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ABSTRACT

Soil erosion is a major land degradation problem in Anambra State, Nigeria. Research
attention has focused mainly on gully erosion to the neglect of interrill erosion.
Farmers’ response to manage erosion menace is also scarcely studied. The study
investigated soil erosion risks and farmers’ adaptation strategies. The study objectives
comprised the following: 1. Assessed the variability in rainfall in Anambra State, 2.
Assessed soil characteristics and determined the in-situ soil loss, 3. Modelled soil
erosion using the RUSLE model and 4. Appraised the farmers’ adaptation strategies in
Anambra State. The variations in rainfall were assessed using trend analysis, extraction
of climate change indices following the ETCCDI, and the climatic water balance.
Regression and correlation were used to determine the relationship between rainfall,
and soil moisture with soil loss. The in-situ assessment was done during the 2022 rainy
season at Isu-Aniocha, Aguleri, and Oko using runoff plots. The RUSLE model was
used to determine the mean annual soil erosion rate in Anambra State. Then, the
farmers were purposively surveyed using questionnaire to elicit information on their
perception of soil erosion risks and their adaptation strategies. The results show that
there was an increasing trend in the monthly, annual, and seasonal rainfall except for
the MAM season. A significant positive correlation exists between soil loss and soil
moisture. However, at Aguleri, it is not significant. High permeability of the soil
suppressed the impact of soil moisture. Soil loss from the bare fallow was 6 to 11 times
higher than that from the vegetated plot depending on the plot size. The mean annual
soil loss in the field was 27.76 t ha'yr'! and that from the model was 25.25 t ha'lyr!.
The models' performance had a mean bias error (MBE) of -3.00 t ha'! yr'!, MAE of
9.34 thal yr'!, and correlation coefficient of 0.88 indicating an underestimation of the
soil erosion but with a good performance. This showed that the RUSLE model is good
for erosion modelling and soil conservation planning in the State. Soil erosion
increased from 2017 to 2022 (21.32 to 25.25 t ha™! yr'!) and to 31.22 and 31.79 t ha™!
yr! in 2060 under the SSP245 and SSP585 scenarios. The results showed that
interannual changes in soil loss were highly influenced by the C-factor more than the
erosivity. This does not necessarily imply that erosivity is unimportant but rather that
its role in interannual variation was outweighed by the dynamics of the C-factor. The
farmers perceive soil erosion as an environmental problem. However, their adaptation
strategies were low. Thus, due to the rising soil erosion and poor adaptation by farmers
in the State, the authority should embark on mass awareness creation by engaging the
farmers on the need for the implementation of soil conservation measures.
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1. INTRODUCTION

1.1 Background

Soil erosion is the dislodgement of topmost soil particles, their movement, and
deposition. Soil erosion is a physical process driven by natural factors and it is often
called geological erosion. However, accelerated soil erosion is induced by
anthropogenic factors which have exacerbated the problem thereby posing risks to the
environment and man. Risk is the potential of the occurrence of hazards, where a
hazard is the likelihood of an external event or stress to occur in a given area within a
specific time interval (de Ledn, 2006). Adaptation refers to the ability to live with or

adapt to a change in the environment which is irreversible.

Soil erosion is a severe environmental problem (Romshoo et al., 2012) and is nearly
ubiquitous in all climatic belts (Mondal ef al., 2015). Almost 1642 million hectares of
global land are under attack by soil erosion (Li and Fang, 2016; Issaka and Ashraf,
2017). It is an environmental disaster with both on-site and off-site damages (Kou et
al., 2016; Ayele et al., 2016). The on-site damages include deterioration of the soil's
physical, chemical and biological properties and reduction of its productivity (Li and
Fang, 2016). The off-site problems comprise sediment transportation and deposition,
channel siltation (Mullan, 2013) and flooding. The financial loss associated with soil
erosion is also enormous. For instance, in Nigeria, soil erosion gulps a huge amount
from ecology funds to the tune of billions of Naira annually (Ifesinachi et al., 2015).
Soil erosion degrades the soil thereby leading to soil quality and soil fertility decline
(Francaviglia et al., 2023; Pimentel and Burgess, 2013). With world population
expected to hit 9.3 billion, more food is required to feed them, yet erosion causes the
loss of about 10 million ha of cropland annually (Pimentel and Burgess, 2013). Thus,
effort should be intensified at soil conservation to stem the tide and save humanity
from food insecurity. However, for an effective soil conservation, a firm understanding

of the soil erosion dynamics is required.



The mechanism of soil erosion involves quite many natural and anthropogenic forces.
That is, it involves the interplay of soil (Parras-Alcéntara et al., 2016) in terms of bulk
density, porosity, and shear strength, topography in terms of the curvature, aspect and
slope angle, rainfall in terms of its volume, intensity (Lanckriet et al., 2015) and
temporal distribution, vegetation (Rahmati et al., 2016) in terms of its composition,
humus and biomass, roots’ penetration, geology (Conforti et al., 2011) and

anthropogenic activities.

The above-named factors of erosion can be grouped into three major classes, which
are the conveyance force (energy), resistance (friction), and protection (Morgan, 2009).
That is, some act to favour erosion while some counter its development. For instance,
under natural conditions, agents of weathering and rainfall via gravitational forces and
slopes tend to induce erosion, while the soil shear strength and vegetation offer
resistance to erosion initiation. Erosivity factors induce erosion, while erodibility
factors offer resistance due to soil attributes (Morgan, 2009). For instance, tillage may
decrease the erodibility of clay soil but may accelerate that of sandy soil (Morgan,
2009). The binding forces of the plants’ roots hold the soil together; the vegetation
canopy counters the force of gravity by reducing the potential energy of the raindrop
via interception. Also, the root system and accumulated organic matter slow down the
kinetic energy of the overland flow or prevent its build-up by permitting much
infiltration. Additionally, the vegetal cover might form dense cover for micro-
organisms and rodents that facilitate soil formation. Also, their burrowing actions
creates aeration and porosity which increase infiltration. Topography also acts as a
force that promotes erosion. Steep slopes facilitate erosion, while flat terrains do not.
Therefore, when the amount of resistance balances the force promoting it, erosion

ceases or no change occurs in the landform.

Hence, soil erosion is initiated when the force of erosion is greater than the force
opposing it. Thus, the movement of earth materials marks the beginning of a
geomorphic activity. The initiation of geomorphic work leads to landform formation

or transformation such that a given landform is traceable to the processes at work to



shape it. Under natural conditions devoid of human impact, this geomorphic process
is a slow, gradual process that will naturally balance itself. That is, under unchanged
soil properties through time, soil formation rates usually balance the erosion rates
(Morgan, 2009). Humans are a part of the natural system and has dominion over the
other components of the system. Hence, human beings modified the other subsystems
to their benefit, but their actions have strained them beyond the limit, and thus, it is
now negatively impacting him. Under natural conditions, the rate of soil loss is
generally in the range of 0.004 - 0.4 t ha'lyr'! on moderate to steep relief, respectively
(Morgan, 2009). But for man’s influence, the rate has increased such that the rate of
soil loss in agricultural land is 45 — 450 t ha''yr! (Morgan, 2009). Thus, the amplified

erosion results from man’s influence owing to land cover and land use change.

The accelerated land degradation by man’s action brings us to the gravest issue facing
humanity- climate change. Thus, an enhanced runoff implies reduced soil moisture due
to low infiltration and invariably low groundwater. This alters the hydrologic cycle and
aggravates soil erosion. This is because infiltrated and percolated water is not a direct
erosion hazard but promotes groundwater table. Again, the pattern of rainfall events in
the future is still uncertain, including how it will affect erosion dynamics in the future.
However, one certain thing is that the rate of erosion is increasing in many locations

of the globe ,even in semi-arid regions (Arabameri and Pourghasemi, 2019).

Therefore, the challenge to scientists includes finding a way to reduce soil erosion or
at least recover much of the land lost to erosion. Of more importance, therefore, is the
development of management options that could minimise soil loss in the era of
environmental change. The adaptation options should also be explored and the best
approach developed. Achieving this requires a sound understanding of the processes
that interact in a given location and the spatial variations among diverse locations. For
instance, though vegetation protects the soil, its effectiveness varies with the type of
vegetation. Thus, rainforest offers much more protection to the soil than savanna.
Roose (1971) observed that soil loss ranges from 0.03 for rainforest belts to 0.1 (open

grassland) to 0.20 tha'yr! (dense grassland). However, with the vegetation removal



for agriculture, the rate of soil loss became astronomically higher in the rainforest belt
such that soil loss decreased from 90 (rainforest) to 8 (open grassland) to 26 t ha™! in
dense savanna (Morgan, 2009). Therefore, the presence of rainforest offers the highest
protection to soils, yet its removal results in the worst soil loss. This is due to the
interplay of the high erosive capacity of the convective rains of the tropics and the
absence of tree cover which takes a long time to regrow, unlike grasslands that regrow

quickly.

The changes in soil erosion over time due to the changing dynamics of land cover in
the Anambra State are yet to be explored in detail by the scientific communities. Also,
soil erosion assessment in-situ in the State is yet to receive adequate attention. Thus,
this study investigated the variations in soil erosion in the State under varying soil
conservation measures in the field and diverse degrees of land cover and rainfall over

the years using the RUSLE model.

1.2 Objectives

The thesis’ main aim was to assess the spatiotemporal patterns and changes in the soil
erosion risks and farmers’ adaptation strategies in Anambra State Nigeria.
The specific objectives are to:

= assess the variations in rainfall in the study area.

= assess the soil characteristics and determine the in-situ soil loss by water

erosion.
» model soil erosion rates using the RUSLE model.

= assess the adaptation strategies of farmers.



1.3 Research questions

o Have there been any variations in the seasonal and annual rainfall of Anambra
State?

o What is the rate of erosion?

o Can the soil erosion rate be determined with a RUSLE model and to what
extent have the erosion features changed over the years?

o What are the farmers’ adaptation strategies to soil erosion?

1.4 Research problem

Soil erosion is a major land degradation problem in Anambra State. Soil erosion
degrades the soil and causes low crop productivity (Gupta, 2019), thus increasing the
risk of famine and food insecurity. It is a major problem that gulps huge sums of money
(Ifesinachi et al., 2015), yet it seems to have defied the efforts aimed at tackling it. The
problem is caused by the area’s geomorphic characteristics such as the topography
owing to the dip slope of the Awka-Orlu escarpment and the friable nature of the soils
(Igwe, 2018). It is exacerbated by anthropogenic activities such as unsustainable

agriculture and construction works (Igwe and Egbueri, 2018).

The problem was first observed in the early 20" century as mere gullies (Grove, 1951).
However, due to increasing pressure on land by population explosion, urbanization,
and development, it has expanded such that some are assuming ravine-like nature or
becoming badland environments (Igwe, 2018; Egbueri and Igwe, 2020). The gullies

have displaced many communities and still threaten others as they are still expanding.

There are several approaches to soil erosion studies such as plot measurement,
modelling, tracing, and simulations. Modelling is the fastest approach that accelerates
decision-making. Studies involving in-situ measurement or modelling are still nascent
in the State. There are few to no studies implementing long-term soil erosion modelling
with data that span decades. One of the few studies that employed long-term data albeit

from remote sensing in Eastern Nigeria was Iro’s study (Iro, 2018). It failed to estimate



soil loss rather it assessed the dimensions of gully change. Nonetheless, these aspects
are also critical to the efficient management of soil erosion. Also, much attention has

been on gullies to the neglect of interrill erosion studies in the State.

However, soil erosion being a global problem requires a full understanding of its
dynamics to proffer adequate solutions (Shruthi et al., 2015). An understanding of its
dynamics requires its study in the field and via modelling. However, there is little
information on soil erosion dynamics from field measurements or using models in
Anambra Nigeria. For instance, most of the studies were on geotechnical assessment
or remote sensing (Igwe and Egbueri, 2018; Okoyeh et al., 2014). Meanwhile, remote
sensing hardly captures sheet and interrill erosion or does so at a very high cost. Soil
erosion has been studied in the field (Mounirou et al., 2022) and with models (Ganasri
and Ramesh, 2016; Koirala et al., 2019) in many parts of the world. However, such
studies are limited in Anambra, especially in relation to land cover changes. Several
soil erosion models exist such as AnnAGNPS (Young et al., 1989), USPED (Mitas and
Mitasova, 1998), and WEPP (Nearing et al., 1989) among others. Many of them have
limited applications in the developing world. However, RUSLE is easily adaptable in
every region and is the most widely used erosion model (Alewell ef al., 2019; Kinnell,
2019). Hence, soil erosion was studied in-situ in the field and with the RUSLE model

to improve our knowledge of soil erosion and conservation efforts in the State.

1.5 Scope of the study

The study covers Anambra State of Nigeria. It focused on water erosion but does not
include fluvial erosion. It also excludes channel erosions like gullies and rills. The
study conducted a thorough assessment of soil erosion risks resulting from interrills in
Anambra State using runoff plots in the field and using the RUSLE model. It studied
the impacts of vegetation, tillage, slope, and geology/soil on soil erosion. The impact
of climate and land use dynamics on soil erosion was assessed using the RUSLE model.
The model was used to forecast soil erosion rates in the future under the moderate and

worst-case scenarios of greenhouse gas emission under climate change in the 2060s. 1



assessed the farmers’ perception and awareness of soil erosion risks through
questionnaires and interviews. The strategies employed by farmers to adapt to soil
erosion risks were investigated. The study also identified the barriers that hinder

farmers from adopting soil conservation measures.

1.6 Limitations of the study

The fieldwork was hampered by insecurity in eastern Nigeria, especially in the
southern parts of Anambra State. This limited the fieldwork to the chosen locations.
Another limitation is the insufficient time for a prolonged field experiment due to
timeline. Also, the inability to secure automatic rain gauge for recording rain intensity
limited the data to daily instead of minutes or hourly intensities so the study could not

quantitatively account for the impact of rainfall intensity on soil loss.

The RUSLE model showed good performance in soil erosion prediction over Anambra
State, Nigeria. However, the model’s erosivity estimation was based on the mean
annual rainfall. Also, the LS-factor was estimated from a coarse DEM of 30 m
resolution but the estimation could have improved with a finer DEM resolution. Thus,
estimation of erosivity using 30 mins intensity or DEM with finer resolution would

improve the result.

The regression model’s dependence on rainfall is a handicap because erosion is
affected by multivariate factors. Model built on runoff better accounted for soil loss

than the one based on rainfall and is recommended where runoff are available.

1.7 Organisation of the thesis

The thesis has six chapters. Chapter 1 focused on the overall introduction, scope, and
objectives of the study. Chapter 2 was on the review of the literature related to soil

erosion risks and adaptation strategies of farmers. Chapter 3 focused on the



methodology that dealt with the description of the geography of the study area, the
research methods, the description of the datasets used, and their preprocessing and
processing methods. The results are presented in Chapter 4. Chapter 5 dealt with the
general discussion while the last chapter, Chapter 6 comprised the conclusions and

recommendations.



