo -7.08 37.77 390 1547.1 1973 2012
4 9637045 Mondo -6.95 37.63 1120 2384.3 1970 2012
5 9637048 Ruhungo -6.92 37.63 880 979.2 1971 2012
6 9737026 Kibungo -7.02 37.80 270 1519.4 1971 2012
7 9637052 Moro WD -6.82 37.65 510 728.8 1956 2010
8 9000064 Mikula -7.25 38.25 80 765.2 1976 2013
9 9737005 Singiza -7.38 37.72 460 1325.4 1973 2007
10 9637047 Hobwe -6.98 37.57 740 917.5 1971 2012
11 9637051 Mlali -6.97 37.53 598 758.4 1956 2010

Discharge data

Observed discharge data for two gaging stations (i.e. 1H5 Ruvu River at Kibungo Bridge and 1H10
Ruvu at Mikula) were available (Table 5-2). Discharge data for the two stations were available
from 1952, and water level data were available for years after 1989, but with a significant amount
of missing data. We selected a period starting from 1971 to correspond with the rainfall data and
meteorological data available in the watershed for model calibration and evaluation.

Table 5 - 2. Flow Stations in the Upper Ruvu Watershed

No ID Flow Station Latitude Longitude  Altitude Area Start End
1 1H5 Ruvu-Kibungo -7.01 37.8 474 420 1952 1987
2 1H10 Ruvu-Mikula -7.3 38.17 80 5870 1966 1989

In SWAT, the HRU management file is used to summarize land use characteristics for different
crops, including the crop calendar with information on tillage, planting, fertilizer, irrigation
applications, nutrient applications and pesticide applications. SWAT uses three databases to
store information required for plant growth, urban land characteristics and fertilizer
components. We defined Management operations for three dominant crops (maize, banana and
upland rice) in the Upper Ruvu watershed based on information from interviews in the field with
secondary information obtained from the district agricultural office in Morogoro and the Wami
Ruvu Basin Water Office. Maize which is dominantly cultivated in the uplands and lowlands is
usually common in the long rainy season (March-May) with farm preparations starting in early
February. Upland rice is dominant in the slopes and is usually planted in February. The watershed
was discretized into 40 sub-basins and further into 1107 HRUs based on the combination of land
use and soil type.
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5.2.4 Parameter Sensitivity Analysis

The SWAT model comprises several parameters which represent the different hydrological
conditions and characteristics across the watershed. The calibration process involved first
defining and choosing the most sensitive parameters through sensitivity analysis. Sensitivity
analysis is important in understanding model performance and reveals which parameters are
mostly significant to the output variance due to input variability (Abbaspour et al., 2007) of most
important parameters. It was applied to limit the number of optimized parameters required to
obtain a good fit between the simulated and observed streamflow data. In this study, sensitivity
analysis was carried out with a combined Latin hypercube and one-factor-at-a-time (LH-OAT)
(van Griensven et al., 2006) sampling methods implemented in the SWAT-CUP (Calibration and
Uncertainty Program for sensitivity analysis, calibration and uncertainty analysis). SWAT-CUP is a
public domain program linking SUFI-2 (Sequential Uncertainty Fitting version 2) procedure to
SWAT (Abbaspour et al., 2007). SUFI-2 incorporates both manual and auto-calibration
procedures including the sensitivity and uncertainty analysis (Arnold et al., 2012). This allows
users to manually adjust some parameters and ranges iteratively between auto-calibration runs.
SUFI-2 has been successfully used for case studies in Africa and Asia, and the US (Schuol et al.,
2008; Abbaspour et al., 2009; Faramarzi et al., 2009; Betrie et al., 2011; Arnold et al., 2012). The
NSE coefficient was used as an objective function during the sensitivity analysis. SUFI-2 uses the
t-statistic and p-value to rank the sensitivity of parameters. The parameter with the highest
absolute value of t-stat and the smallest p-value is considered the most sensitive parameter. The
most sensitive parameters usually appear with p-values less than the alpha level of 0.05.
Streamflow data and climate data from January 1973 to December, 1977 were used to run the
model for sensitivity analysis using default model parameters. The default parameters are based
on literature and on the range suggested in the SWAT user’s manual (Neitsch et al., 2002).The
results of the sensitivity tool provide general adjustments guidelines and reduce time-required
for calibration.

5.2.5 Model calibration and evaluation

The model was set up and run at a daily time step for the period from 1971 to correspond with
the weather data. A “warm-up” of two years was used (January 1971 to December 1972) and a
5-year period for calibration of flow (January 1973 to December 1977). Based on the available
data and parameters, the calibration was performed for streamflow. The model was calibrated
by comparing with measured daily streamflow at two gauging stations; 1H5 (Ruvu River at
Kibungo Bridge) representing the upstream part of the watershed and 1H10 (Ruvu River at
Mikula) located in the downstream part of the watershed and is considered as an outlet of the
watershed. Model evaluation to test how well the calibrated results matched the observed
streamflow data at the two gauging stations was done for 5 years from January 01, 1978 to
December, 31, 1978. However, due to the presence of suspicious high peaks of streamflow data
recorded at the end of 1978 and early in 1979, the period of (Nov 1, 1978 to Aug 22, 1979 was
removed from the time series and not used for model evaluation. Apart from calibrating for flow,
evapotranspiration was considered during the calibration and evaluation processes. The
potential evapotranspiration was calculated by Penman-Monteith Equation (Allen et al., 1998),
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using data from 1971 to 2012 for Morogoro station. Potential evapotranspiration of 1509 mmyr
! was estimated for the Morogoro station (Figure A-6).

5.2.6 Curve number selection

SCS CN for the Upper Ruvu watershed based on the land use and hydrologic soil groups of the
Upper Ruvu watershed were selected using guidelines from published tables (USDA, 1986; Rawls
et al., 1992). Hydrologic soil groups for the major soils found in the watershed were grouped and
in combination with land use maps, the CN for different land cover were assigned as shown in
Table 5-3. The SCS curve number is a function of the soil’s permeability, land use and antecedent
soil moisture conditions and are therefore expected to differ as conditions such as land use and
land cover change. Field experiments to estimate CN from three land use types (forest, grassland
and upland rice) were carried out in some parts of the watershed, and helped to shed lights on
the variation of CN for various land use types. The range of the CN values from the three land use
types investigated during the field experiments range between 30 and 33 for forests, 54 and 61
for grassland and between 78 and 90 for croplands.