2. LITERATURE REVIEW

2.1 Introduction

Soil erosion is a severe environmental problem (Fernandez-Raga et al., 2017). 1t is
caused by numerous factors including natural and human factors. These factors can be
summed into energy factors (climate and topography), protective factors (vegetation
cover and conservation practices), and resistance (geology/soil erodibility) (Borrelli,
2011) while the accelerated erosion is propelled by anthropogenic impact. The
percentage contribution to soil erosion due to human impact vary from 43 %
(deforestation), 29 % (overgrazing), 24 % (non-existence of conservation measures),
to 4 % (over-exploitation of vegetation) (Borrelli, 2011). Soil erosion leads to
ecosystem function degradation, poor agricultural yield, displaces communities and

swallows farmlands (Ezeh ef al., 2021; Gupta, 2019; Sherka, 2023).

Soil erosion has been studied around the world by diverse disciplines employing
diverse approaches. Qualitative and quantitative approaches from direct observations
in the field to laboratory experiments (Stroosnijder, 2005; Tamta ef al., 2023). Others
indirectly estimated soil erosion from sediments in outlets or reservoirs (Vanmaercke
et al., 2012). Remote sensing has also gained prominence in soil erosion monitoring
and estimation (Iro, 2018). Also, several models have been developed to study erosion
and aid soil conservation (Arnold et al., 2012; Karydas et al., 2014; Renard et al., 1997,
Young et al., 1989).

Additionally, farmers’ adaptation to soil erosion has been studied (Choudhury ef al.,
2022; Huynh et al., 2020). The adaptation measures employed by farmers comprise
measures such as reduced tillage, cover crops, crop rotation, changes in cropping
pattern, agroforestry (Choudhury et al., 2022; Huynh et al., 2020; Mitter et al., 2014).
Agriculture is considered one of the most climate-sensitive economic sectors (Mitter
etal.,2014). The vulnerability of a sector rises with increasing sensitivity and exposure

but decreases with increasing adaptive capacity (Smit and Wandel, 2006). Yet, the



stakeholders are unaware of the systems’ complexity, the inherent uncertainties, and
effectiveness of adaptation measure (Olesen et al., 2011) which lead to inaction (Mitter
et al., 2014). Engaging farmers and other stakeholders is crucial in developing
workable concepts and determining effective adaptation options (Webb and Stokes,
2012). An understanding of this complex dynamics of soil erosion will aid

conservation planning in Anambra State.

2.2 Physicochemical soil characteristics
2.2.1 Physical properties

Slope materials are bound to fail due to shearing stresses caused by the force of gravity,
water flow, and other triggers such as tectonic, seismic or construction activities. Soil
strength increases with increasing use of farm machines due to compaction which
decreases the moisture content (Hamza and Anderson, 2005). This is worsened by low
SOM and overgrazing with the attendant poor vegetal cover that decrease soil fertility.
Therefore, machine use in agriculture can alter the soil physicochemical properties,
worsen runoff generation, and erosion (Hamza and Anderson, 2005; Woldeyohannis e?
al., 2022). Also, soil compaction increases soil strength, thereby increasing soil
resistance to root penetration and reduces infiltration (Hamza and Anderson, 2005). It
affects soil health and increases runoff generation that may aggravate soil erosion. Soil
strength reduces as the degree of saturation increases (Farooq et al., 2016). Just as
Gupta and Paul (2016) posited that slope geometry and strength of materials are the
main factors that control slope stability. This can be described using the Mohr-Columb
theory (Coulomb, 1773; Reeher ef al., 2023). The factor of safety for a shear surface
is simply the ratio of shear strength to shear stress required for equilibrium (Duncan et
al., 2014). This relationship between these stresses was established by Mohr-Columb
(eq. 2.1) (Hanbing Liu et al., 2020).

r:C+0'tan(go) 2.1
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where 7 represents the shear strength, o represents the normal stress to the shear

surface, ¢ represents the angle of internal friction, and ¢ represents the cohesion force

of the material. Sticky soils like clays and silts under undrained conditions have an
internal friction angle of zero. Their shear strength depends on the cohesive force while

the angle of internal friction is critical in non-cohesive soils.

The Atterberg test distinguishes four soil states and is used to determine the
consistency index of soils (Casagrande and Fadum, 1940). The liquid limit (LL)
defines the water content at which the soil flows viscously in a cup when under a series
of blows. The plastic index is expressed in equation 2.2. Clayey soils are usually
associated with high plasticity but reduce with increasing silt content and tend to zero
for soils with very little to no fines (Sowers and Sowers, 1970). Soils with a liquid
limit of 25 % and above are likely to fail due to the likelihood of expansion (Mugagga
et al.,2012). A description of the plasticity ranges is given by Bell (2004) (Table 2. 1).

Table 2. 1. Ranges of plasticity

Range of Liquid Limit Plasticity
<35 Low

35-50 intermediate
50-70 High

70-90 Very high
>90 Extra high

Source: Bell (2004).

Liquidity index is a measure of soil consistency such that when it is 100 %, the soil
behaves like a liquid but when it is zero, it has reached its plastic limit but tends to
negative values when the soil becomes drier than the plastic and takes the behaviour
of a solid and become brittle under intense pressure (Arora, 2008).

Pl = LL-PL 22

where LL is the liquid limit, PL is the plastic limit, PI is the plasticity index.
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Compaction aims to improve the dry density of the soil. MDD has a negative
relationship with LL, PL and PI but OMC has a positive correlation with them (KS et
al., 2015). Isikwue et al. (2012) showed that low moisture content reduces the
cohesiveness of soils, hence making them easily detachable. Again, high rainfall also
increases the pore water pressure of soils, thereby making them dispersible if clayey.
Gao et al. (2016) opined that there is a relationship between hydro-mechanical
behaviour and soil microstructure. Additionally, a linear relationship holds between
shear strength and void ratio (Chen et al., 2020). Understanding the soil compaction
changes with moisture-content variations is vital for scheduling farm traffics and
cultivation operation at suitable moisture content (Hamza and Anderson, 2005). Also,
changes in dry density correlate with changes in macropore distribution (Yu et al.,
2019). Thus, the maximum permissible ground pressure of farm machines to allow
satisfactory crop production decreases with a decrease in bulk density and rising soil
moisture (Hamza and Anderson, 2005). Thus, soil compaction increases with rising
moisture until the optimum moisture content (OMC) is reached. Above the OMC,
rising moisture content leads to a decrease in compaction as the soil increasingly
becomes plastic-like (Hamza and Anderson, 2005). The physical properties like soil
compaction, bulk density, moisture content, and grain size of soils have a direct
relationship with soil erodibility (Regazzoni et al., 2008). Erodibility is affected by
soil texture, structure, density, moisture content, swell, clay mineral, and pore pressure
(Al-Madhhachi et al., 2013). The grading of maximum dry density (MDD) according
to Emesiobi (2000) is shown in Table 2. 2. Measures to improve soil quality by
reducing compaction include; addition of SOM, controlled traffic, mechanical
loosening such as deep ripping, and crop-pasture rotation (Hamza and Anderson, 2005).
A strong relationship exists between soil compaction and SOM, SOC, and total

nitrogen (Woldeyohannis et al., 2022).
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Table 2. 2. MDD grading

MDD(g/cm®)  Remark

>2.1 Excellent
1.9-2.1 Good
1.7-1.9 Fair
1.6-1.7 Poor
1.1-1.6 Very poor

Source. Emesiobi (2000).

Permeability describes the capacity of soil material to transmit water when pressure is
applied. It is obtained in the laboratory by observing the percolation rate of water via
samples of known length and cross-sectional area in a known difference in the head
(Johnson, 1963). Permeability is a vital property that relates to seepage which
determines the movement of moisture within soil pores (Terzaghi et al., 1996). The
soil permeability coefficient (k) directly correlates with the square of its particle size
(D) (Nelson, 1994). Arora (2008) derived a table of the coefficient of permeability
(Table 2.3). Highly permeable soils have low moisture contents and reduced
cohesiveness (Isikwue ef al., 2012). Darcy’s law states that the rate of flow of water is
proportional to the hydraulic gradient (eq. 2.3) (Johnson, 1963; Keller, 2017).

Q = kiA 23

where Q is the discharged quantity per unit time, A is the cross-sectional area of the
permeable medium, 1 is the hydraulic gradient (i.e. the difference in head (h) divided

by the flow length, (1)), and k is the coefficient of permeability.
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Table 2.3. Classification of permeability coefficients

S/N  Soil type Coefficient of K (mm/sec) Remark

1 Clean gravel 107! to 1072 Very good
2 Coarse and medium sands 102 to 10" Good

3 Fine sand, loose silt 10* to 102 Fair

4 Dense silt 10° to 10* Poor

5 Silty clay, clay 10®% to 103 Very Poor

Source. Arora (2008).

The permeability coefficient varies with soil type due to structure, grain size and
degree of sorting (Johnson, 1963). Thus, it is lowest for clay and other fine-textured
soils or highly compacted soils or soils with high bulk density but high for coarse-
grained soils and gravel (Casagrande and Fadum, 1940; Johnson, 1963). Hence, soils
with high permeability have good drainage and thus have low runoff generation and

reduced soil erosion (Miller, 1994).

Particle size analysis and bulk density

Knowledge of the particle size distribution is vital in so many areas of research such
as hydrology and thermal properties (Farhadi-Machekposhti et al., 2020), erosion
vulnerability (Borrelli, 2011; Fernandez-Raga et al., 2017), and microbiological soil
activities (Frac et al., 2020). It is a basic physical property of the soil being a permanent
and characteristic quantity and forms the foundation for determining other measures
such as air-water relationship, pore size distribution, and moisture movement in the

soil profile (Polakowski et al., 2021).

The bulk density is related to soil compaction and greatly depends on soil mineral
composition. Soils high in organic matter used to have a low bulk density. It is shown
that higher bulk densities are associated with soils with slope stability (Tan, 2006). Soil
bulk density which simply refers to soil weight per its unit volume (eq. 2.4) is a key
physical property of soil that affects biomass productivity and invariably influences
root growth and expansion (Lal and Kimble, 2001). It affects soil aeration, soil water
regime, runoff, and erosion (Lal and Kimble, 2001). Soil bulk density is influenced by

grain size distribution, soil organic carbon content (SOC), organic matter content,
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cation exchange capacity (CEC), exchangeable cations, flora and fauna, and climatic
factors (Lal and Kimble, 2001). Soils rich in high-activity clays tend to have high bulk
densities than soils low in clay and SOCs (Lal and Kimble, 2001). It is a property with
which to calculate other physical properties like porosity, water retention, heat capacity,
and compressibility (Ruehlmann and Korschens, 2009). It is also required to convert
weight-based measures to volume- and area-based data (Ruehlmann and Kdorschens,
2009). The tensile strength of soils decreases with decreasing bulk density and rising
moisture content (Zhang et al., 2001). Soil strength affects soil erosion as it describes
the resistance of soils to erosion (Zhang et al., 2001). Soil bulk density is negatively
correlated with organic matter and carbon contents (Al-Shammary et al., 2018;
Chaudhari ef al., 2013).

BD = D/VD 2.4

where BD is bulk density, D is the dry weight of the soil core, VD is the volume of the

dry soil core.
2.2.2 Chemical soil analysis

Soil erosion adversely impacts water resources and the net primary productivity of the
land that stocks SOC (Olson et al., 2016). Soil erosion leads to loss of SOC (Grahmann
et al., 2020; Olson et al., 2016). SOC is vital for the aggregate stability of mollisols
(Rubio et al., 2021). Land use change significantly affects SOC stock, especially in
fast-eroding landscapes (Olson et al., 2016). Also, locations of low SOC stock
correlated with eroding/eroded portions (Arunrat et al., 2022) while areas of deposition
are associated with high SOC stocks (Hancock et al., 2019). More carbon is held in
soils than in the atmosphere and vegetation, and so a little variation in soil carbon may
alter atmospheric COz concentration (Minasny and McBratney, 2018). Quantifying
and understanding SOC and its dynamics is critical to soil conservation (Hancock et
al., 2019). Soil organic matter (SOM) is useful in nutrient storage and soil aggregation
(McCauley et al., 2009). SOM is a sink for CO; and it is a key indicator of soil health
(McCauley et al., 2009; Sharma, 2022). A decrease in SOM leads to decreased

15



infiltration and increased soil erosion such that soil with less than 3.5 % organic matter
is considered highly erodible (Efthimiou, 2020, 2018).

Soils can be acidic, neutral, or alkaline depending on their pH values. Thus, soil pH
measures the degree of acidity or otherwise of a given soil (McCauley et al., 2009).
Soil is influenced by the mineral ions in the soil. Soils with high CECs will tend to be
basic, and clay and SOM usually have higher CECs (McCauley et al., 2009). The shear
strength of clay soils varies with the constituent mineral contents. Thus, clay-rich
kaolinite is more stable than montmorillonite as they resist expansion when wetted and
has low erodibility (Efthimiou, 2018). The soil’s shear strength determines its
cohesiveness and resistance to shearing forces of water and mechanical loads and often
describes the detachability of soil particles to the erosive impact of raindrops and

runoff (Efthimiou, 2018).

2.3 Physical process of soil erosion

Soil is the basic resource for life sustenance (Wu et al., 2022) including food
production, medicines, ecosystem services, and fuel. About 19.65 M km? of global land
1s under human-induced land degradation of which water erosion is a major contributor
(Eswaran ef al., 2019). Soil erosion by water has affected the world differently, with
the worst affected continents being Asia and Africa (Oldeman, 1994) (Table 2.4).

Table 2.4. Soil erosion rates across different continents

Continent Asia Africa Europe South America  North America

Soil loss (Mha) 317 169 93 77 46

Source: Lal (2003).

Soil erosion is a dynamic process that comprises three main processes; detachment,
transportation, and deposition (Morgan, 2009). The detachment is initiated by the
potential energy of the falling raindrops and then transported by the kinetic energy of

the moving runoff. The transportation is initiated once the runoff energy surpasses the
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interstitial forces binding the soil particles together or soil erodibility (Harmon et al.,
2001). The detached materials are transported from higher to lower ground due to the
combined effects of gravity, soil properties, relief, lithology, climate, vegetation,
climate, geomorphology and morphometry, and man (Morgan et al., 1998; Morgan,
2009).

The forms and shapes on the earth’s surface are a reflection of the denudation process
at work in the area. Hence, the erosive agents corrode and carve the surface into rills,
interrills and gullies depending on the competence of the overland flow (Bryan, 2000).
The occurrence of the three processes is dependent on the stage of the erosional cycle
according to the Davisian cycle of erosion. That is, whether at the upper, middle or
lower stage. The upper stage is associated with detachment, the middle stage with

transportation and corrasion, and the lower stage with deposition.

The most important detaching agent is the rain splash (Ferndndez-Raga et al., 2017)
which is dependent on its potential energy (rain intensity), rainfall amount and
frequency (duration). A majority of detached soils during an erosion process are due

to the rain splash effect (Borrelli, 2011).

In the transporting stage of erosion, the overland flow does a lot of work. However, to
initiate the flow, certain conditions must be met. The falling rain is first absorbed via
infiltration (Kirkby, 1985) and percolation until the soil becomes saturated, and the
flow begins. However, in some cases, it can be generated when the falling rain
overcomes infiltration. This infiltration-excess overland flow also called the Hortonian
flow (Horton, 1933) is prevalent in places where the rainfall intensity exceeds the
infiltration capacity. It is predominant on steep bare surfaces with high intensity such
that the rain splash rearranges the soil particles reducing the pore spaces or areas with
superficial crust (Cerdan ef al., 2002) such that runoff generates quickly without the

soil being saturated.

However, the saturation-excess process (Dunne and Leopold, 1978) is common in

places where the Hortonian process is rare, like in densely vegetated, gentle, and
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permeable soils. Vegetation promotes pore spaces and reduces the potential energy of
the falling rain via interception such that the hydraulic conductivities are high (Dunne
and Leopold, 1978). Runoff generation is also controlled by the antecedent soil
moisture content (Dunne and Leopold, 1978). Thus, it is common in locations with
very low elevations, such as plains, valley bottoms and convergent topography (Beven,
2001) and on very permeable soils. Nevertheless, the generation of runoff from either
process is not mutually exclusive in any watershed (Walter et al., 2003). Hence both
can occur in the same watershed at different locations or at different times depending
on the driving factors such as rainfall intensity, prior soil disturbance, its erodibility,

and surface configuration.

The transport capacity of runoff is the maximum amount of load that it can carry
without losing strength or deposition (Morgan, 2009). In a given flow, the detachment
and transport are interlinked and their interaction is a reflection of the erosion or
deposition dynamics (Hudson, 1995). The condition where one exceeds the other gives
rise to a detachment-limited or transport-limited erosion process (Foster, 1982). Thus,
detachment-limited erosion manifests when the flow is greater than the available load
detached by the rain impact or overland flow. The transport-limited erosion is when
the detached load possesses higher energy than that of the overland flow (Borrelli,
2011; Zerihun et al., 2018).

Aside the rainfall erosivity and soil erodibility, there are still many other factors that
influence soil erosion. These other factors might be considered spatial variables
(Symeonakis, 2001). These variables can be grouped into two, namely the terrain and
the ground cover variables. The terrain includes the geomorphic features or its surface
configurations such as the altitude, hillslopes and slope length, aspect, and profile
curvature among others. The ground cover variables include biomass canopy cover,

and species diversity (Symeonakis, 2001).

However, the soil erosion menace is worsened by man’s unsustainable exploitation of

natural resources and poor land use. Additionally, to feed the world’s burgeoning
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population, indiscriminate deforestation has compounded the problem. Therefore,
erosion is at present majorly a product of man’s actions rather than a natural factor
(Castillo and Gomez, 2016; Chen et al., 2018). This view contrasts earlier consensus
held by old geomorphologists that soil erosion is mainly due to natural factors
(Ofomata and Egboka, 1986). It is man’s activities that have removed the vegetal cover,
replacing it with crops and impermeable surfaces, thereby exposing the topsoil to

various agents of mass wasting and erosion.

It has been asserted that rainfall will increase in some regions like the temperate
regions but decrease in others (Trenberth, 2011; Dosio and Panitz, 2016). Guinean
coast of Africa has been projected to experience increased extreme rain events (Bichet
and Diedhiou, 2018; Faye and Akinsanola, 2022) though with uncertainties over some
areas (Dosio et al., 2020). The uncertainty with regards to the exact nature of
precipitation such as changes in the patterns like onset, volume and intensity still limit
intervention strategies and planning. Yet what is certain is that climate change
accelerates erosivity and erosion in many places like the USA (Nearing et al., 2004)

and Africa.

Furthermore, climate factors are very critical to soil loss and the flow of matter on a
slope of which the most significant is rainfall (Budnik, 2019). The variations in these
factors reflect the variations in the dimensions or extent of transport of matter. The
variations of rainfall in time have been recognised in literature where Stefenson (1986)
cited by Budnik (2019) noted that the highest rainfall intensity occurs in the first half
of the rain event (ie the first 30 mins) (Budnik, 2019). It is also observed that the
rainfall comes with higher intensity at the periods of the onset of the rainy season
(Budnik, 2019) at which soil erosion is also highest (Fang et al., 2015). However, the
amount of rain from a single event increase as the rainy season progresses. The highest
intensity in the rainforest region occurs around the onset and toward the end of the

rainy season (Ezeh et al., 2016).
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Therefore, Shruthil ez al. (2015) called for soil erosion research to fully understand its

dynamics which will facilitate mitigation and management. Since multivariate

environmental factors affect soil erosion, it is pertinent to understand and recognise

the relationships among these factors and the erosion to predict erosion-prone areas

which will form critical steps for soil conservation and management (Zabihi et al.,

2018). Modelling is a fast approach to studying these dynamics to aid soil conservation.

Several models were developed for soil erosion assessment with varying strengths and

weaknesses (Karydas ef al., 2014), some of which are listed in Table 2.5. They range

from simplistic to complex robust ones that utilise huge data to generate several

parameters that interact to yield results.

Table 2.5. Different models, their scales, outputs, and sources

Model Type Spatial scale Temporal scale | Outputs Source
USLE Empirical Hillslope Annual Erosion (Wischmeier
and Smith,
1978)
RUSLE Empirical Hillslope Annual Erosion (Renard et al.,
1997)
USPED Empirical/ | Watershed Event/ annual Erosion/ deposi- (Mitas and
conceptual tion Mitasova,
1998)
AGNPS Conceptual | Small wa- Event/ conti- Runoff, peak rate, | (Youngetal.,
tershed nuous erosion, sediment | 1989)
yield
ANSWERS | Physical Small wa- Event/ conti- Runoff, peak rate, | (Beasley et al.,
tershed nuous erosion, sediment | 1980)
yield
CREAMS Physical Plot/field Event/ conti- Erosion/ deposi- (Foster et al.,
nuous tion 1981)
WEPP Physical Hillslope/ wa- Continuous Runoff, sediment | (Nearingetal.,
tershed yield, soil loss 1989)
EUROSEM | Physical Small wa- Event Runoff, erosion, (Morgan et al.,
tershed sediment 1998)
KINEROS Physical Hillslope/ small | Event Runoff, peak rate, | (Smith, 1981)
watershed erosion, sediment
SWAT Conceptual | Watershed Continuous Runoff, peak rate, | (Arnold et al.,

erosion, sediment
yield

2012)
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AGWA Concep- Watershed Continuous Runoff, peak rate, | (Miller et al.,
tual/ physi- erosion, sediment | 2007)
cal yield
PERFECT Physical Plot/field Continuous Runoff, erosion (Littleboy et
al., 1992)
TOPOG Physical Hillslope Erosion hazard (O’loughlin,
1986)
EROSION- | Physical Watershed Event Runoff, erosion, (Schmidt et al.,
3D sediment 1999)
MMF Empirical/ | Hillslope/wa- Annual Runoff/erosion (Morgan et al.,
conceptual | tershed 1984)
THORNES | Concep- Hillslope/wa- Annual Runoff, erosion (Francis and
tual/ empi- | tershed Thornes, 1990)
rical
EPIC Physical Hillslope/wa- Continuous Erosion (Williams et
tershed al., 1983)
SE- Conceptual | watershed Annual Erosion (Van Rompaey
DEM/Wa- et al., 2001)
TEM
SEAGIS Empiri- watershed Annual Erosion, sediment | (DHI, 1999)
cal/concep- yield
tual
PESERA Physical Hillslope/regio- | Continuous Runoff, erosion, (Kirkby et al.,
nal sediments 2004)
SPL Empirical/ Watershed/ri- Annual Fluvial erosion, ri- | (Stock and
conceptual | ver ver incision Montgomery,
1999)

Source: Merrit et al. (2003); Borrelli (2011); Bormann (2013); Karydas et al. (2014).

However, most of these models have limited applications in the developing world. This

is due partly to the too-robust data requirement and the difficulty of parameterisation

and integration of all the factors of erosion (Arabameri ef al., 2019b). Additionally, the

dearth of data compounds the problem of model application in the developing world

(Arabameri ef al., 2019a). Thus, RUSLE which is easily adaptable to diverse regions

and is the most widely used model (Alewell ef al., 2019; Benavidez et al., 2018;
Kinnell, 2019) is used in the study.

Nevertheless, most studies have focused on using imageries and UAVs to assess the

effects of land use change on erosion. These technologies do not capture small erosion

features such as interrill and rill erosion. Thus, it is pertinent to carry out an in-depth
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study of soil erosion in many parts of southeastern Nigeria as notable areas of severe
erosion (Lal, 1990). Only a very few studies have assessed soil loss rates in Anambra
State (Ajibade et al., 2020; Egbueri et al., 2022; Fagbohun et al., 2016). Again, these
studies were done using the RUSLE model with no data to validate the result. Only
Egbueri et al. (2022) attempted to validate their results albeit using Multi-criteria
decision analysis which simply entails validating soil erosion susceptibility zones
rather than soil loss. Additionally, only very few studies exist that assessed the
adaptation strategies of farmers in the area. Hence, the current study estimated soil loss
and runoff in the field, predicted soil erosion using the RUSLE model and assessed the

adaptation strategies of the farmers in the State.

2.4 Soil erosion in Anambra State

Anambra State is notable for soil erosion and several studies abound on its dynamics.
For instance, Osadebe ef al. (2014) looked at the stability of the gully walls in the
Agulu-Nanka-Oko gully erosion complex using an empirical approach. Their interest
was mainly in the gully wall profiles and how they can be predicted. Onyeka et al.
(2019) added that the menace requires a target-oriented and structured procedure
which comprises erosion identification, assessment and hazard handling. Okoli also
working from the engineering perspective and employing Saburo’s equation found that
the area is highly susceptible to erosion due to very intense rainfall and weak cohesive
soil (Okoli, 2014). Igbokwe ef al. (2008) employed remote sensing and GIS to map
the gully locations in the area. They attempted to model soil loss but was not validated

due to the paucity of data.

Away from the engineering perspective, Okoyeh et al. (2014) and Igwe and Egbueri
(2018) utilised geomorphologic, hydrologic and geophysical data to investigate the
underlying causes of gully erosion. Their result shows that the soil bulk density and

organic matter range from 1610 to 1740 kgm™ and 0.32 % to 0.46 %, respectively
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which shows the area is dominated by porous, poorly cemented coarse materials
(Okoyeh et al., 2014). They showed that the States in the Southeast with the majority
of gully locations are Anambra with 700 and Enugu with 600 (Igbokwe et al., 2008;
Okoyeh et al., 2014). Thus, Okoyeh ef al. (2014) add that 37 %, 28 % and 35 % of the
Anambra’s landmass is severely, moderately and mildly gullied, respectively. The
increasing gully sizes are due to weak soil, bare surface and dip slope of the area
(Igbokwe et al., 2008; Okoyeh et al., 2014; Igwe and Egbueri, 2018). The highly
gullied area (the Nanka axis) has a low soil moisture content, an indication of

unsaturation, low cohesion and low angle of particle friction (Igwe and Egbueri, 2018).

Also, Gobin et al. (1999) employed a biophysical and participatory research approach
to erosion study in the Southeast focusing mainly on the Udi-Nsukka Cuesta. They
reveal that measured runoff and infiltration rates were at variance with reported runoff
and soil loss. They used the modified Universal Soil Loss Equation to model soil loss
in the area. Soil loss on the escarpment was 10 to 100 times higher than that on the
plateau (Gobin et al., 1999). They add that ravine and gully formations result from a
combination of infrastructure, geohydrology, topography, vegetation and land use
(Gobin et al., 1999). Their findings did not differ from previous and later studies in the
area such as those by Egboka and Okpoko (1984); Egboka ef al. (2019) and Igwe and
Egbueri (2018). The complex interaction among diverse factors that drive soil erosion
evolution was not explored. Also, the participatory approach utilised was not different
from that of Simpson (2010). It did not elicit information from the participants beyond

practices of land tenure and spatial land use patterns as it regards soil erosion.

The majority of other studies were reviews of the State of soil erosion in the region.
Such studies include Egboka and Okpoko (1984); Obiadi ef al. (2011) among others.
Obiadi et al. (2011) advised a specific and multidisciplinary approach to gully
intervention in the area. Egboka ef al. (2019), combining a mix of review and remote
sensing, assert that rainfall and geology are the major causes of soil erosion in the area.
Also, Egboka and Okpoko (1984) reported that the gully growth rate is about 20-50 m

per year. They add that the erosion menace began in the 1850s and the British colonial
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Office endeavoured to control it by constructing dams and planting trees, which failed
just like current engineering measures by State and National government is failing
(Egboka and Okpoko, 1984). Egboka and Okpoko (1984) suggested the declaration of
the affected areas as disaster areas with human movement and agricultural activities

restricted or controlled and the stoppage of the structural control measures.

Using a qualitative study approach, Nwobodo et al. (2018) found that farmers in
Anambra are disposed to use erosion control measures. They also found from the
respondents that the major causes of erosion in the area are rainfall and poor road
construction. In a similar vein, Angela and Ezeomedo (2018) found that the majority
of farmers in the Akpo region of the State are highly tied to their land as a majority
have below tertiary education. Yet, gully erosion has degraded their land resulting in
low yield. Chinweze (2017) argued that the causes of erosion in the area are mainly
climate change, anthropogenic activities such as poor farming practices, road
construction and laterite mining. Also, nearly 1769.52 km? of the State is severely
eroded, 1316.58 km? is moderately eroded and 1416.12 km? is mildly eroded
(Chinweze, 2017, 2019). The consequences of gully erosion include displacement of
communities, loss of lives, loss of farmland, and destruction of houses and highways

(Chinweze, 2017, 2019).

Additionally, Egbueri and Igwe (2020) employed hydro-geomorphologic
characteristics to study the gullies in Anambra State where they found that
hydrogeomorphology and soil engineering properties significantly influence gullying
processes in the area. However, the gullies are more in the area underlain by the Nanka
formation than the areas underlain by the Ogwashi formation, a reflection of the
varying hydro-geomorphologic characteristics. It was found that the gullies have
inclination angles of over 30° which induce landslides (Egbueri and Igwe, 2020). They
also indicate that the upland region dominated by Nanka sand has slopes in the range
of 30° to 85° with a mean of about 60°. This is one of the most current studies that

covered the whole State from a hydrogeomorphic perspective, however, it was not
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comprehensive as they too admitted, that further studies should incorporate remote

sensing, GIS and soil loss modelling.

Additionally, less attention was accorded to interrill erosion in the State which
threatens food security. Thus, this study assessed interrill erosion in the field, also with

a model and engaged the farmers to learn their adaptation strategies.

2.5 Methodological approaches

Several approaches have been adopted in soil erosion research. Where data are
available, estimation and prediction of soil loss have been conducted using diverse
models. However, in data-scarce areas, the utilisation of remote sensing and GIS have
been explored to assess soil erosion. Nevertheless, this does not remove the necessity
for fieldwork in a geomorphic study rather it reinforces and reemphasizes its
importance and place in geosciences (Chorley and Kennedy, 1971; Mentlik and Stacke,
2015). Hence, a combination of remote sensing, GIS, and fieldwork are used to assess

the spatiotemporal dynamics of soil erosion.