Table 5 - 3. CNs for the Upper Ruvu Watershed

LULC Hydrologic Soil Group
A B C D

Natural Forests 30 30 41 48
Bushland 49 69 79 84
Cropland/settlement 68 79 86 89
Woodland 32 58 72 79
Grassland 68 79 86 89
Bareland 77 86 91 94
Wetland 100 100 100 100
Water 100 100 100 100

5.2.7 Model Performance

Model performance was carried out to verify the robustness of the model to simulate
hydrological processes. A model performance framework proposed by Moriasi et al. (2007) was
used in this study. We used the Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970), percent
bias (PBIAS), and ratio of the root mean square to the standard deviation of measured data (RSR)
as well as the R? for model evaluation. These methods are commonly used in judging model
performance in many hydrological modeling studies (Moriasi et al., 2007; Betrie et al., 2011;
Baker and Miller, 2013). Model simulation is judged as satisfactory if NSE > 0.5, RSR< 0.70 and
PBIAS = 25% (Moriasi et al., 2007; Betrie et al., 2011).
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5.2.8 Evaluation of the streamflow response to changes in land use and land cover

To understand streamflow response to changes in land use and land cover in the watershed,
three scenarios were used. The scenarios are defined based on the 1991, 2000 and 2015 land use
and land cover maps as shown in Figure 5-2. Each of the LULC map was used as a land use input,
while maintaining all the other input data including soil, DEM and climate data. The calibrated
model was used to analyze the impact of changing land use on streamflow regime based on the
land use maps of 1991, 2000 and 2015 using the same climatic data from January, 01, 1991 to
December, 31, 2012. Changes in streamflow between the scenarios will indicate the influence of
land use change. Similar approach was used successfully by Palamuleni et al. (2011) and Natkhin
et al. (2015). Statistical and graphical comparisons were used to assess the simulated outputs.
Peak flows simulated using the three land use scenarios were extracted from the flow duration
curve using the a 5% exceedance probability (Qs). Low flow duration was defined using the
median flows of which a low flow day was defined as a day having flows less than the median
flow (Qmedian). Direct runoff which consists of surface runoff and fast lateral runoff was separated
from the baseflow which is composed of the groundwater flow using the method suggested by
Lim et al. (2010).

5.3 Results and Discussion

5.3.1 Land use/Land Cover (LULC) changes and LULC scenarios

The major land use types in the Upper Ruvu watershed are shown in Figure 5-2 and Table 5-4,
indicate that the baseline year (1991) was dominated by forest and woodland land use types
occupying 17% and 29%, respectively. However, in the ensuing 25 years the metrics changed and
cropland and grassland became the major LULC occupying 29% and 20%, respectively (see
Chapter 2). The unprecedented LULC changes in the watershed were mainly due to the
conversion of natural forest and woodlands into cropland and grassland.

Table 5 - 4. Percentage area change of land use in the Upper Ruvu Watershed

Land use/Land Cover 1991 2000 2015
% Cover % Cover % Cover
Natural Forest 17.2 10.2 39
Shrubland 15.2 18.4 21.0
Cropland 14.0 20.9 29.4
Woodland 28.9 24.3 16.1
Grassland 11.8 15.2 20.2
Bareland 2.4 2.4 3.8
Water 1.5 1.2 0.5
Wetland 8.9 7.3 4.4
Clouds and Shadows  17.2 0.2 0.9
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5.3.2 Sensitivity Analysis

From the sensitivity analysis, parameters are ranked from the most sensitive to the least in Table 5-5. The
most sensitive parameter is given a rank of 1 and the least sensitive out of the 20 parameters is given a
rank of 20. The results show that the parameters that represent surface runoff, groundwater, soil
properties, vegetation, channel and evaporation were more sensitive than others and therefore
accurate estimation of these parameters is considered important for streamflow simulation with
the SWAT model in the watershed. The symbols r, v and a before each parameter signifies
multiplication of the value plus one to the default value, replacing the value with the default
value and adding the value to the default value, respectively.

Table 5 - 5. Results of Calibration and Sensitivity Analysis

Rank Parameter Description

1 R__CN2.mgt Curve Number (-)

2 V__RCHRG_DP.gw Deep aquifer percolation fraction(-)

3 V__ALPHA_ BNK.rte Baseflow factor for bank storage ()

4 V__GW_DELAY.gw Groundwater delay (days)

5 V__GW_REVAP.gw Groundwater ‘revap’ coefficient (-)

6 R__SOL_AWC.sol Soil layer Water Capacity (mm/mm)

7 R__HRU_SLP.hru Average slope steepness (m/m)

8 V__REVAPMN.gw Shallow Water Aquifer Threshold (mm)

9 V__LAT_TTIME.hru Lateral flow travel (days

10 R__SLSUBBSN.hru Average slope length (m)

11 V__ESCO.hru Soil evaporation compensation factor(-)
12 V__CH_K2.rte Hydraulic conductivity of the channel (mm/h)
13 R__SOL_BD.sol Moist bulk density (g/m?3)

14 V__ALPHA_BF.gw Baseflow alpha factor (days)

15 A__GWQMN.gw Threshold of water in the shallow aquifer (mm H,0)
16 V__CH_N2.rte Channel manning’s “n”

17 V__EPCO.hru Plant uptake compensation factor (-)

18 R__SOL_K.sol Saturated hydraulic conductivity (mm/hr)
19 V__SURLAG.bsn Surface runoff lag coefficient (-)

20 V_OV_N.hru Manning’s n value (-)

The results showed that simulated streamflow is most sensitive to the SCS runoff curve number
(CN2) parameter due to its significance in surface runoff prediction. Decreasing the CN2 values
usually results in reduced surface runoff and increased infiltration, baseflow and groundwater
recharge, and increasing the value results in increased surface runoff. The response of surface
runoff to changes in CN2 values was manually tested by modifying values from its default value
for each land use and hydrologic soil group combination to +10% and +15%. Results in Figure 5-
4 show variation of surface runoff to the modification in CN2 values. Other parameters with high
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model sensitivity are related to groundwater, soil and channel properties. High sensitivity of
streamflow prediction to CN2 has been reported in other studies ( e.g., Mulungu and Munishi,
2007; Ndomba et al., 2008; Birhanu, 2009) in Tanzania. Baker and Miller (2013), reported a non-
linear change in runoff on a monthly and annual basis when CN was modified in Njoro River in
Kenya.
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Figure 5 - 4. SWAT monthly surface runoff response to modification of CN values.