Soil loss measurement or estimation is a very herculean task and it is usually estimated
with less accuracy (Bosco et al., 2015). It seems difficult to measure directly in the
field using experimental plots, erosion markers (137Cs) or even river sediment yield
at outlets (Bosco et al., 2015). In recent times though, there have been few successes,
especially with 137Cs (Evans et al., 2017). It is also financially expensive and difficult
(Fernandez-Raga et al., 2017; Khaledi Darvishan et al., 2014). Further, the accuracy
of the assessment with tracers has been questioned (Evans, 2017; Evans et al., 2017).
Due to this difficulty, measurement in the field is rare and often replaced with sediment
yield measurement in reservoirs (Bosco and de Rigo, 2013). Nevertheless, sediment
yield is not a true representation of soil erosion estimated with the USLE family of

models (Vanmaercke et al., 2014).

25



Most often it is estimated with empirical equations based on linear relationships such
as USLE or RUSLE, and INTERO (Prasuhn et al., 2013; de Hipt et al., 2019) as they
offer viable options and are less data-demanding (Bosco and de Rigo, 2013).
Additionally, remote sensing is another option that has aided soil erosion research.
However, it has its limitations in that for soil erosion studies, very high-resolution
images are required, which are limited and very expensive (Bosco et al., 2015).
Furthermore, there is no standardised operational erosion assessment using satellite
data due to the complexity and variability of soil erosion processes (Vrieling, 2006).
More so, its use in very humid regions is hampered by cloud cover and it hardly

captures sheet and interrill erosion.

Though the robust physically distributed models like AnnAGNPS, SWAT, WEPP,
PESERA etc offer scientifically sound methods for predicting soil loss, however; they
are input-data-intensive which most often are difficult to acquire (Bras et al., 2003).
For these challenges, the lumped regression-based models perform best in several case
studies than the complex physically distributed models (Bosco and de Rigo, 2013; De
Vente et al., 2013).

Hence, it is opined that robust empirical models could provide vital support for risk
managers or researchers involved in decision-making processes (Bosco et al., 2015).
However, a key limitation of empirical models is that they do not necessarily model
the right process and might only be used for the purpose for which they were developed
(Bosco et al., 2015). Therefore, increasingly needed, is for the computational methods

to be integrated with reproducible open-source software as it is with QGIS and R.

Most of the models have been integrated with open-source software, especially GIS.
However, the family of models based on USLE have the added advantage of having
been applied to different regions and climatic belts and yet have performed practically
well (Bosco et al., 2009, 2015). The RUSLE are the most widely used erosion models
(Alewell et al., 2019; Benavidez et al., 2018; Kinnell, 2019).
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2.6 In-situ soil erosion assessment in the field

The need for field experiments/fieldwork in geosciences cannot be overemphasized. It
has been argued that there cannot be geography without fieldwork (Chorley et al., 1984;
Mentlik and Stacke, 2015). Stroosnijder (2005) added that it is an illusion to assume
that the importance of fieldwork can be overtaken by the application of technology to
erosion studies. This is because the technologies require measured data for their
calibration and/or validation to ensure their reliability. Field plots are one of the most
effective approaches to assessing management effects on runoff and soil loss under
varying cover management, and natural and simulated rainfall (Evelpidou et al., 2013;
Wendt et al., 1986). The dynamics of runoff and erosion under varying degrees of
treatment underscore the fact that field plots are associated with high variability in
runoff and soil loss (Mounirou et al., 2022; Wendt et al., 1986). Such variations
confine the interpretation of the data (Wendt et al., 1986). Sources of such variations
abound ranging from differences in rainfall intensity and raindrop sizes, surface water
films, aggregate stability, formation and break-up of debris dams during events, tillage-
induced plot differences, slope angles and length, soil type to issues of technicalities
(Wendt et al., 1986; Fiener et al., 2019; Mounirou et al., 2022). Highly porous soils
have high infiltration capacity and good drainage but low runoff output (Miller, 1994).
Also, for its fine drainage, soil loss is minimal due to a higher time for runoft
concentration.

Field plots studies are divided into experiment and observation (Roels, 1985). It is an
experiment when one or more factors of erosion are controlled but observation when
the measurement is made under a natural condition without interference.

Soil loss is found to be minimal in land with soil conservation measures but worse in
intensively tilled and cropped soils (Grahmann et al., 2022; Keesstra et al., 2016).
Erosion is found to be worse in soils undergoing land cover changes and vegetation
losses (Borrelli ef al., 2018, 2016). Runoff and soil loss are found to be higher on bare
soils than on covered soils (Oza et al., 2022). Of the several factors of erosion,
hydrology, soil erodibility and soil transportability are impractically controllable (Choi

et al., 2005) and so are unmodified in erosion studies and management. Soil loss
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estimation from runoff plots and erosion pins is higher than those from sediment yields
from catchments (Vanmaercke et al., 2012; Millington and Cleland, 2017). However,
the variations are higher for larger basins such that the smaller the catchments, the
closer to agreement the results became with the soil loss from plots (Vanmaercke et
al., 2012). Also, soil losses generated in closed plots decline with time such that less
to no sediment is got after several years (Boix-Fayos et al., 2006). The threshold
initiating soil loss increased with time but remained the same for runoff generation
(Boix-Fayos et al., 2006).

Further, Duley and Ackerman (1934) found that on many occasions, runoff and soil
loss from plots with shorter slope lengths surpassed those from plots with longer slope
lengths though soil loss results were not significant statistically. Zingg (1940) added
that doubling the slope angle increases soil loss 2.8 times while doubling the slope
length leads to a 3.03 times increase in soil loss.

It should be noted that the dominant erosion type in the plots is sheet erosion. Plots are
designed to mimic the original USLE plots as the model was developed for soil
conservation and management in agricultural lands. Thus, it has been stated that the
original plots upon which the USLE model was based, the plots were often tilled to
eliminate rill and so no record of rill occurrence is available in the USLE database
(Kinnell, 2016). Additionally, it is argued that when installing experimental plots they
are on bare fallow conditions to use some of the factors in the USLE model (Kinnell,
2016). When this is done, then soil losses can be determined by considering that
erodibility values are constant across the fallow landscapes with management factors
and practice factors being assigned unity (C =1, P =1) (Kinnell, 2016). The optimum
model should be based on duplicate plots. However, this assumption is not faultless as
it is shown that relationships between duplicate plots are imperfect (Wendt ez al., 1986).
This is due to spatial variations of soil properties with locations. That is, soil attributes
across plots or landscapes are rarely homogenous (Kinnell, 2016) as some degrees of
variations are expected in their texture, bulk density, and organic matter content among
others. Despite considerable efforts at managing replicates, variations in event soil

losses are unavoidable (Bagarello et al., 2011).
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Detachment of soil materials increases with rainfall intensity (Ma et al., 2014). That
is, the potential and kinetic energies of raindrops/runoff are critical to soil detachment
and dislocation (Fernandez-Raga et al., 2021, 2017).

Additionally, higher soil losses have been recorded on tilled lands (Biddoccu et al.,
2014; Cerda, 2000). However, Fang et al’s (2017) study found a contrasting result in
that higher soil losses were found on bare lands followed by cropland. It is shown that
soil loss sharply increases as slopes become steeper (Ziadat and Taimeh, 2013). Thus,
Wischmeier and Smith (1978) opined that soil loss is much more rapid than runoff.
Most of the variations in soil loss have been attributed to the slope (Fagbohun et al.,
2016; Ziadat and Taimeh, 2013). However, this is also dependent on the soil properties
and surface roughness (Mah et al., 1992). Soil erosion has a positive correlation with
slope and vegetal cover (Shi et al., 2022). Also, Vanmaercke ef al. (2014) find that
strong relationships exist between sediment yield and slope and lithology but not with
climate variables. Land use and land cover change also significantly impact soil loss
as it increases more on agricultural lands than scrubland (Cerda, 2000). Organic matter
content increases the aggregate stability of the soil and infiltration rate which in turn
are enhanced by a dense vegetal cover (Cerda, 2000). Consequently, scrublands and
agricultural lands with sustainable land management practices experience low soil
erosion rates and pose less danger to ecosystem health (Fernandez-Raga et al., 2017;
Lopez-Vicente et al., 2017; Prosdocimi et al., 2016). Against this background, it is
vital to increase knowledge and understanding of erosion processes through research
(field studies and modelling) to proffer appropriate conservation practices most
suitable to a specific site. This is because understanding soil erosion dynamics and
processes is key to applying suitable management techniques that control soil erosion
risks (Keesstra et al., 2016; Shruthi et al., 2015).

Soil loss characteristics have been studied using different methods such as runoff plots,
photogrammetry, rainfall simulator and radioactive dating/tracing. However, rainfall
simulation does not completely replicate a truly natural environment and so the
experiment is carried out in a controlled but modified environment (Lassu et al., 2015).

Also, it can be quite costly. It is difficult to reproduce rainfall intensities with similar
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kinetic energy as that observed in the open field during natural rainstorms (Fernandez-
Raga et al., 2017; Lassu et al., 2015). It requires the movement of soil materials to the
laboratory which leads to soil disturbance unlike measurements taken in a natural open
environment. Also, the use of radioactive tracing involves an individual determination
of the trajectories that particles run which requires an objective photographic treatment
and analysis. The process is complex, laborious and very expensive (Fernandez-Raga
et al., 2017; Khaledi Darvishan et al., 2014). Furthermore, it has been noted that
erosion pins give low rates of erosion (Hancock et al., 2015). Also, tracers are
associated with over-estimation of erosion (Evans et al., 2017). Furthermore, it has
been recommended to use erosion pins in areas of substantive soil loss and badlands
(Boardman and Favis-Mortlock, 2016).

Thus, runoff plots remain the most viable and used method of soil loss estimation
which are utilised for model validation, designing soil conservation measures and
planning purposes. However, measurement under natural conditions is costly and

difficult to control the factors involved (Fernandez-Raga et al., 2017).

Soil loss estimations in the field are critical as scholars contend that sediment yield
from rivers is unsuitable for use to model soil erosion in a catchment (Vanmaercke et
al., 2012). This is because soil loss estimates are generally ten times lower than the

sediment yield (Vanmaercke ef al., 2012).

2.7 Description of the RUSLE model

The RUSLE model is the most widely used soil erosion model (Alewell et al., 2019;
Benavidez et al., 2018; Ghosal and Bhattacharya, 2020; Kinnell, 2019). It is an
empirical model that estimates soil loss by integrating six main risk factors of erosion
(eq. 2.5). These factors include rainfall erosivity (R-factor), soil erodibility (K factor),
Slope steepness and length factors (together referred to as topographic factor) (LS-

factor), Cover management factor (C-factor), and conservation practice factor (P-
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factor). RUSLE estimates a long-term average of annual soil loss from interrill erosion
(Ghosal and Bhattacharya, 2020; Kinnell, 2019; Renard et al., 1997).
As=RxKxLSxCxS 2.5

where As is the mean annual soil loss in metric tonnes per hectare per year (t/ha/yr), R
is rainfall erosivity in megajoule millimetres per hectare per hour per year (MJ mm ha”
Th'lyr!), K is soil erodibility in metric tonnes hours per megajoules per millimetre t
ha h (ha-MJ-mm)~!, LS is the topographic factor, C is the cover management factor,
and P is conservation/support practice.

The last three factors are dimensionless (Andreoli, 2018; Benavidez et al., 2018;
Wischmeier and Smith, 1978). The mean annual soil loss ranges between 0 and infinity
and in practice, it varies between 0 and 5 t ha'yr'! for interril erosion but can reach

over 1000 t ha'yr'! in areas with gullies (Andreoli 2018).

The original version of the model is the Universal Soil Loss Equation USLE developed
in the USA at a farm plot scale to assess agricultural land (Benavidez et al., 2018;
Kinnell, 2019; Wischmeier and Smith, 1978). It has gained wider acceptance and is
now applied in many other climatic regions (Benavidez et al., 2018). The original plot
comprises a 22.1 m long and approximately 1.83 m wide on a slope of 9 %
(Wischmeier and Smith 1978). The USLE was developed for plot scale study and
performs best on medium textured soils, on slope ranges of 3 — 18 % and length of 400
feet with managed consistent cropping (Benavidez et al., 2018; Wischmeier and Smith,
1978). Its use outside this definition requires some careful parameterisation with the
attendant uncertainty. As a result, the model was upgraded and revised, and thus the

RUSLE was developed (Benavidez ef al., 2018; Renard et al., 1997).

The preference for the RUSLE model over others stems from its simplicity of use, low
data requirement, adaptability to diverse climates and regions, and its integration into
the GIS environment. However, the model faces some challenges such as its inability
to estimate soil loss from gullies, landslides, and mass movements (Benavidez et al.,
2018; Ghosal and Bhattacharya, 2020). Another challenge is the abuse of its use
(Kinnell, 2010) and the lack of data for validating the model in several studies.
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2.7.1 Rainfall erosivity (R) factor

The R-factor accounts for the effects of rainfall on soil erosion which reflects the
impact of the kinetic energy of rainfall-runoff on soil erosion. In the absence of other
factors or holding them constant, the rate of erosion is directly proportional to erosivity
(Shamshad et al., 2008). The R-factor is expressed as 30-min intensity Elzp which
reliably accounts for rainfall-erosion potential (Ghosal and Bhattacharya, 2020). Thus,
the total annual EI value is the rainfall-erosion index. However, due to data
unavailability with detailed temporal scales, alternative equations have been
developed that correlate the R-factor with the available monthly or annual data
(Alewell et al., 2019; Benavidez et al., 2018; Diodato et al., 2013; Ghosal and
Bhattacharya, 2020; Roose, 1975). The R-factor of Wischmeier and Smith (1958)
works fine in temperate regions but not so in the tropics (Nill e al., 1996). More so,
the intensities of rain in the tropics can be excessively high reaching 340 mm/h to 800
mm/h as observed, respectively, in Southern Africa and Jamaica (EI-Swaify and

Dangler, 1982; Nill ef al., 1996).

Most of these intensities occur within the first minutes of most storms (Budnik, 2019;
Nill et al., 1996). The R-factor has been criticised for overestimating large storms from
which only little runoff results and underestimating small storms associated with high
runoff (Foster, 1982; Foster et al., 1981). Thus, several algorithms have been devised
to estimate rainfall erosivity based on monthly and annual rainfall data. Hurni (1985)
devised one for Ethiopia. In West Africa, an erosivity equation based on annual rainfall
was devised (eq.2.6) (Morgan et al., 1998; Roose, 1977).

R=0.5x AP 2.6

where R is erosivity, and AP is annual rainfall/precipitation.

It is the rainfall aggressiveness factor that varies from 0 to infinity. In humid tropical
climates, it reaches above 1000 MJ mm (ha-h-year) ! and can exceed 3000 MJ mm

(ha-h-yr)™!' (Andreoli, 2018; Dumas et al., 2010).
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2.7.2 Erodibility K factor

The erodibility factor expresses the average soil loss occurring per unit of erosivity
(Kinnell, 2019). That is, it accounts for the influence of soil properties on slope
susceptibility to soil erosion (Renard et al., 1997; Romkens et al., 1997). The K factor
value was originally estimated as the ratio of the event soil loss from a unit plot to the
maximum 30-minlutes rainfall intensity (Wischmeier and Smith, 1978). It is estimated

from soil loss and runoff plot attributes.

However, due to the technicalities and difficulties associated with it, the K factor
values are estimated from soil properties (Wischmeier and Mannering, 1969). As a
result, equation (2.7) was developed to estimate the K factor where soil properties of
permeability, organic matter, and silt content are available (Wischmeier and Johnson
1971). To facilitate its use, Wischmeier and Smith (1978) developed a nomograph for

K factor values.

K =[2.1(10*)12—OM)M*** +3.25(s — 2)+ 2.5(p —3)]/100 2.7
where K is the erodibility factor, OM is the percentage of organic matter, M is the

percentage of silt, s is soil structure and p is permeability class.

A higher value of soil erodibility is an indication of the high susceptibility of the soil
to erosion (Adornado et al., 2009). However, other equations have been devised to
estimate the k factor due to the unavailability of some properties like structure and
profile permeability. Some estimated the K factor value using the information on soil
colour (Phinzi and Ngetar, 2019), while others used the textural classes, and a
combination of some other attributes (Williams et al., 1983). Thus, with the availability
of'soil carbon and textural classes, the erodibility can be determined (eq. 2.8) (Williams
et al., 1983). Soil erodibility estimation is still a subject of tests and verifications as
the most suitable estimation method remains an open question (Kruk, 2021). However,
the algorithm presented in equation (2.10) (Wawer et al., 2005) is widely used in
literature too. It is widely used in the tropics and has been shown to estimate the K

factor value reasonably well (Tsige et al., 2022). Furthermore, models that employ
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both textural classes and soil organic matter/carbon or other attributes perform better
than those that consider only particle sizes (Adhikary et al., 2014). Some researchers
employed textural classes of soil and the climate condition of the given location to
estimate soil erodibility (Borselli et al., 2012). However, despite the recognition that
climate exerts some control on soil erodibility, the prediction based on climate yields

poor values of soil erodibility (Borselli et al., 2012).

0.3
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Other methods are equation (2.15) (David, 1988) which uses pH, organic matter,
carbon, and textural classes, and equation (2.17) which uses textural classes and is

tested on volcanic soils in subtropical Hawaii soils (El-Swaify, 1990).

K =]0.043x pH + 0.62
SOM

+0.0082x S —0.00GZxC}xSi 2.15

where pH is soil pH (acidity or alkaline level), SOM is soil organic matter, SOC is soil
organic carbon, S is the percentage of sand, C is clay ratio (eq. 2.15), Si = silt content

3 % clay
% sand + % silt

2.16

K =-0.03970 +0.00311, +0.00043, +0.00185, +0.00258,, +0.00823,
2.17

where X, is the unstable aggregate fraction less than < 0.25mm in %, X, is modified
silt content in % (0.002-0.1 mm) multiplied by modified sand in % (0.1 — 2 mm), X,
is base saturation, X, is the silt fraction in % (0.002-0.05 mm), and X, is the

modified sand fraction in % (0.1-2 mm) (Tsige et al., 2022). Organic matter is critical
to enhancing soil structure and aggregation, soil pore distribution and permitting
infiltration (Fasinmirin et al., 2018). The greater the clay contents of a given soil, the
higher the resistance to detachment and soil translocation because they have low
erodibility and are sticky (Ganasri and Ramesh, 2016). However, with increasing silt
content, erodibility becomes higher even when clay and sand content are high

(Mhangara et al., 2012).

There are yet other methods for estimating soil erodibilty (K factor) in the literature.
They include those for the EU (Panagos ef al., 2014), India (Olaniya et al., 2020),
China (Hua Liu et al., 2020; Wang et al., 2016, 2012), US ((Corral-Pazos-de-Provens
etal.,2023; Lee et al., 2022; Wischmeier and Smith, 1978), Middle East (Ebrahimi et
al., 2021; Ostovari et al., 2017, 2019, 2022), Italy (Bagarello et al., 2012), Uruguay
(Beretta and Carrasco-Letelier, 2017), Greece (Efthimiou, 2020), and Brazil (Cassol
et al., 2018). It is estimated based on the laboratory analysis of generic soil types

(Merchan et al., 2023). The initial nomograph (Wischmeier and Smith, 1978) was
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revised, updated and improved upon which becomes very useful for locations with silt
contents and fine sands not exceeding 70 % (Corral-Pazos-de-Provens et al., 2023). It
is recommended that the use of any of the methods for estimating the k factor should
be dependent on the conditions or purposes for which they were conceived and should
not significantly differ from those of its development (Corral-Pazos-de-Provens et al.,

2023).

2.7.3 Topographic LS-factor

The LS-factor often referred to as the topographic factor is a combination of two
factors of the RUSLE model; the slope steepness factor and the slope length factor. It
expresses the soil loss from a given area due to the effect of slope angle and its length.
Hence, steepness depicts the soil loss ratio to a 9 % slope under similar conditions
(Tsige et al., 2022). Slope length expresses the distance from where overland flow is
initiated to where deposition begins or where the runoff enters a defined drainage
channel (Wischmeier and Smith, 1978). Soil loss increases with increasing slope
steepness (Gwapedza et al., 2018; Ziadat and Taimeh, 2013). However, soil loss is of
higher sensitivity to slope steepness than length (Roose, 1975). In the same vein, the
LS-factor is the most sensitive of all the factors of RUSLE (Hrabalikova and Janecek,
2017; McCool et al., 1987; Tetzlaff and Wendland, 2012). Despite being a very critical
factor, it is very difficult if not impossible to derive the LS method of a large-scale
study from ground-based measurement (Oliveira et al., 2015; Risse et al., 1993). The
LS-factor was originally designed for a unit runoff plot (Wischmeier and Smith, 1978).
The LS calculation assumes slopes have uniform gradients with any irregular terrain
or slope treated as a unique segment to yield accurate results (Wischmeier and Smith,
1978). However, it has been extended in RUSLE to a one-dimensional hill slope scale,

using different equations that depend on the steepness of the slope (Renard et al., 1997).

This extension uses flow accumulation on a DEM in a GIS environment. However,

the DEMs of which the highest resolution of the most widely used is 30 m are still
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insufficient for a more detailed study at catchment or hillslope level as it does not
capture important details at micro-topography (Tsige et al, 2022). Thus, with a
decreasing resolution (about 100 m), it fails to capture accurately the flow network of
a catchment (Duraes et al., 2020; Panagos et al., 2015a). It has been shown that low-
resolution DEMs tend to overestimate the LS-factor and therefore soil loss (Yang,
2015). Thus, using a high-resolution image for soil loss prediction is appropriate and
desirable (Duraes et al., 2020; Michalopoulou et al., 2022; Panagos et al., 2015c; Yang,
2015). The degree of variations increases as elevation approaches 1000 m
(Michalopoulou et al., 2022). The method of using flow accumulation has gained
popularity and wide application due to its ability to account for divergence and
convergence of flow thereby capturing complex topographies (Tsige ef al., 2022). It
has been shown that at small scales, the manual method of using slope length and
steepness performed well at finer resolutions but its accuracy decreases as the scale
becomes larger like a watershed or field scale (Benavidez et al., 2018). The slope

length factor is expressed as (eq. 2.18).

Lo 4 2.18
(/1'}

where A is the slope length, A, is the unit plot length (22.13 m), also defined as the

horizontal projection of the slope length (Kinnell, 2010; Mitasova et al., 1996; Tsige
etal., 2022). There are diverse equations for estimating the LS-factor (eqs. 2.19 —2.23).
However, it has been shown that equations employing slope in percentage yield more
accurate values when used in soil loss estimation than the ones that use a slope in
degrees (Nakil and Khire, 2016). Also, at hillslope levels, the original manual method,
the Moore and Burch method, and the McCool et al. 1996 methods perform best in the
Czech Republic (Hrabalikova and Janecek, 2017; Karasek et al., 2022). The original
S factor was derived simply as (eq. 2.19) (Smith and Wischmeier, 1957).

S =0.43+0.30s +0.043s” 2.19

where S is the slope factor, s is the slope steepness in percent
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Ls =( 2| (65.41sin% 0+ 4.565in 6 + 0.065) 2.20
22.13

where A is the slope length in metres, 6 is the slope angle, and m is the exponent
which depends on the degree of slope. Thus, m is 0.5 if the slope exceeds 5 %, 0.4 if
between 3.5 and 4.5 %, 0.3 if the slope is between 1 % and 3 %, and 0.2 if the slope is
less than 1 %. This was developed by Wischmeier and Smith (1978).

Also, McCool et al. (1987) devised equation (2.21).

LS = A 2.21
22.13

where A is slope length in metres, m is a dimensionless parameter that depends on the

slope,
m= % 2.21a
sing
" 3.0x (s(i)r;oeg)%‘g 1056 2210
S =10.8xsin#+0.03 if the slope is less than 9 % 221c
S =16.8xsin@d-0.5 if the slope is above or equal to 9 % 2.21d
S =3.0x(sin@)’® +0.56 if the slope length is less than 4.6 m 221e

where and 6 is the slope angle in degrees.
In Britain, a similar algorithm was used to estimate the LS-factor (eq. 2.22) Morgan

(2005) cited by Tsige, Malcherek and Seleshi (2022)

0.5
S = (Lj x (0.065 +0.0455 + 0.006552 ) 222

22.13

where s is the slope in percent.
Moore and Burch (1986) developed equation (2.20) taking into account unit stream

theory.

Ls=| 4 X(M] yi 223
7 0.0896
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where A is the flow path length in metres also equals flow accumulation multiplied

by the cell size of the DEM. This is easily computed in a GIS environment. /1| =22.13

m, $3 is the slope angle in radians, and Z = (c/e)* which is a rilling factor. The rilling

factor is used to modify the slope length factor (Ghosal and Bhattacharya, 2020). Thus,
for sheet flow, the Z is 1 because a, ¢, and e have the value of 1. In the presence of five
parabolic rills per unit length, each having a width of 10 cm, then Z will be 1.12 as a
is 5, ¢ =2/3, and e is 0.5, if there are no parabola-like rills per unit length of a contour,
then Z is 1.62 because a will be 1, ¢c=2/3, and e = 0.2. The values of m and n are 0.4
and 1.3 respectively according to Moore and Burch (1986a, 1986b).

Many researchers have also used a modified LS-factor in their studies (Wu et al., 2021;
Zhang et al., 2017a, 2017b, 2013). Zhang et al. (2013) developed the LS-Tool which
performs relatively well in the Xiannangou watershed in China. The estimated soil loss
differs depending on the LS-factor method used (Hrabalikova and Janecek, 2017;
Karések et al., 2022; Panagos et al., 2015b).

2.7.4 Cover C- factor

The cover or simply the C-factor accounts for the effect of vegetal cover on soil erosion.
The C-factor is defined as the ratio of soil loss from a plot with a given cover and
management to that from a field under tilled continuous fallow but on the same soil,
slope steepness and length, and having the same rainfall events (Kinnell, 2019;
Wischmeier and Smith, 1978). Vegetation in association with topographic factors plays
a significant role in soil erosion (Ben-Kobi et al., 1994). The vegetal cover acts as a
roughness factor or frictional force that counters the effect of slope and erosivity on
the soil surface. Thus, while erosivity and topographic factors favour or induce soil
erosion, the C- and P-factors oppose and counteract them. That is, the C-factor acts to
prevent erosion such that a land use that lacks this protection, has a C-factor value of
1 but then decreases to zero as the power of this protection increases. Hence, a land

cover with a C-factor of 0 implies total protection against soil erosion. Therefore, the
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C-factor is considered the most significant factor of the RUSLE model (Fenta et al.,
2021, 2016; Prasuhn, 2022; Toy et al., 1999) but its estimation is very tasking.

The value of the C-factor varies with the nature and type of vegetal cover such that
dense forests have the lowest C-factor value. The C-factor is computed with the
knowledge of soil loss ratio (SLR). The SLR is derived from a combination of
management, canopy cover, land cover/roughness, and antecedent soil moisture
(Renard et al., 1997). Such computation requires rigorous fieldwork and a working
knowledge of the area’s cover attributes including agricultural management
(Benavidez et al., 2018), a condition that limits its application to small-scale studies.
For this limitation, the C-factors are usually determined from reported values of studies
on similar cover and land uses (Benavidez et al., 2018). Examples from such look-up
tables are shown in Table 2.6 and Table 2.7 (USDA_ARS, 2004; Wischmeier and
Smith, 1978). Several researchers have applied the table values (Gashaw et al., 2018;
Kalambukattu and Kumar, 2017; Rozos et al., 2013).

Another approach is estimating it from the Normalised Difference Vegetation Index
(NDVI) (Abdelsamie et al., 2022; Durigon et al., 2014; Hagras, 2023; Halder, 2023;
Yigez et al., 2021). McFarlane et al. (1991) devised the following equation (eq.2. 24)
for estimating the C-factor value from the NDVI.

C factor =1.02—-1.21x NDVI 2.24
where
NDVI = (NIR — RED)/(NIR + RED) 2.25

where NIR is near-infrared, and RED is red in the electromagnetic spectrum.

Several researchers have employed this method in their studies (Pal and Shit, 2017;
Samanta ef al., 2016). There are yet other methods of estimating the C-factor which
can be found in Halder (2023).
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Table 2.6. C-factor values of the USDA-SCS

Land use/land cover class C-factor value
Built-up 0.00
Agricultural land 0.40

Dense vegetation 0.004

Sparse vegetation 0.03

Barren land 1.00
Waterbody 0.00

Source: USDA-SCS (2004)

The NDVI approach has been criticised for not reflecting the content of the C-factor
(Tanyas et al., 2015) and as such provided some adjustments to its usage (Alexakis et
al., 2021; Chen et al., 2011; Wang et al., 2023). Van et al. (2000) cited by Ghosal and
Bhattacharya (2020) argued that the C-factor decreases exponentially with NDVTI and
thus they added alpha and beta to the NDVI exponent (see (Ghosal and Bhattacharya,
2020; Saha et al., 2022; Wang et al., 2019). It is also argued that since it is based on
reference to the chlorophyll content of vegetation, grassland might have higher NDVI
values than forest (Tanyas et al., 2015). In such a case, if utilised would result in an
output where a forested area is shown as being more prone to erosion than a grassland
which is erroneous (Tanyas et al., 2015). Moreover, the method has been criticized for
overestimating the C-factor values and invariably overestimating soil erosion rates
(Ayalew et al., 2020; Jones et al., 2022). Thus, Bircher et al. (2021) devised a new tool
called CP-Tool for estimating the C- and P-factor values which they argue produces a
nice fit. Rescaled C-factor (Cr2) and precipitation correction (C-PC) have been used
to modify the NDVI-based C-factor estimation (Almagro et al., 2019; Macedo et al.,
2021).

Therefore, there are variations in the C-factor values used in different studies even for
the same location. Such variations lead to different results for a given location. For

instance, many studies assign different values to bare land, water, built-up or urban

41



land uses. A compact urban space with little to no spaces or bare areas should have a
value different from an urban area with many land spaces and cropland. A related table

(Table 2.8) was published by Mahamud et al. (2021).