5.2.4 Model calibration and evaluation results

As SWAT consists of a large number of parameters, some of the parameters identified during the
sensitivity analysis were not used in the calibration process to avoid over parameterization of the model.
Following the guidelines by Moriasi et al. (2007) and Neitsch et al. (2002), 8 parameters were selected
based on sensitivity analysis (Table 5-5) and used in the calibration process. The results of the calibration
process showing the range of adjusted values and the fitted values are shown in Table 5-6. The model was
calibrated at daily time step from January, 01, 1973 to December, 31, 1977 and evaluated from January,
01, 1978 to December, 31, 1982. Results of the calibration and evaluation processes at the two
stations are presented in Figure 5-5 and Figure 5-6.
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Table 5 - 6. Results of model calibration

Rank Parameter Range Fitted value
1 R_CN2.mgt -0.66 - 0.31 -0.17

2 V_RCHRG_DP.gw -0.15-0.53 0.36

3 V__ALPHA_BNK.rte 0.25-0.33 0.28

4 V_GW_DELAY.gw 48.26 - 94.77 49.19

5 V_GW_REVAP.gw 0.02-0.2 0.18

6 R_SOL_AWC.sol 0.39-0.71 0.56

7 R__HRU_SLP.hru -0.18 - -0.02 -0.03

8 V_REVAPMN.gw -2.22-6.56 3.58

As shown in Figure 5-5, the model performed fairly well during both calibration and evaluation
stages. The mean simulated streamflow at 1H5 was 17.0 m3s™ against measured streamflow of
15.48 m3s?, while at 1H10 simulated mean streamflow was 50.4 m3s?! against measured
streamflow of 45.8 m3s™. The results show a good agreement between the simulated and the
measured streamflow at both gauging stations as shown by the hydrographs in Figure 5-5 and
Figure 5-6. From the hydrographs shown for the two outlets, it can be observed that despite the
general agreement, the models overestimated baseflow by close to 45% in August, 1975 at 1H5.
The disparities might have been contributed by the uncertainties in the input data and especially
variables that are related to the calculation of evapotranspiration. Underestimation of the
baseflow was observed in 1978 and in 1980 at 1H5. The model under-predicted peak flows in
some years, and this is visible for November, 1973 and April 1974 for the 1H5 gauging station and
May, 1974 and April, 1975 at 1H10 gauging station. This underscores the problem of input data,
especially rainfall data. Observed streamflow data appeared to be exceptionally high from
November, 1978 to the long rainy season of 1979 at both gauging stations. This was considered
suspicious, and some data were therefore not included in the evaluation process. This was
considered a reasonable approach in reducing uncertainty from the observed streamflow data
during the evaluation. The approach was also reported by Baker and Miller (2013) who excluded
a period of two years due to missing data of more than 100 days in each of the years.

With exceptions of these few cases, there was a general good agreement of simulated against
measured data for both gauging stations. This was confirmed by reasonable NSE, PBIAS and RSR
coefficients shown in Table 5-7 for both gauging stations.

Table 5 - 7. Calibration and Evaluation Results for streamflow for SWAT Model

Station NSE PBIAS RSR
Calibration  Evaluation  Calibration  Evaluation  Calibration  Evaluation

1H5* 0.69 0.68 -7.8 17.3 0.56 0.57

1H10* 0.84 0.67 -9.9 -21.6 0.40 0.42

*1H5 — Ruvu at Kibungo Bridge, 1H10-Ruvu at Mikula.
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Figure 5 - 6. Comparison of daily hydrographs between the observed discharge at the
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Results from the calibration and evaluation of the model shown by time series plots, NSE, PBIAS,
RSR and R?indicate that the calibrated model was able to represent the measured streamflow at
a reasonable and acceptable level. The location of the outlet stations (one in the upstream and
one in the downstream) help to represent the performance of the model in the two areas. The
model was able to describe streamflow of the watershed satisfactorily well following the model
performance indices suggested in Moriasi et al. (2007) and time series of hydrographs shown in
Figure 5-5 and Figure 5-6. A scatter plot (Figure 5-7) between the measured and simulated
streamflow values show a good correlation with a R? of 86% at 1H10 during calibration and
evaluation process. The good NSE, PBIAS, RSR and R? results in both the calibration and
evaluation stages suggest that the calibrated model can describe streamflow of the watershed
and can therefore subsequently be used with confidence to investigate streamflow responses to
changes in land use and land cover changes and other alterations in the Upper Ruvu watershed.

250

R?=0.8633 ° °

200

150 r

100 r

Observed Streamflow (m3/s
Ul
o

0 50 100 150 200 250
Simulated Streamflow (m3/s

Figure 5 - 7. Scatter plot of measured streamflow against simulated flow for calibration
at 1H10

5.3.5 Streamflow response to LULC change observed between 1991 and 2015.

The LULC of 1991, 2000 and 2015 were used as inputs to the model and were simulated to
evaluate the response of streamflow due to the changes in land use and land cover in the
watershed. Simulated results for the 1991 LULC map were compared with the observed
streamflow for 1991 at Mikula (1H10). There was a good agreement between the observed
streamflow and simulated streamflow for 1991, as shown by the scatter plot (Figure 5-7) with R?
equal to 0.87 and NSE equal to 0.85. A comparison of monthly averages of simulated and
observed streamflow for periods from 1991 to 2012 is shown in Figure 5-8(b).
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Figure 5 - 8. Scatter plot of measured against simulated stream flow at 1H10 (a) and
comparison of average monthly observed and simulated streamflow at 1H10 (b).

A comparison of daily streamflow simulated using the three land cover maps for the three time
periods simulated for 1991 are shown in Figure 5-9. The observed streamflow for 1991 compared
well with the simulated streamflow using the 1991 LULC. The results indicate that there was a
general increase of peak flows during the wet season and a decrease in baseflow during the dry
season. It can be observed (Figure 5-9) that during the dry period in 1991, baseflow was lower
for the simulated flows using the 2015 LULC than for the baseline period (which also appear to
be in the same magnitude as the observed). The decrease in baseflow can also be observed the
2000 LULC scenario. In comparison with the baseline (1991 LULC), the mean daily streamflow
simulated for the three LULC scenarios show that that the average daily streamflow at 1H10
decreased by 2% from 47.41 m3s-in 1991 to 46.32 m3s%. There was a decrease of approximately
12% from 47.41 m3st in 1991 to 41.50 m3s in 2015 (Table 5-8). Monthly streamflow averages
shown in Figure 5-10 also confirm the suggestion that there was a general increase in peak flows
and a decrease in baseflow as LULC changed from the baseline period to the current scenario
(2015) as baseflow for the 2015 LULC scenario was consistently lower. The increase and decrease
of streamflow using the same climate data as used in this study can be attributed to the change
in land cover, especially as more forests were converted to agricultural lands.