Table 2.7. Cover C- factor values

Land cover class C-factor value
Inland marshes 0.00
Salt marshes 0.000
Sclerophyllous vegetation 0.005
Broad-leaved forest 0.001
Coniferous forest 0.001
Mixed forest 0.001
Cultivation with significant areas of natural vegetation 0.050
Non-irrigated arable land 0.050
Moors and heathland 0.050
Transitional woodland shrub 0.050
Sparsely vegetated areas 0.050
Discontinuous urban fabric 0.050
Industrial or commercial units 0.050
Mineral extraction sites 0.050
Orchard 0.080
Olive grove 0.080
Complex cultivation patterns 0.080
Natural grasslands 0.100
Burnt areas 1.000
Beaches, dunes, and sands 1.000
Shrub 0.014

Source: Wischmeier and Smith (1978), Mengie ef al. (2022)
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A comprehensive review of the C-factor and P-factor values of the RUSLE was carried

out by Ebabu and his team (Ebabu e al., 2022). It was a good attempt to highlight the

use of both factors of RUSLE in different countries and continents (Ebabu et al., 2022).

They found that soil management practices are more effective than crop cover factors

in reducing soil loss in semi-arid areas (Ebabu et al., 2022). The global average of the

C-factor varies from 0.34 for cropland to 0.03 for forest land, with maize (0.42) and

potato (0.40) having the highest values (Ebabu et al., 2022). Finally, though there are

significant improvement in the C- and P-factor values estimation using remote sensing,

there is no satisfactory methodology for their estimation (Phinzi and Ngetar, 2019).

Table 2.8. Cover C-factor values for different land uses

Cover class

C-factor value

Quarrying areas

25 % forest cover

50 % forest cover

75 % forest cover

100 % forest cover

Agricultural plants
Horticulture/traditional mixed plants
Cocoa/tea/coffee

Coconut/oil palm/Rubber

Paddy

Flower/Fruit

Low-density urban space (50 % green area)
Medium density (25 % green area)
High density (5 % green area)
Impervious (Parking lot, road)

Waterbody

1.00
0.42
0.39
0.36
0.03
0.38
0.25
0.20
0.20
0.01
0.30
0.25
0.15
0.05
0.01
0.01

Source: Mahamud et al. (2021).
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2.7.5 Practice P- factor

The support practice factor expresses the ratio of soil loss under a given conservation
measure to the soil loss on a field with up- and down-slope cultivation (Renard et al.,
1997). It describes the management practices put in place by the farmer to attenuate
the impact of runoff on soil thereby holding back sediment from being washed away.
The most common conservation practices include contouring, strip cropping, solid

bund, or terracing (Renard et al., 1997).

The effectiveness of support practices to weaken erosion increases with decreasing
rainfall or increasing aridity (Ebabu ef al., 2022; Jia et al., 2019). This is due to the
super-saturated nature of the soils in high-rainfall areas that fail to infiltrate much of
the runoft (Jia ef al., 2019). This is in agreement with the assertion that soil loss rates
are lower in the arid zones than in the humid tropics and temperate zones with heavy
rainfall (Xiong et al., 2019). The effectiveness or otherwise of the support practices
depends on rainfall and elevation (Taye et al., 2018). Effective conservation practices

have low values (Bagherzadeh, 2014).

There are two main approaches to assigning the P-factor values. The first is through
intensive fieldwork to assess the conservation practices put in place in the agricultural
areas. However, when the area under investigation is very large, it becomes impractical
to achieve. Thus, like the C-factor values, the P-factor can be obtained from the
literature (Table 2.9, Table 2.10) (Benavidez et al., 2018). In the absence of
information on conservation practice or under natural conditions, the P-factor value
assumes unity (Adornado et al., 2009; Bensekhria and Bouhata, 2022; Dumas et al.,
2010; Ghosal and Bhattacharya, 2020).

Due to the difficulties in modelling P-factors, Wener (1981) derived an equation for
estimating the P-factors based on its relationship with slope (eq. 2.26).
P=02+003xS 2.26

where P is the P-factor (conservation practice), and S is the slope in percent.

44



Table 2.9. Conservation P-factor values

Conservation practices P-factor
Up and down the slope 1.00
Cross slope 0.75
Contour farming 0.50
Strip cropping, cross slope 0.37
Strip cropping, contour 0.25

Source: Stone and Hilborn (2011)

Table 2.10. Conservation P- factor values

Land use/land cover type Slope % P-factor value
Agricultural land use 0-5 0.10

5-10 0.12

10-20 0.14

20-30 0.19

30-50 0.25

> 50 0.33
Non-agricultural land all 1.00

Source: Wischmeier and Smith (1978) in Mengie et al. (2022)

2.8 Limitations and uncertainty

The USLE model suffers from certain limitations and uncertainties (Tiruwa et al.,
2021). One of the issues is the overt dependence of the model on C and P parameters
which are critical to the model like all the other factors (Vieira et al., 2018). Yet, these
parameters are estimated by simple assignment of non-uniform weights across spatial

scales.
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Thus, the Revised USLE (RUSLE) (Renard et al., 1997) was developed to take care
of most of the shortcomings of the USLE. The RUSLE can effectively deal with slopes
of diverse shapes (Mello et al., 2016; Wang et al., 2019). The model’s simplicity
ensures it can be used on diverse topographic surfaces and regions and possess a

significant positive correlation between input and output variables (Kebede et al., 2021;

Kumar et al., 2022).

However, the RUSLE model is still bedevilled by two main uncertainties: the
uncertainty in the input data and uncertainty due to model inadequacies (Bamutaze et
al., 2021). The model was originally predicated on slopes of under 18 % and 91.4 m
long (Hammad et al., 2004) such that beyond this range, the accuracy of the LS-factor
becomes uncertain. However, this problem has been investigated by researchers
(Hrabalikova and Janecek, 2017; Nakil and Khire, 2016). They opined that for medium
to steep terrain, the LS methods based on percentage slope give accurate soil loss
estimation (Nakil and Khire, 2016). The RUSLE has the capacity of handling
effectively soil simulation on slopes of up to 300 m (Kumar ef al., 2022; Renard et al.,

1997).

Furthermore, the LS-factor does not take into account the terrain shape of the upslope
area (Alewell et al., 2019). The model does not account for the sedimentation or
deposition process, and cannot simulate gullies and mass movement (Alewell et al.,
2019; Koirala et al., 2019; Kumar et al., 2022; Thapa, 2020; Wischmeier and Smith,
1978). Another limitation is its poor performance due to its reliance on the kinetic
energy of raindrops rather than utilising runoff which is critical to soil dislocation
(Kinnell, 2019; Kumar ef al., 2022). Its inability to isolate factors that influence soil
loss such as plant biomass, decomposition, runoff, infiltration, soil detachment, and

movement (Alewell et al., 2019).

The model does not simulate soil loss on an event basis (Kumar et al., 2022; Mello et

al., 2016). Additionally, the utilisation of process-based models like WEPP, PESERA
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or AGNPS does not necessarily result in lower uncertainties in comparison to simple

empirical models like the USLE family of models (Alewell et al., 2019).

2.9 Validation of the model

Validation simply entails testing or comparing the output of a model with the observed
to see if it fits well or not (Fishman and Kiviat, 1968; Trucano et al., 2006). It has been
argued that direct validation of a model should prove that a model replicates the reality
it represents and in which case it works for closed systems (Alewell and Manderscheid,
1998). In line with this, therefore, an open system may not require validation (Alewell
et al., 2019). However, validation is possible following Martin’s (1996) definition of
validation in accord with its Latin meaning of strong, healthy, or robust.

Against this background, it points to the well-known dictum attributed to Box and
Draper (1919) that all models are wrong but some are useful. Thus, Foster ef al. (2001)
and Batista et al. (2019) reported that a model’s success is intricately connected to its
usefulness. Thus, a RUSLE2 model with perfect erosion estimates but fails to provide

adequate conservation planning decisions does not meet its objective (Yoder et al.,

2001).

Usually, validation entails splitting data set where one set is for calibration and the
other set 1s for validation. However, in open systems, it was suggested that a model
can be validated if it was not calibrated (Sverdrup et al., 1995). This simply implies
that the estimated output from the model is directly compared with the measured target
values forgoing any inverse process step (Alewell ef al., 2019). The USLE family of
models fall into this class where the model derives its input parameters from measured
data and devoid of calibration, the modelled erosion is compared with the measured

data (Alewell et al., 2019).

The challenge faced in validating RUSLE with measured data is that while RUSLE

estimates gross erosion rates, measurements usually provide net erosion rates (Alewell
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et al., 2019). Thus, comparing sediment yield and results from RUSLE is a mismatch
as long as RUSLE is unconnected with erosion and deposition, for the modelled and
the observed represent different fluxes (Alewell et al., 2019; Ghosh et al., 2023;
Vanmaercke et al., 2014). Trimble and Crosson (2000) asserted that USLE predicts
soil dislocated in a field (gross erosion), and not necessarily the amount of soil eroded

from a field (net erosion).

To be useful, a model result is supposed to compare well to field-measured data
(Castillo et al., 2012). This entails a model replicating areas of erosion severity
identified via field survey (Evans and Brazier, 2005). Nevertheless, there are cases
where this does not hold. Several studies have reported disagreement between model
output and field erosion patterns (Evans and Brazier, 2005; Hessel et al., 2006).
Furthermore, erosion risk assessment maps from USLE-type models or decision trees
like AHP have shown near-agreement with field data (Bufalini et al., 2022; Egbueri et
al., 2022; Ganasri and Ramesh, 2016; Prasuhn ef al., 2013). Such an approach is a
validation of erosion risk zones rather than soil loss validation. Moreover, model
testing is less rigorous in such cases, and when compared with actual erosion rates the

results turn out less satisfactory (Prasuhn ef al., 2013).

Others have simply adopted the scientific approach (Biondi et al., 2012) where
findings are merely compared with results from other publications from experts or
scientific projects (Haregeweyn et al., 2017; Sinshaw et al., 2021). Again, due to the
difficulty in validating soil erosion, some scholars proposed a validation method based

on visual evaluation (Bosco ef al., 2015).

2.10 Risks and vulnerability

According to the Sendai Framework for addressing risk, risk management requires two
basic approaches. The first is to avoid creating new risks and the second is to
systematically reduce the existing ones (McGlade ef al., 2019). The people’s adaptive

strategy must be strengthened to withstand and bounce back from stressors and
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transform through crises (McGlade et al., 2019). Risk is a term in disaster management
that is dependent on two components; hazard and vulnerability (Birkmann, 2007). A
hazard is a likelihood of an external event or stress occurring in a given area within a
specific time interval that impacts the environment, economy and society (de Ledn et
al., 2006; Diaz-Sarachaga and Jato-Espino, 2020). Hazards can be divided into natural
(Erosion; flooding; earthquake), technological (oil spill, toxic pollution) and human-
induced (civil riots, terrorist attacks) (de Ledn, 2006). Risk describes the potential
effects of an imminent hazard. It is simply denoted as a function of hazard and
vulnerability (eq. 2.27)

Risk = Hazard xvuInerability ... 2.27

However, Cutter (1996) described risk as the potential occurrence of hazard which
differs from the above viewpoint. Some scientists argue that other factors like coping
(White et al., 2007), deficiencies in preparedness (de Ledn, 2006) and/or exposure
(Dilley et al., 2005) should be integrated into defining risk. Thus, a hazard becomes a
disaster when a society or population is unable to cope with its occurrence thereby
resulting in disruption of their normal function and leading to extensive losses (EEA,
2018 cited by Diaz-Sarachaga et al. (2020). Over the years, these factors have instead
been integrated into defining vulnerability. Just as the statement by O’Keefe et al.
(1976) and Thomas et al. (2019) that the occurrence of natural hazard events was on
the increase could not be substantiated. Thus, it might be inferred that the vulnerable
population to disaster events is increasing based on the above-noted dimensions of
vulnerability. However, the impact natural hazards have on people varies considerably
with the socioeconomic characteristics of the exposed people (Zakour and Gillespie,

2013).

Thus following Volpe et al. (2021), soil erosion risk assessment comprises assessing
its susceptibility where susceptibility is the likelihood of erosion occurring in a given
location based on its terrain conditions. It encompasses an estimate of ‘where’ or the
likely places erosion may occur. Thus, soil erosion risk assessment entails

susceptibility (S) analysis to find the likely areas of hazard (H) of different magnitudes,
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and the vulnerability (V) assessment that accounts for the people and infrastructures
that might be affected or involved. However, this study considered the first dimension
of risk (susceptibility analysis) and peripherally dealt with the vulnerability by

considering how the affected farmers adapt to soil erosion.

Adaptation herein used refers to the ability to cope, live with or adapt to the change in
the environment in which one cannot reverse or revert to its previous state. It should
be highlighted that the words; vulnerability, resilience and adaptation are interrelated.
They conceptually overlap (Engle, 2011; Nelson et al., 2019) such that decreasing
vulnerability is often viewed as increasing resilience (Bahadur et al., 2010). It has been
defined and used differently in many contexts (Chen and Zha, 2016). Some scholars

view vulnerability as a subset of resilience metrics (Baroud et al., 2014).

Adaptive capacity simply refers to the ability to be in a prepared state and respond to
disturbance (Engle, 2011). According to Nelson (2018), the concept of adaption is less
developed, unlike those of vulnerability and resilience or sustainability. The IPCC
defined adaptation as the ability of a people or system to modify its attributes to

effectively cope with actual or imminent external stresses (Hameso, 2015).
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3. MATERIALS AND METHODS

3.1 Geography of the study area

3.1.1 Location

Anambra is located between latitudes 5.60 °and 7.00 ° N, and longitudes 6° 45" and
7.45 ° E (Figure 3. 1). Its landmass is about 4844 km?. It lies in the rainforest zone
(Okoyeh et al., 2014). 1t is located in eastern Nigeria. It has a very high population
density. It is also known for its high ecological problems including flooding and
erosion especially gullies (Igbokwe ef al., 2008; NEWMAP, 2015). Anambra State was
chosen for the study due to its location on the lower Niger and Anambra floodplains
which makes it strategic for agricultural productivity in eastern Nigeria. Also, its high
erosion susceptibility makes it a good site for a study like this in order to aid planners

and stakeholders in mitigating soil erosion risks in Anambra State.
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Figure 3. 1. Study area (Anambra State) and the geology
Source: Adapted from Egbueri ef al. (2022)
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3.1.2 Climate and geology of Anambra State

The area has the Aw climate of Koppen’s climate classification (Koppen, 1936). The
summer rainy season lasts seven or eight months. The rainy season starts from March
to October with a mean annual rainfall of about 1850 mm (Ogungbenro and Morakinyo,
2014; Chinweze, 2017). The mean temperature is 27°C, ranging from 25 to 32°C
(Chinweze, 2017, 2019). The climate change phenomenon that has affected the rainfall
pattern also exacerbated the gully situation in the area (Farauta et al., 2012; Okoyeh et
al.,2014). The geology of the area comprises the Nanka formation (Figure 3. 1) which
is a friable unconsolidated sand deposit of part of the Eocene. The area is also underlain
by the Imo clay shale of the Palacocene and overlain by the Ogwashi formation of the
Oligocene. The elevation of the area varies from 20 m to 388 m above sea level with
the southern upland predominated by Nanka sand and the eastern lowland on the Imo
shales. The Nanka sand is classed as a family of the Ameke formation (Onyeka et al.,
2019). The dominant soils are the ferruginous and the hydromorphic soils. The uplands
run from the Awka-Orlu Cuesta which also forms the headwater for many Rivers
(Ofomata, 2002). The major River draining the area is River Niger and its tributary,
the Anambra River (Figure 3. 1). Other rivers that drain the area include the Nkisi,
Idemili, Mamu, Ezu, Aghomili and Orashi (Okoyeh et al., 2014). There are also lakes
like the Agulu, Uchu and Ulasi lakes. The gullies’ dimensions range from 25 m to 2.9
km in length and from 2m to 300m in width Okoye et al. (2014). It has a higher width

in the upstream section which gives a characteristic fan shape (Okoyeh et al., 2014).

3.1.3 Administrative and economic attributes of Anambra State

Anambra State is one of the 9 States in the east of the country and one of the 5 core
Igbo states. It has 22 Local Government Areas with 127 communities (Chinweze, 2017)
with the administrative headquarters at Awka. It is the most densely populated State in
the eastern part of the country (Chinweze, 2017) and second to Lagos State in Nigeria.
It is highly urbanised with several commercial centres such as Onitsha market and

Nnewi Auto-Spare parts market among others.
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3.2 Materials and Methods

3.2.1 Introduction

The outline of the thesis’ methodology is shown in Figure 3. 2. It is a flowchart of the
approaches employed to achieve the objectives of the study. The procedures (materials

and methods) used to achieve the aim are presented in the following subsections.

Objective 1 Objective 2 Objective 3 Obiective 4
Trend analysis Soil analysis, Set up Modelling using D J°c »
Extract climate ruoff plots: Correlation RUSLE and escripliive
change Indices | |and regression analysis projection analyss

Y

Y
RUSLE factors | | Survey data
(RK.LS.C.P (adptation
factor data) strategies)

h 4
Rainfall data Soil samples,

(daily historical,| Runoff/soil loss data

monthly future)|| (in situ measured)

~ Soil attributes — —
qufall Ryinioi i Soil erqsmn daptat!on
variations - rate and risk map, | Strategies

Figure 3. 2. Flowchart of the thesis methodology

3.2.2 Climate data and land cover data

The data used in the study comprise daily rainfall data from the Nigeria Meteorological
Agency (NIMET) for Awka covering the period 1991 to 2020. Due to the
unavailability of conventional data for the other points in the area, more daily rainfall
and soil moisture data were obtained from the Climate Hazards Centre
InfraRed Precipitation with Station data (CHIRPS) at
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/tifs/p05/. They have been

validated and are widely used in the tropics in hydroclimatic studies (Funk et al., 2015;
Atiah et al., 2020; Ayanlade et al., 2021). The Tropical Applications of Meteorology
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using SaTellite data and ground-based observations (TAMSAT) daily rainfall data
were used. They are reliable and widely used in hydroclimatic studies over Africa (R.

Maidment et al., 2017; R. I. Maidment et al., 2017).

However, due to poor spatial distribution of the station data (only in Awka), satellite
data were used. The CHIRPS data provides quasi-global rainfall data from 1981 to
near-present at a 0.05 x 0.05 degrees (~5.3 km by 5.3 km) and the TAMSAT data
provides daily climate data for Africa from 1983 to the delayed present at 0.0375 x
0.0375 degrees (~ 4 by 4 km) spatial resolution were used.

The land cover maps were downloaded from the ESRI website at
https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=7%2C6.177%2C10&m
ode=step&timeExtent=2017%2C2022&year=2022&downloadMode=true for the

years 2017 to 2022. They are very high-resolution (10 m) data that are classified at
country levels and merged to produce the global land cover map. The Land cover maps
0f2017, 2020 and 2022 were used to predict the 2060 land cover map using the Clark
University Terrset software. The key driver of change in the area is the forest-to-built
environment and so the forest-to-built submodel was used to predict the 2060 map
using the Multilayer Perceptron (MLP). It had a Kno and Kstandard accuracy of 63 %
and 90 %, respectively. The 30 seconds MIROC6 Worldclim data for 2041-2060 were

downloaded from https://www.worldclim.org/data/cmip6/cmip6 clim30s.html. The

Shared Socio-economic Pathway SSP245 and SSP585 representing the moderate and

extreme case scenarios, respectively, were used in the study.

3.2.2.1 Data preprocessing and preparation

The NIMET data were homogenized using the RHtest GUI interface in the R
environment (Vincent et al., 2012; Wang et al., 2010). The data had 2 significant
change points. Based on this information, they were harmonized using the Quantile
mapping adjusted and mean-adjusted precipitation approach. The mean-adjusted
approach was finally used. The CHIRPS data were bias-corrected using empirical

quantile mapping (EQM) in the R environment. Due to the paucity of conventional
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data at Aguleri and Oko, TAMSAT data with a lower variance compared with NIMET
data was used to adjust the CHIRPS data. The output is shown in Table 3.1, and the
accuracy assessment metrics are in Table 3.2. When transformed into monthly data
(Awka), the correlation between the adjusted CHIRPS and homogenised data increased
to 0.75 but between TAMSAT and the homogenized data was 0.79. Based on the
performance, the CHIRPS data were used since they had a better daily distribution
than the TAMSAT, unlike the monthly distribution. In Ethiopia, CHIRPS and
TAMSAT outperformed other compared data (Fenta et al., 2018).

Table 3.1. Mean annual rainfall data for Awka station

Raw data homogenised
year PCP year PCP year PCP year PCP
1991 2095 2006  1910.3 | 1991 1519.1 2006 1950.2
1992  1804.9 2007  2026.8 1992 1331.2 2007 2066.2
1993 1654.1 2008 2056.2 1993 1184.0 2008 2093.9
1994  2081.7 2009 2157.6 1994 1552.8 2009 2197.5
1995 2478.5 2010 1585.9 1995 1874.6 2010 1621.2
1996  1826.7 2011 1957.5 1996 1337.8 2011 1994.7
1997 22774 2012 1986.1 1997 1764.4 2012 2031.4
1998 1375.3 2013  1447.3 1998 976.5 2013 1720.9
1999 2101.2 2014  1499.5 1999 15939 2014 2036.7
2000 2069.1 2015  2499.4 2000 1537.7 2015 2501.1
2001 1516.6 2016  2084.8 2001 1076.3 2016 2072.0
2002  1928.1 2017  3526.2 2002 1409.7 2017 3518.9
2003 16711 2018 3665.4 2003 1231.7 2018 3658.7
2004 1861.5 2019 3821.5 2004 1604.8 2019 3816.6
2005  1914.7 2020 2777.6 2005 1951.0 2020 2770.0

Table 3.2. Accuracy metrics for the corrected daily rainfall data

Isu CHIRPS Aguleri CHIRPS Oko CHIRPS

MAE  7.58 MAE  4.48 MAE 5.24

PBIAS -1.25 PBIAS -2.01 PBIAS 2.34

R 0.20 R 0.47 R 0.47
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3.2.2.2 Trend analysis

The Mann-Kendall test (Hamed, 2011; Hamed and Rao, 1998; Kendall, 1975; Mann,
1945) was applied to determine the trends in the rainfall of the area at Isu-Aniocha,
Aguleri and Oko. The Mann-Kendall test has the advantage of being independent of
data outliers. It is a non-parametric test and therefore free from assumptions of the
parametric test. It has a null hypothesis which is posited thus: ‘There is no monotonous
trend in rainfall over the period’. The test involves the calculation of the variance V,
the standardized statistic Z, correlation tau, the S, and Sen’s slope test to determine the

magnitude of the trend (eqs 3.1 — 3.5).

n-1 n

s=3" Ysig(x, -x,) 3.1
i=1 j=i+l
+1if (xj—xi)>0 39
son(x; —x,) =1 0if (x, —x)=0 ’
—lif(xj—xi)<0
q
V(S):%{n(n—lx2n+5)—2tp(tp—1x2tp+5) 33
p=1
51 _sso
AR(S 3.4
z={0 if S=0
% if S<0

where Xjand X;are observations in the time series. A positive Z value indicates a

rising trend but negative Z is a downward trend in the distribution.
Sen’s slope estimator (Sen, 1968) is also a non-parametric method applied to time
series data to determine the magnitude of its trend. It is expressed by the equation
shown below (eq. 3.5).
X, — X

i~

where Ss is Sen’s slope estimator, x; and x; are data values at times 1 and j respectively.

Ss = 35
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Auto-correlation lag 1 was checked using the ACF () function in R and where serial
correlation existed, the modified Mann-Kendall test (Hamed, 2011; Yue and Wang,
2004, 2002) was used. The modified Mann-Kendall package in R (modifiedmk) was
used with the appropriate function called depending on whether there was

autocorrelation or not (Patakamuri et al., 2021; Pohlert, 2020).

3.2.2.3 Climate change indices (CCI)

The climate change indices were selected from the 27 indices listed by the Expert Team
on Climate Change Detection and Indices (ETCCDI). The online version of Climpact
and R-Instant (R-Instant, 2022; Stern et al., 2020; Zhang and Yang, 2004) were used

and can be assessed from https://ccre-extremes.shinyapps.io/climpact/ and https://r-

instat.org/. Out of the 27 indices, 7 were selected for the study. These included: extreme
one-day rain (rx1day), annual number of days when precipitation is above 10 mm (r10
mm), annual number of days when precipitation is above 20 mm (120 mm), annual
sum of daily precipitation above 1 mm (prcptot), Annual total precipitation divided by
the number of wet days (when precipitation is above 1 mm) (SDII), annual sum of
daily precipitation above 95 percentile (r95p), annual sum of daily precipitation

above 99'" percentile (r99p), and maximum 5-day precipitation total (rx5day).

3.2.2.4 Climatic water balance

Climatic water balance (CWBAL) is simply the difference between precipitation depth
and the depth of potential evapotranspiration (PET) at a given location (eq. 3.6). It was
estimated using the Standardised Precipitation-Evapotranspiration Index (SPEI)
package (Mir¢ et al., 2023; Vicente-Serrano et al., 2010). It gives an indication of the
fraction of rainfall that remains when evapotranspiration has been accounted for. The
balance is usually higher in areas or seasons of sufficient rainfall. Thus, it is a highly
variable factor in time and space. The amount of rain that remains after PET is an
indication of the possibility of flood or erosion, as antecedent moisture content is a

precursor of these extreme events.
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CWBAL = PCP — PET 3.6

where CWBAL is climatic water balance, PCP is precipitation, and PET is potential

evapotranspiration.

3.2.3 Soil samples and data
3.2.3.1 Soil sampling procedure

The soil samples were collected in two batches. The first soil samples (30) were
collected during the fieldwork of 2021. They were collected at gully locations in the
State. The GPS locations of the soil sample points were taken (Figure 3. 1). About 9.5
kg of soil was collected at each point at a 0-10 m depth. Additional 8 soil samples were
collected in 2022 from the field plots and the neighbouring areas. The 30 samples were
subjected to physical laboratory analyses including the Atterberg test, permeability
tests, triaxial tests, compaction, and particle size analysis. The other 8 samples were
subjected to particle size analysis, organic matter content, soil carbon content, soil pH,
calcium carbonate, and bulk density. Soil samples meant for the bulk density

determination were collected with a 5 cm diameter ring at locations within the plots.

3.2.3.2 Laboratory soil samples analysis

Physicochemical characteristics of the soils

Soil strength parameters

The geotechnical properties comprising Alterberg or consistency tests, compaction,
permeability, and shear strength of materials (triaxial tests) were carried out. The
samples were subjected to oven drying at the appropriate temperature according to the
relevant American Society of Testing Material (ASTM) standard for soil tests (ASTM,
2005, 1996, 1987).

The procedures for measuring the shear strength are the direct shear and triaxial tests.

The results are usually plotted on a Mohr circle where sand usually starts from the
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origin, but finer soils like clay cut an intercept on the y-axis. The Direct Shear box test
was conducted on three samples with much sands while others were subjected to
triaxial test (unconsolidated undrained). Thus, the cohesion, angle of internal friction,

and the weight were determined.

The Atterberg test is used to determine the consistency index of soils (Casagrande and
Fadum, 1940). The tests distinguish four states of soils with high fines based on their
moisture content; liquid, plastic, semi-solid or solid. The liquid limit (LL) defines the
water content at which the soil flows viscously in a cup when under a series of blows.
The device allows the cup with the soil in which a small opening is cut to be lifted and
dropped a little distance. Thus, the test involves counting the number of blows at which
the groove closes at differing moisture contents while the moisture content at which
the groove closes following 25 blows is the LL. The results of the experiment are then
plotted on a graph. The PI is the water content for which small threads of the soil

crumble when rolled to a 3 mm diameter.

Compaction test was done to determine the optimum moisture content (OMC) and the
maximum dry density (MDD) of the soils. One of the most widely used tests for
compaction is the cone penetration test (CPT) which agrees with field results (Elhakim,
2016). Thus, the CPT was used in the study. Figure 3. 3 shows some of the machines
for the physical analysis in the laboratory. The falling head method was used for the

permeability tests.
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Figure 3. 3. Physical laboratory analysis showing the shear box test machine and others.

Particle size analysis and bulk density

The sieve analysis was done following the IS:2720 (part 4, 1985). The soils were oven
dried at the temperature of 105°C and then sieved using the different sieve sizes. The
sizes included 100, 75, 19, and 4.75 mm. The sieve was shaken in such a way as to
ensure there was no distortion or breakage of any soil particle by allowing each sieve
to trap the proportional sizes. The mass of the material retained in each sieve was
therefore recorded against the percentage passing through each sieve. According to the
Unified Soil Classification System (USCS) of the US Army Corps of Engineers, US

Bureau of Reclamation, and American Society of Testing of Materials, the percentage
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of each soil texture class is given in Table 3.3 and the standard US sieve sizes are

shown in Table 3.4.

Table 3.3. The percentage passing for each soil class

% of soil class % passing

Gravel 76.2 mm —4.75 mm
Sand 4.75 mm — 0.075 mm
Silt and clay 0.075 mm

Table 3.4. US standard sieve sizes

Sieve no. Opening (mm) Sieve no. Opening (mm)

4.75 35 0.500
5 4.00 40 0.425
6 3.35 50 0.355
7 2.80 60 0.250
8 2.36 70 0.212
10 2.00 80 0.180
12 1.70 100 0.150
14 1.40 120 0.125
16 1.18 140 0.106
18 1.00 170 0.090
20 0.850 200 0.075
25 0.710 270 0.053
30 0.600

Source: Hamad and Younis (2016)
The mass of soil retained on each sieve is noted including the total mass of the soil.
Then, the cumulative mass of retained soils above each sieve is recorded, as the mass

of soil passing on each sieve, and the percentage of soil passing.