Table 5 - 8. Effects of Changes in LULC on Qs, Qaverage and Low Flow Duration for 1991,
2000 and 2015 LULC at 1H10 (Ruvu River at Mikula)

1991 2000 Impact(1991- 2015 Impact(1991-
LULC LULC 2000) LULC 2015

Qs (m3s?) 128.85 151.6 5% 144.38 12%

Qaverage (M3s™?) 47.41 46.32 -2% 41.50 -13%

Low Flow Duration 36.29 36.09 -0.5% 29.01 -25%

(m3s?)
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Figure 5 - 9. Time series of simulated and observed streamflow for 1991

Baseflow for the 2015 LULC scenario was consistently low in most of the years from 1991 to 2012.
The decrease in areas covered with forest land use type in the upper parts of the watershed may
cause a decline in interception and infiltration due to the loss of surface roughness, resulting in
higher rainfall proportion being converted into surface runoff than is infiltrated into the soil for
groundwater recharge. This could be linked to the presence of high peak flows which are directly
taken as surface runoff in the rainy season and less baseflow available in the dry season. The
observed decline of streamflow in recent years can mainly be attributed to the fact that only a
small fraction of rainfall is taken for the infiltration during the wet season due to loss of surface
cover. In a study in the Ngerengere River watershed in Tanzania, Natkhin et al. (2015), reported
an increase of between 9-17% of high flows due to changes in land use. Baker and Miller (2013),
reported an increase in surface runoff and a decrease in baseflow following changes in land cover
especially in the upper part of River Njoro in Kenya. Legesse et al. (2003), reported a decrease of
about 8% when the dominantly cultivated/grazing land would be converted to woodland. In a
watershed in India, Babar and Ramesh (2015), reported a small change in streamflow, but
increase in peak flows which occurred right at the month of high rainfall, despite a small (3.2%)
change in forest cover between 2003 and 2013.
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Figure 5 - 10. Average monthly streamflow: observed and simulated with LULC of 1991,
2000 and 2015.

Figure 5-11 shows the daily duration curves (FDC) of the three LULC scenarios in comparison with
the observed. The results show that peak flows exhibited by the 5™ percentile (Table 5-8)
increased by 5% and 12% for 2000 and 2015, respectively from the baseline (1991) scenario.
The results show that in the study area, streamflow in the year 1991 to 2012 was at least 39 m3s
1 60% of the time for the 2015 LULC scenario and was at least 41 m3s™ 60% of the time for the
baseline scenario. It is clear from the curves that baseflow was consistently lower for the year
2015, compared to the baseline year (1991). It can also be noted that the low flow duration which
is shown decreased by 0.5% and 25%, respectively from the baseline scenario.

This can be confirmed by the steeper FDC towards the peak flows for the 2015 LULC scenario
compared to the 2000 and the baseline scenario showing the influence of the land conversions
on peak flows and its overall effect on the hydrological regime. These results show that as loss of
forest cover continued to be realized in the watershed through the rapid increase of peak flows.
Similar observations were reported by Natkhin et al. (2015) in the Mgude sub-watershed where
change in peak flows due to land use change was about 17%. Other studies such as Ochoa-Tocachi
et al. (2016), Palamuleni et al. (2011) and Githui et al. (2009) reported the influence of increase
in cultivated areas on streamflow especially peak and low flows.
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Figure 5 - 11. Average daily Flow duration curves for the period 1991 to 2012 at 1H10

Average monthly streamflow measured at the 1H10 gauging station for the hydrological year
starting October is shown in Figure 5-12. The mean monthly average in the short rainy season
reaches approximately 50 m3s in December and reaches approximately 121 m3st in April during
the long rainy season and were high for the year 2015. The results confirm the assertion that
peak flows have been increasing in the wet season from 1991 to 2015. The rising limb of the
hydrograph occurs much faster for the year 2015 as compared to the 1991 and 2000 scenarios.
It was further realized that there was an increase of approximately 7% of mean monthly
streamflow in the long rainy season (March-May) in 2015 compared to the baseline, and there
was no significant increase in 2000. On the other hand, a decrease of approximately 25% and
12% for June-September and January-February respectively for the 2015 LULC scenario
compared to the baseline scenario. A decrease of between 1 to 3% of average monthly
streamflow was observed in the dry season for the 2000 LULC scenario compared to the baseline
scenario. In addition, an increase of approximately 2% was estimated for the March-May season
in the year 2000 compared to the year 1991. From the results, it can be realized that the increase
of streamflow in the rainy season were surpassed by the decrease in average monthly streamflow
during the dry season resulting in the overall streamflow reduction. However, it is important to
realize that monthly averages of streamflow may not provide a clear synopsis of the influence of
peak flows in the wet season, mainly because surface runoff is dependent on rainfall which is
unevenly distributed in a month and attenuation of the hydrograph at a monthly scale can be

129



expected. In the absence of vegetation cover, most of the falling rain is converted directly into
runoff due to less resistance and less infiltration, and may create undesirable impacts such as
floods. The decrease in the baseflow during the dry season is a challenge in water resources
management.
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Figure 5 - 12. Average monthly streamflow for period between 1991 and 2012 at 1HO
gauging station

Basin-wide annual analysis of surface runoff and groundwater was done by comparing the
simulated variables for each of the LULC scenario with values obtained from a JICA (2012)
report. JICA (2012) reported about 229 mm and 48 mm of surface runoff (overland flow) and
groundwater recharge, respectively. Noteworthy changes were observed in surface runoff and
groundwater for 2000 and 2015, compared to the baseline land use. Figure 5-13 shows the
impacts of LULC change on direct surface runoff, and groundwater flow. The results indicate
that there was consistent increase in direct surface runoff from the baseline period to 2015.
The results indicate that in comparison with the baseline scenario in 1991, annual surface
runoff was 10 mm and 95.2 mm higher in 2000 and 2015, respectively. The change was about
8% and 75% for 2000 and 2015 respectively. The results appear to be correlated with the
changes in LULC reported in Chapter 2. The increase in direct surface runoff may be attributed
to the fact that in 2015, the size of exposed soil (cropland and bareland) was higher resulting in
low infiltration and higher curve number compared to the baseline year 1991. In addition,
average annual evapotranspiration increased mainly due to the increase in evaporation from
the cultivated soils, bare soils and to some extent grassland. As shown in Table 5-9, the average
annual evapotranspiration increased from 458.3 in 1991 to 724 mm in 2015, making a 58%
increase.
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The increase in direct runoff as a result of conversion of forest into cropland and other human
activities have been reported by Baker and Miller (2013) for the Njoro river and Githui et al.
(2009) in the Nzoia River in Kenya. The two studies attributed the increase in direct surface to
the increase in cultivated areas at the expense of forest. Ghaffari et al. (2010) reported an
increase of about 33% of surface runoff and a 22% decrease in the groundwater recharge
increase in rain-fed agriculture and bareland in in Iran. Similar observations were also done by
Khoi and Suetsugi (2014) in Iran. On the other hand, there was a general decline of baseflow from
the baseline scenario in 1991. Baseflow decreased by 43% and 67% in 2000 and 2015,
respectively from 1991. Other studies have reported various results on the decline of
groundwater flow as a result of forest conversions and land alterations (Ghaffari et al., 2010;
Baker and Miller, 2013; Khoi and Suetsugi, 2014). Decline of groundwater flow in the study
watershed can be attributed to less water infiltration due to loss of forests and continued
exposure of soils that limit water holding capacity. Land transformations that are rampant in the
fragile steep slopes and the shifting cultivation practices leave the soils exposed and therefore
reduce the capacity of the watershed to store water and consequently affect the dry season
flows.
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Figure 5 - 13. Annual hydrological response predictions for land use (1991, 2000, and
2015) in the Upper Ruvu watershed.

Table 5 - 9. Average annual basin-wide actual evapotranspiration and precipitation

Parameter 1991 2000 2015
Evapotranspiration 590.1 486.4 724.0
(mm)

Precipitation (mm) 794.9 814.0 1255.0
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5.3.6 Impacts of LULC changes on hydrology at the sub-watershed scale.

Results in Figure 5-14 show surface runoff from the different sub-watersheds for 1991 and 2015,
respectively. These results indicate that the contribution of surface runoff was highly variable.
Surface runoff is generated from the sub-watersheds located in the uplands and mostly where
human activities are dominant. The results further show that more surface runoff (>169 mm) was
generated in sub-watersheds in the uplands. These are areas around Kiroka, Mkuyuni, and other
populated areas. Other areas where surface runoff was generated in high amounts include
Kibungo and its upstream areas such as Mbezi, as well as areas around Mvuha and Mgeta sub-
watersheds. The western parts are dominated by woodland, which have not experienced a
significant change in runoff between 1991 and 2015.

These results highlight the fact that increases in surface runoff contribution to streamflow is a
result of conversion of natural landscapes (forest and woodland) to agriculture, bareland and
grassland. Cropland and rural settlement expanded in the uplands in sub-watersheds 1 to 7, 15
and 17. Other areas that had experienced expansion of cropland include sub-watershed 26, 27,
and 29 up to 34. It can be observed that, the number of sub-watershed which experienced
surface runoff greater than 169 mm increased from 12 to 18 between 1991 and 2015. The
increase in surface runoff in the upstream basins such as Kiroka, Kinole, Kibungo Juu, Mvuha,
Mfizigo, and Mbezi appear to be consistent with the changes in land use and land cover. As these
areas are characterized by high rainfall amounts, the increase in surface runoff suggests that a
higher percentage of rainfall is converted into runoff than is infiltrated into the soil for
groundwater recharge. These results suggests that the changes in LULC from the baseline cover
in 1991 to 2015 in the upstream sub-watersheds may have impacts on the downstream parts of
the watershed.
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5.4 Conclusions

Lack of appropriate and reliable data is a major constraint in deriving information that help in
developing strategies for sustainable water resources management at the landscape and watershed
scale. This study was designed to investigate the effects of changes in land use and land cover on
streamflow over a 25 year period (1991-2015) in a data scarce watershed, the Upper Ruvu
watershed in Tanzania. The SWAT model using its ArcGlIS interface was applied to the watershed
and sensitivity analysis, model calibration, and evaluation were carried out to evaluate model
performance in the simulation of streamflow. The results indicate a reasonable model performance
based on goodness of fit and statistical comparisons suggesting that SWAT can be used for assessing
impacts of land use and land cover change in the Upper Ruvu watershed. The SWAT model was
considered as a suitable approach, although mostly was limited by rainfall data.

The model has shown that a change in land use and land cover from the baseline scenario (1991)
showed a slight decrease of 2% in average streamflow by 2000 (46.32 m3s!), but a decrease of up
to 13% of average streamflow by 2015 (41.50 m3s!) from the baseline period (47.41 m3s?) Forest
made up approximately 17% of the total watershed area in 1991, but was only 4% of the watershed
area by 2015. On the other hand cropland increased from 14% in 1991 to approximately 30% in
2015. The increase in percentage area occupied by cropland and the decrease of percentage area
occupied by forest and woodland showed a clear influence on streamflow in the watershed. Average
peak flows (Qs) increased by 5% and 12% for 2000 and 2015, respectively from the baseline period.
Moreover, peak flows increased by 7% in the long rainy season (March-May) and baseflow
decreased by 12% (January and February) and 25% (June through September) in the dry season.
These results suggest the influence of changes in land use and land cover on hydrological
components, which ultimately have significant. Changes in LULC in the watershed have significant
effect on surface runoff generation as 8% and 75% increase in surface runoff was estimated for 2000
and 2015, respectively from the baseline scenario in 1991. The increase in surface runoff specifically
in the wet season, suggest less is taken for infiltration and may translate into scarcity of soil water
availability for plants and for baseflow contribution. This may have implications on smallholder
farmers and different water users from various sectors.

Specifically, this study has quantified changes in hydrological components in the upper Ruvu
watershed following the LULC changes for the 25 year period between 1991 and 2015. The study
has shown that the change in land use from natural areas to cropland and grassland areas leads to
an increase in the peak flows which have an implication in the magnitude of floods. The change in
land use had also caused a decrease in low-flow duration. The results highlight the areas of
significant changes and provides spatial based quantitative information that will help water
managers and decision makers in making informed choice for sustainable land and water resources
planning and management. The approach used in this study can potentially be used in other
watersheds for assessing hydrologic response to changes in land use as well as climate change,
provided that digital land cover and climate information is available. Future studies can include
investigations of different land use scenarios based on envisioned changes in the watershed, and
climate change scenarios. Impacts of land restoration can also be investigated by developing
scenarios with potential benefits for the ecosystems and the hydrology.
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Chapter 6 Summary and Recommendations

Changes in hydrological regimes as a result of complex interactions of land use and cover, land
management, and climate variability combined with increasing and competing demands for water,
make management of water resources at watershed scale an extremely challenging task for
hydrologists and water managers. Changes in land use and land cover and climate induced
variability are strong drivers of changes in water quantity and quality of watersheds. While high
rainfall events such as heavy rainstorms in the rainy season might result into soil erosion and
flooding, decreases of river flows to no flow in the dry season, land alterations especially
deforestation and increase in agricultural lands and impervious surfaces affect hydrological regimes
at different scales. More often than not, changes in the quantity, timing, intensity or duration of
rainfall, combined with changes in evapotranspiration due to higher temperatures lead to observed
stream flow reduction.

Furthermore, factors affecting hydrological processes are interrelated and complex, therefore
determining the causes of these changes, identifying, quantifying and predicting the consequences
of land use change and climate variability have been major challenges for current and future
hydrological research (Sivapalan et al., 2003; DeFries and Eshleman, 2004; Ott and Uhlenbrook,
2004; Eshleman, 2013). The challenge is even bigger in watersheds in developing countries because
of short lengths of most hydrological records, high natural variability of hydrological systems,
paucity of detailed hydrometric measurements and small number of controlled small-scale
experimental studies (DeFries and Eshleman, 2004; Eshleman, 2013) that limit the possibility of
extrapolating results to other systems. Despite the importance for human and ecosystems
sustainability, hydrological processes in watersheds amid changes in land use and cover and climate
variability/change are still not well understood. It is crucial to understand the hydrological responses
to these changes if we are to plan for sustainable ecosystems and the environment. Hydrologists
and researchers are called upon to understand the consequences of changes on hydrological
processes at different scales from plot, hillslope to watershed. This information is crucial for
planning and water resources management and the need to quantify the extent to which land use
and climate influence the hydrological conditions is deemed necessary for that purpose. The
information could yield valuable insights into the spatial distribution of the process that control
runoff and soil erosion generation and water quality in headwater and watersheds.

This study was focused on understanding the hydrological responses to changes in land use and land
cover and variability in climate at different scales in a watershed characterized with complex
terrains, highly variable climate and increased anthropogenic activities. In addressing the research
guestions, different approaches including use of remote sensing, plot experiments using rainfall
simulators, experimental watersheds monitoring, statistical analysis of long term data of climate
and streamflow and modeling using both empirical and physically based were employed. First, the
study employed remote sensing and GIS using Landsat imagery to identify major land cover classes
dominant in the area. We were able to identify eight land cover classes; natural forests, shrubland,
cropland and rural settlement, woodland, grassland, bareland, wetlands and water. In a 25-year
period between 1991 and 2015 significant land use and land cover changes were revealed,
indicating huge losses of forests and woodlands and increases in agricultural lands followed by
grasslands. The changes in land use and land covers had resulted in the increase in soil erosion and

141



most soil losses were recorded from agricultural lands and least amounts were recorded from
forests.

Second, in order to correlate the role of human activities and climate on the hydrology at headwater
watersheds and at watershed scale, we initiated a two-year monitoring of streamflow, suspended
sediments and climate variables in three headwater watersheds with different levels of
degradation. We identified levels of disturbances through the percentage forest and agricultural
land cover. Our hypothesis in this study was that the three headwater watersheds being located in
a similar environment would exhibit homogeneous climate and hence the differences in
streamflows and suspended sediments will entirely be attributed to human activities in the form of
disturbances. We found significant differences in sediment yield in the three watersheds even when
the rainfall patterns were not significantly different and baseflow contribution to flow was higher in
the less degraded watershed than in the degraded watersheds. At the watershed scale, long term
records of rainfall, evapotranspiration and streamflow revealed existence of trends exhibiting
increasing and decreasing changes across time, but with more decreasing trends in rainfall and
streamflow, but increasing trends in evapotranspiration. Human activities were found to contribute
to about 54% of the changes in streamflow, compared to 46% of climate.

Third, we estimated the surface runoff, sediment yield and curve number from three land use types
at plot scale using rainfall simulators. The use of rainfall simulators was intended to present a cost-
effective measure of obtaining information from challenging environments with little use of
resources within a short time. Results showed that croplands and the management of upland rice
were responsible for majority of the runoff and sediment generation in the landscape. We also
found that the presence of ground cover and some soil properties were the most influencing factors
in runoff and sediment generation.

Fourth, we evaluated the SWAT model for applicability in tropical watersheds characterized with
data scarcity. We found that the model performed satisfactorily well and was able to simulate
streamflow at HRU, sub-watershed and watershed scale in comparison with measured data. We
used the calibrated model to investigate streamflow responses to changes in land use and land
cover for different periods using the developed land cover maps for 1991, 2000 and 2015. The
results indicate that streamflow decreased by approximately 16% by 2015 from the baseline in
1991. Surface runoff increased as a result of increase in cultivated areas and loss of forests, and a
decrease of groundwater due to loss of vegetation cover was recorded.

This study quantified for the first time in the watershed the hydrological responses of changes in
different land uses and land cover on runoff, sediments and soil erosion, and the contribution of
both climate and human activities on the changes in hydrology. We were able to identify hotspot
areas of soil erosion and runoff in the watersheds, and vulnerability of different landscapes.

These results are important for water resources planning and management in the watershed, as
hotspot areas for runoff and soil erosion can be used as starting point for landscape restoration as
well as soil and water conservation in the watershed.

While this study was able to identify the variability of climate and their implications on hydrology,
the responses of changes in future climate are uncertain, we therefore recommend future studies
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to focus on investigating the hydrological responses to projected future climate. This knowledge is
important for resource sustainability as many projects are long term, and it may be unwise to realize
in the future that planning did not consider the changes within the system. Depending on the future
plans for land use, and in collaboration with water managers and policy makers, scenarios of change
could be devised and tested in the SWAT model.

We propose additional plot scale experiments for different land cover types and different
environments, as well as land management, as we have come to realize that land management plays
a great role in the generation and transport of runoff and sediments from landscapes. The use of
different rainfall intensity is crucial as variability in intensity and duration of natural rainfall are
common. Combination of experiments using natural rainfall might give insights on the hydrological
processes.

We propose extra efforts in data collection of both climatic and hydrological data as we have found
from this study that data quality is an integral part of the success in building a sound model.
Monitoring of sediments should also be emphasized and further, sediment modeling using SWAT
would be appropriate if good quality data are available.
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Appendix A Supplementary materials and data

Figure A-1 Flow Chart showing the main processes for soil Erosion modeling using
RUSLE
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Figure A -2 Average annual precipitation for the study watershed between 1990 to 2012
for 13 stations.
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Figure A - 3 Distribution of K-factor values within the watershed
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Figure A-4
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Major soils found in the Upper Ruvu watershed.
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Accuracy Assessment of LULC Maps for the Upper Ruvu Watershed (1991,

Land Cover 1991 2000 2015

PA UA PA UA PA UA
Natural Forest 95 95 89 98 99 97
Shrubland 91 91 93 89 94 91
Cropland and Rural Settlement 91 86 92 92 91 87
Woodland 91 94 93 86 94 97
Grassland 97 98 89 88 92 95
Bareland 99 9% 94 86 92 88
Water 93 81 96 88 95 81
Wetland 97 99 87 95 96 98
Clouds and shadows 100 99 98 98 89 91
Overall Accuracy 93 91 93
Kappa Coefficient 91 89 92

PA = Producer’s Accuracy, UA = User’s Accuracy
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Table A-2  Average C-factor values from literature
Land cover class C-factor
Natural Forest 0.003
Shrubland 0.2
Cultivated land and settlement 0.56
Woodland 0.07
Grassland 0.15
Bare land 0.6
Water 0.001
Wetland 0.001
Clouds and Shadows 0.0

Source: Morgan (2009), Wischmeier and Smith (1978)

Table A-3 Change Area of different land cover classess for the three time periods

Land 1991-2000 2000-2015 1991-2015
Cover
Area % Area % Area Change(Km?) %
change(Km?) change(Km?)
NF -522 -40.5 -472 -61.5 -994 -77.1
SH 243 21.3 198 14.3 441 38.6
CR 519 49.5 649 414 1168 111.5
WD -346 -15.9 -613 -33.6 -959 -44.2
GL 259 29.3 384 33.6 642 72.7
BL -0.2 -0.1 108 61.3 108 61
WR -22 -19.9 -53 -59.4 -75 -67.5
WE -123 -18.4 -212 -39.1 -336 -50.3
CS 2 10.2 51 303.2 52 344.5

NF-Natural Forests, SH-Shrubland, CR-Cropland and rural settlement, WD- Woodland, GL-Grassland,

BL-Bareland, WR-Water, WE-Wetland, CS-Clouds and shadows
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Table A-4  Monthly Rainfall data from stations used in the calculation or R-factor
Mato | Morning | Teget | Mkuy | Hob | Mik | Taw | Bwaki | Bwakir | Mzungu Bund | Mvu | Kienze | Singiz
Month | mbo side ero uni we ula |a ra aluu Mgeta uki ha ma a
177.7 | 181.0 | 85.0 | 53.0 | 148. | 105.35 172.7 | 142.| 171.2 | 118.4
Jan 147.88 135.61 8 1 4 7 51 19| 187.01 113.17 0 43 3 882
206.1 | 149.6 | 67.1 | 58.5| 91.9 152.7 | 125.| 159.8
Feb 132.64 136.11 4 4 3 7 41 112.22 | 198.98 133.88 9 75 51 127.9
378.5 | 242.0| 129.| 87.5| 210. 267.5| 198.| 213.4 | 287.3
Mar 209.98 279.64 5 1 87 4 23| 169.66 | 278.86 167.23 6 53 4 7
491.8 | 321.0 | 187. | 151. | 294. | 248.35 355.2 | 230.| 317.5| 2894
Apr 266.89 534.38 0 6 04 11 55 42 | 298.91 256.12 6 14 7 286
281.4 | 147.0| 85.2 | 61.1 | 172. | 99.152 160.8 | 100. | 135.8 | 155.6
May 137.42 348.23 0 5 1 5 55 63 | 142.77 57.87 5 31 1 231
114.3 11.9 | 20.5| 73.2 | 34.671 24.0 51.21
Jun 57.89 97.26 6 | 44.59 1 5 7 43 53.23 8.58 | 32.99 0| 35.14 111
12.5 | 69.8 | 21.961 15.9 23.84
Jul 50.61 71.89 | 83.77 | 37.52 | 5.93 8 3 9 49.52 8.07 | 21.46 6| 20.10 118
105.0 11.1 | 94.1 25.3 26.72
Aug 43.51 74.24 6| 32.23 | 5.21 1 8| 10.24 37.63 6.34 | 47.36 7 8.11 105
100.4 10.6 | 65.9 | 18.144 34.8 26.29
Sept 46.50 64.28 5| 45.05| 8.18 7 0 44 57.03 21.55 | 77.22 8| 23.47 412
150.8 33.8 | 46.2 | 134. | 35,511 144.6 | 55.3 64.94
Oct 87.87 145.87 8 | 80.99 5 8 31 11| 120.48 45.60 0 6| 40.91 375
228.0 | 132.5| 59.6 | 81.2 | 175. 260.4 | 91.7 | 1111
Nov 132.09 181.35 0 2 4 8 11| 83.87 | 119.55 91.72 7 5 0| 99.3
224.0 | 202.6 | 85.3 | 80.7 | 198. | 78.652 249.8 | 115. | 174.0
Dec 192.13 197.25 4 9 6 1 77 63 | 223.29 127.27 2 76 3| 116.3
Averag 211.8 | 134.7 | 63.7 | 56.2 | 144. 161.9 | 96.6 | 117.5| 115.6
e 125.45 188.84 5 0 0 2 10 | 84.82 | 147.27 86.45 2 9 6 2
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Table A-5 Sample Soil Analysis Results from the Lab
Soil
pH CEC
(1:2. Te | OC- Ext.P (cmolKg- Exch. Bases
SN | Field | Depth | LAB 5) EC P.S.D. xt | BIKW | (mg/kg) 1) (cmolKg-1
. % | ., | % M., N
ref No. (in MS/ | Cla /0 San Cla (%) PBr | Ol CEC (2:;51 g2 K+ a?
H20) Silt SS y-1 | s + N
cm y d
MK/P | O- | S/BL | oo |0.07| SC 291 4.1 0. 0.
1| 3 | 15/20 | 82015 | & 0 10| 68 | L | 152/ 0.99 18.00| 10|68 | 11| 09
MK/P 0.03 SC 27.13.10.0.
2 | 3 | 1520 | 1819 | 686 57| 24 | 10| 66 | L | 037|053 13.60 | 20| 08 | 08 12
MK/P 901 0o
5 | 3 |29100| 1955 [58910.021 52\ 1, | 55 | ¢ | 043| 1.50 1220| 7|68 |46/ 09
MK/P | 100- 7811 0. o0.
6 | 3 | 130 | 1823 [282|0021 44,1 45 | ¢ | 020|046 860| 0400609
MK/P | 0O- 6s |008| 431 00
3 | P2 | 15020 | 1820 | 83 | 0 10| 38 | ¢ | 201 324 1980| 7|07 |74 07
MK/P | 15/20- con | 003| o 841 00
4| 2 55 | 1821 | & 0 8 | 28 | c| 060|073 9080| 3|51|17|06
MKIP | o0,
2 | 23 571 | 0.02| 34 sc 74|11 |00
7 | BCg 1824 16| 50 | L | 004|047 980| 860|055 10
MK/P | 0O- 67 | 004 o 080 |00
8 | 4 | 2035 | 1825 | & 0 8 | 22 | ¢ | 150]| 165 1060| 23829/ 08
MK/P 0.04 46 1 00
9 | 4 | 3960 | 1806 [6:02] 75 | 80 5 | 13 | ¢ | 053] 099 680| 3|25|05|08
MK/P 0.03 1401100
10| a4 | 809 | 1807 [803| 5 |8 | 4| 16| c| 027|093 620| 6360408

151




MK/P 0.03 20| 1. ] 0.0
11| 4 |10 1898 | 61 | 5 | 821 4| 14| c | 025|003 500| 9|15 04|08
MK/P | 140- e e | 004 o 08| 1 0.0
12 | 4 | 200+ | 1829 | > 0 4| 16 | c | 023|073 500| 2|18 04|08
KN/P | 0- 615 | 006 | L 10.] 1. | 0.] 0.
13 | 1AP | 1015 | 1830 | & 0 6 | 52 |sc| 047/ 489 7.40| 34|36 37|07
KN/P | 10/15- 607 | 008 | o 3901100
14 | 1BA | 25/30 | 1831 | & 0 6 | 44 | ¢ | 072] 093 680| 9194107
KN/P | 28/30- c oy | 002 o 11]0.]0.]0
15 | 1 60 | 1832 | > 0 6 | 422 | ¢ | 053] 046 560| 4454208
KN/P 000
1 | 60-120 5.72 | "% | 50 11 0. | 0.]o
16 | B2 1833 8 | 42 | ¢ | 004|026 480| 4|03]|14|09
KN/P | 110- 633 | 002 | 5o 08/0.] 00
17 | 1B8C | 200+ | 1834 | & 0 16 | 48 |sc| 016/ 0.28 520| 2|02]29|09
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Table A-6

Locations from which Soil Samples were taken

SNo Pno. Lat Long Altitude Soil Texture
1 1 -6.91 37.76 532 | Acrisols SC
2 2 -6.95 37.81 407 | Cambisols C
3 3 -6.95 37.82 361 | Leptosols SCL
4 4 -7.05 37.78 302 | Ferrasols C
5| F1D1 -6.93 37.73 190 | Ferrasols SCL
6 | F2Dw -7.02 37.80 298 | Ferrasols SCL
7 | G1P1 -7.01 37.81 258 | Ferrasols SCL
8 | F6PLOT6 -7.01 37.81 352 | Ferrasols SCL
9 | F4PLOT4 -7.01 37.81 286 | Ferrasols SCL

10 | G2P1 -7.02 37.81 189 | Ferrasols SC
11 | G6P6 -7.02 37.81 147 | Ferrasols SL

12 | G3P3 -7.02 37.81 214 | Ferrasols SC
13 | G5P5 -7.02 37.81 213 | Ferrasols SCL
14 | G4P4 -7.02 37.81 218 | Ferrasols SCL
15 | F5PLOTS -7.02 37.80 257 | Ferrasols SCL
16 | F3PLOT3 -7.02 37.80 284 | Ferrasols SCL
17 | C2PLOT2 -6.93 37.73 758 | Acrisols C

18 | C2PLOT3 -6.93 37.73 715 | Acrisols C

19 | C1P.. -6.93 37.73 694 | Acrisols SCL
20 | F2w1 -7.02 37.80 293 | Ferrasols SCL
21 | Kolero -7.25 37.8 357 | Cambisols SC
22 22 -7.44 37.63 162 | Fluvisols SCL
23 23 -7.40 37.81 146 | Fluvisols SC
24 24 -7.06 37.70 826 | Acrisols SCL
25 25 -7.22 37.70 1860 | Acrisols SCL
26 26 -7.60 37.40 348 | Acrisols SCL
27 27 -7.10 38.10 195 | Ferrasols SC
28 28 -6.90 38.02 266 | Ferrasols SCL
29 29 -6.90 37.90 540 | Leptosols SCL
30 30 -6.90 37.80 1002 | Cambisols SCL
31 31 -7.50 37.50 221 | Ferrasols SCL
32 32 -7.30 37.50 390 | Acrisols SCL
33 33 -7.55 37.70 289 | Ferrasols SCL
34 34 -7.10 38.30 116 | Vertisols C

35 35 -7.10 37.60 1963 | Acrisols SCL
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Table A-7

Rainfall Coefficient of Uniformity (CU) for simulated rainfall events

Land Use | Plot | Rain1(mm) | Rain2(mm) | Rain3(mm) | Rain4(mm) | Rain5(mm) | CU
Forest 1 60 61 70 51 80 0.87
Forest 2 60 66 77 84 75 0.90
Forest 3 65 61 54 44 60 0.95
Forest 4 63 66 73 71 65 0.95
Forest 5 63 63 85 71 73 0.91
Forest 6 61 72 95 83 72 0.87
Forest 7 71 63 77 90 61 0.88
Forest 8 79 76 98 99 73 0.87
Forest 9 71 71 53 87 64 0.88
Forest 10 |78 66 72 90 83 0.91
Forest 11 | 77 65 79 65 75 0.92
Forest 12 |79 71 71 61 73 0.94
Grassland | 1 78 73 87 71 91 0.91
Grassland | 2 70 79 79 55 54 0.85
Grassland | 3 84 74 70 91 55 0.86
Grassland | 4 81 73 63 110 59 0.81
Grassland | 5 86 76 96 76 50 0.85
Grassland | 6 80 80 82 76 53 0.89
Grassland | 7 70 75 97 90 57 0.84
Grassland | 8 78 70 42 89 55 0.78
Grassland | 9 80 65 62 79 47 0.85
Grassland | 10 | 77 70 70 70 41 0.85
Grassland | 11 | 78 70 90 102 65 0.85
Grassland | 12 | 80 60 41 100.5 52 0.72
Cropland |1 74 91 70 68 49 0.86
Cropland | 2 80 61 67 47 58 0.86
Cropland | 3 74 41 71 98 45 0.72
Cropland | 4 76 99 50 39 78 0.86
Cropland | 5 76 74 77 49 57 0.84
Cropland | 6 74 75 79 93 42 0.83
Cropland | 7 74 78 81 72 46 0.86
Cropland | 8 74 73 89 89 58 0.87
Cropland | 9 78 74 76 74 45 0.86
Cropland | 10 | 76 73 80 85 60 0.91
Cropland |11 |72 81 76 83 67 0.86
Cropland | 12 |56 82 67 78 72 0.86
Average UC 0.86
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Figure A-5 Hydrologic Soil Groups of Upper Ruvu watershed.

Figure A-6
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