Chemical soil analysis

The SOC was analysed using a hot plate, cool flash, 10 ml pipette, 20 ml pipette, 250

ml beaker, 200 °C thermometer, 50 ml burette, and 1000 ml flask where reagents such
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as Potassium dichromate (vi), tetraoxosulphate (iv) acid, iron sulphate, deionized

water and phenolphthalein indicators were mixed and result obtained (eq. 3.7).

0.003x0.4N x 20 x(l—ljxlOO

SOC= 3.7

W

where N is the normality of Potassium dichromate (vi), T is the volume of 0.4
normality of iron sulphate in the sample, S is the volume of 0.4 normality of iron
sulphate in a blank, and W is the weight of the oven-dry sample.

The pH was determined using 10 g of sample weighed and dissolved in deionized
water constituting 50 ml to prepare the required emulsion solution. Thereafter, the pH
was determined using a pH meter (H19813-6) Hanna Instrument USA. After dipping
the probe into the sample, the pH is displayed on the LED screen. The initial samples
were cleaned with iodised or distilled water to avoid cross-contamination.

The SOM was determined using the Walkley-Black chromic acid wet oxidation
method. It was oxidized by 20 ml of 1 mole of potassium dichromate (vi) (K2Cr207),
and mixed in a concentrated sulphuric acid solution. The remaining dichromate is
titrated with iron sulphate where the titre is inversely related to the amount of carbon
present. Figure 3. 4 shows some of the laboratory equipment for the chemical analysis.
The Calcium carbonate was determined with the X-ray fluorescent (XRF) method. It
comprised a sample cup with propylene thin film, ensuring smoothness of the film.
Pulverised sample was poured into thin film covered cup with sample filled to a third
of the sample cup (~ 5 g). The lid of the sample cup was covered permitting no leakage
or loose particles on the thin film layer. The lids are tightened. The sample was then
inserted into sample turret of Genius-IF Xenometric XRF sample chamber. The X-ray
lamp was then powered and allowed to stabilize in two minutes on the run tab, Voltage
and emission current values were set to ensure that observed dead times is between 35
— 40 kv. The analysis was then Run to obtain spectrum data. XRS-FP crossroad
scientific software was then opened and the Master Oxide.tfr file was uploaded. Then

the obtained Spectra sample file was processed and saved.

62



Figure 3. 4. Chemical laboratory analysis

3.2.4 Field plots

The runoff plots were set up to monitor soil loss by water erosion at three different
locations. Three locations were chosen considering diversities in the soil, geology, and
geo-political space. Hence, runoff plots were set up in the Imo clay Formation, the
alluvium sands, and the Nanka Formation (Figure 3. 1). The site at Isu-Aniocha in
Awka North local government area (LGA) (herein referred to as Isu plot) is on the Imo

clay shale and is in the Anambra Central senatorial zone of the State. The site at Otu-
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Aguleri in Anambra East LGA is on the alluvial sands and is in the Anambra North
senatorial zone while the site at Federal Polytechnic Oko in Orumba North LGA is on
the Nanka sand formation in the Anambra South senatorial zone (Figure 3. 1). The
three areas are in the agricultural zones of the State.

The plots help to find the differences in soil loss generated over the different geologic
formations. The geologic zones have been reported to be high soil erosion risk zones
in the State (Egbueri et al., 2022; Fagbohun et al., 2016). Thus, the findings of the
field plots on similar vegetal cover and slope lengths help to determine the part of the
State with a higher soil loss rate. The premise is based on the belief that when all
factors are controlled, the differences in soil erosion are attributed to the isolated factor
(Hayward, 1967). For instance, if all factors except geology or vegetation are
comparable, then the differences in soil loss and runoff can be attributed to geology or

vegetation (Hayward, 1967).

3.2.4.1 Description of the field plots

Isu

The field plots include a 5 by 20 metres plot each on bare fallow agricultural land
(herein also referred to as disturbed plot) and vegetated fallow agricultural land (herein
referred to as undisturbed plot) (Plate 3.1). However, a shorter length of 5 by 10 m plot
was constructed to account for the effect of slope length on soil loss in the area, each
on bare fallow and vegetated fallow. The disturbed plots were levelled once at the
inception of the experiment while the undisturbed plots were left fallow with
vegetation. The disturbance occurred once to minimize temporal variations in
erodibility according to Kinnel (2016). The tillage system used in the previous year
was heaps and mounds for growing root crops, a common practice in the eastern part
of Nigeria. The mounds have furrows in between 4 mounds (Plate 3.1). The disturbed
plots were cleared of grasses using herbicides and clear-cutting on 4 occasions
throughout the rainy season. The plots were built with planks, sealed on the edges with

cellophane bags enclosed with a small board of wood to prevent leakage. It was fitted
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with a 4-inch diameter pipe through which the runoff drains into collection containers
inside a pit. The pipes had collection bags to trap the sediments while permitting runoff
to pass through and enter the containers in the pit (Figure 3. 5). The collection points
were covered with tarpaulin (cellophane materials) to prevent direct rainfall into the
collection points. However, frequent wear and tear led to the changing of the tarpaulin
fortnightly which became uneconomical and then were changed with zinc (corrugated)
sheets (Figure 3. 6). The big disturbed agricultural land had 3 collection points while
the other three plots had a collection point each. The big disturbed plot had a 60-litre
container each in two pits and one 120-litre container in the third pit, the small
disturbed plot had an 80-litre container, the big undisturbed plot had a 50-litre
container while the small undisturbed plot had an 18-litre container for collecting the

runoff.

Aguleri NE Oko NW
100 m? 100 m?
50 m? 25 m?

~— Collection point

I:l Bare soil

Vegetated soil

Tilled soil

Figure 3. 5. Hypothetical representation of the runoff plots. *NE and NW are Northeast

Northwest direction of flow, respectively.
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Figure 3. 6. The runoff plots: a. Oko, b. Aguleri, and c. Isu
Aguleri

Two plots were set up at Aguleri: a big fallow plot and a tilled small plot. The big plot
is 5 by 20 metres while the small plot is 5 by 10 metres. The big plot was cleared of
vegetation and left bare. The small plot was tilled and corn planted (Figure 3. 6). A flat
tillage system (FTS) was used. Only very few seedlings survived as pests comprising
guinea fowls plucked them from the ground as they germinated. The big plot had 2
collection points of 140 litres and 120 litres. The small plot had a collection point of a

100-litre container.

Oko

Two plots were set up at Oko, a big one of 5 by 20 metres and a small one of 2.5 by
10 metres (Figure 3. 6). These were the last plots set up and were completed on July
27" 2022. The big plot was kept bare of vegetation but the small plot was tilled and
corn planted. The area was very bushy before it was cleared of vegetation and kept

bare throughout the study (Figure 3. 6). The collection points for the big plot were two
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but one for the small one. However, there were no containers installed to measure

runoff. The soil loss data were collected weekly.

The attributes of the plots were shown in Table 3.5. The plots’ slopes fall in the very

gentle (2-5 %) and gentle slopes (5-9 %) classes.

Table 3.5. Attributes of the plots

Site Plot type  Lat Long Slope Aspect  length

Isu DBP 6.2520337, 6.2520727  7.05073530, 7.0509224 1.6 NE-SW 20
6.2520337, 6.2520015  7.0509224, 7.050747

“ DSP 6.2520733 6.252117 7.0509024,7.050892, «“ NE-SW 20
6.2520999, 6.2520554  7.0508006, 7.0508083

«“ UBP 6.2520038, 7.0507852, 7.0508061 «“ NE-SW 10
6.25219539 7.0510148, 7.051038
6.2520539, 6.2520035

“ USP 6.2520926, 6.2521095  7.0508035, 7.0508926, “ NE-SW 10
6.2521554, 6.252141 7.0508816, 7.0507916

Aguleri  Big plot 6.3426649, 6.3426204  6.8556337, 6.855634 2.4 NE-SW 20
6.3426204, 6.3426649  6.855808, 6.855808

«“ Small plot  6.3426643, 6.342709 6.8556363, 6.8556363 «“ NE-SW 10
6.342709, 6.3426643 6.855723, 6.855723

Oko Big plot 6.06125, 6.06127 7.10226, 7.10208 3.8 NW-SE 20
6.06125, 6.06127 7.10226, 7.10208

“ Small plot  6.06125, 6.06125 7.10213, 7.10224 “ NW-SE 10
6.06123, 6.06123 7.10213, 7.10224

Rain gauge

A rain gauge was installed at each of the sites. It was installed at a height of 42 cm

above the ground. The data were collected after every rain event in Isu and Aguleri but

weekly in Oko.

3.2.4.2 Data collection and measurements

The soil loss and the runoff were measured daily in Isu and Aguleri but weekly in Oko.

The runoff was measured in litres in-situ each day there was rainfall while the soil loss

67



was collected in a white polythene bag, and labelled accordingly. They were oven dried
for 24 hours under a temperature of 105 © C and then brought out and kept open for air

drying. When dried, they were weighed on a weighing scale in grams and recorded.
Annual soil loss estimation

The collected data were organised and further analysed using regression analysis (eqs.
3.8-3.10). It is a powerful statistical tool used to determine the relationship between an
independent (predictor) and a dependent variable. It is also used to predict the
dependent variable in statistics. This was done following the works of other
researchers (Hsieh et al., 2009; Mohamadi and Kavian, 2015; Todisco et al., 2015).

y=a+bx+e 3.8

Where

ST )
(X x)- (xS |
b n(ZXY)_(ZXXZY) 3.10
)5

where y is the dependent variable, a is the intercept, b is the slope, x is the independent

variable, and ¢ is the error term.

With the regression analysis, the coefficient of determination was obtained, which also
helps to estimate the correlation between the dependent and independent variables
without necessarily running a correlation analysis. Hence, the regression was used to
fit a model for the relationship between rainfall and runoff, rainfall and soil loss, and

runoff and soil loss.

Arithmetic estimation of annual soil loss and runoff.

The soil loss and runoff data were collected for six months in Isu, five months in
Aguleri, and four months in Oko. The rainy season in the area is 7 months a year. Thus,
simple arithmetic was used to convert the collected data into annual data. If the data in
a year is y, the length of the rainy season is a, and the sum of the data collected in n

months is summation x, then the data for a year is (eq. 3.11). The import of this
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assessment is to have a relative comparison between its result and that of the output
from the regression model above.

a
y==x(3x) 3.1

n

where y is the annual soil loss, a is the length of the rainy season, n is the number of

months the data were collected and 2 X is the summation of the collected data.

The conversion rate from g/m? to kg/m? to t/ha is shown in equations 3.12 and 3.13
(Evelpidou et al., 2013). Also, runoff is converted to litres per metre square (I/m?) by
dividing the runoff by the area of the plot which is also equivalent to runoff in mm
while kg/m? is the soil loss divided by the area of the plot (Evelpidou et al., 2013;
Hudson, 1993).

a = bx0.001 3.12
c=ax10 3.13

where a is the data in kg/m2, b in g/m2, c is t/ha

Accuracy assessment

The linear model is used to estimate soil loss and runoff as earlier stated. The chosen
model was selected based on its performance on the error metrics which include the
mean absolute error MAE), and the root mean square error (RMSE) (equations 3.14 —
3.17). The model was tried on the relationship between rainfall and soil loss, rainfall
and runoff, and the relationship between runoft and soil loss. Based on that, the model
with the lowest error margin was selected. However, for data unavailability, the
rainfall-soil loss model was used, though the runoff-soil loss model outperformed it.

The data were analysed in R statistical software.

mag =y I =Y 3.14
it N

3.15
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MAPE =1><2[qu100 3.16
n Yi

where | yi —y | is absolute deviation, Y, is the i-th measurement, Y is the

prediction value, n is the number of observations, and O is the standard deviation.

A MAPE value of less than 10 % is good but values between 10 and 25 % are
acceptable (Swanson, 2015). Thus, Chang et al. (2007), Kumar and Vasantha (2015),
and Olatunji et al. (2019) added that MAPE of less than 10 % is excellent, between 10
and 20 % is good, and between 20 and 50 % is acceptable but MAPE of over 50 % is
considered unacceptable. The choice of these metrics is based on their wide application
in forecast and prediction studies (Olatunji ef al., 2019). The lower the values of the
RMSE or MAE, the better is the performance of the model (Tiwari and Chong, 2019).

3.2.5 Revised Universal Soil Loss Equation model

The RUSLE is a widely used model for soil erosion rate assessment (Kinnel 2019;
Alewell et al. 2019; Ghosal and Bhattacharya, 2020). It simply estimates soil erosion
of a given area as a product of five key factors. These factors include the rainfall
erosivity, soil erodibility, Slope steepness and length, the cover factor, and the

conservation practices factor.

3.2.5.1 Rainfall erosivity (R) factor

Data and analysis

The data comprised daily rainfall data from 2015 to 2022. The data were aggregated
into mean annual rainfall for each year. The data was subjected to further analysis in
QGIS using the raster calculator module from the Map Algebra Toolbox to derive the
erosivity using equation 3.17.

The erosivity factor is determined by the product of the storm's total kinetic energy

and its maximum 30-minute intensity (Iz0) which is linearly related to soil loss
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(Wischmeier and Smith, 1958). The method developed by Roose who worked much
on West African soil erosion considers the annual rainfall and a constant of 0.5 (eq.
3.17) (Adediji et al., 2010; Luvai et al., 2022; Roose, 1977; Rozos et al., 2013) were

used.
R=05xPy x1.73 3.17

where R is erosivity, and P, is annual precipitation.

The erosivity values range from 0 to infinity, such that under tropical climates, the R-
factor can reach 1500 to over 3000 MJ mm (hahyr)!' (Andreoli, 2018; Dumas et al.,
2010). The variations in erosivity were assessed for the periods 2017-2022. It has been
argued that about 75 % of variations in soil loss are explained by variations in erosivity
and slope steepness (Doetterl ef al., 2012). They also represent natural factors in the
RUSLE model as they can very minimally be modified by direct human influence
(Borrelli, 2011) and also are triggers of soil erosion since they supply the energy
required to erode the soil (Naipal et al., 2015). The erosivity trend is reported to be on
the increase (Qin et al., 2016; Wang et al., 2017), slowly decreasing trend in Iran
(Sadeghi and Hazbavi, 2015) while Diodato et al. (2020) reported a slowly increasing

trend.

3.2.5.2 Soil erodibility (K) factor

Data and analysis

The data comprised soil data from the iSDA comprising properties such as percentage
silt, sand, clay, and the organic matter content.

The algorithm presented in equation (3.18-3.22) (Williams (1995) cited by Wawer et
al. (2005) is used. It is widely used in the tropics and has been shown to estimate the

K factor value reasonably well (Tsige et al., 2022).

K = fcsand X fcl—si X forgC X fhisand 318
where
msilt
f g = 0.2+0.3exp| —0.256m, | 1- —it 3.19
100
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where K is the erodibility factor, and f'is the fraction of soils’ attributes (clay, silt, sand,

f 3.21

fhisand =1-

and carbon).

3.2.5.3 Topographic (LS) factor

Data and analysis

The DEM obtained from the USGS was used. It is a 30 m resolution data.

Several algorithms have been developed for estimating the LS-factor (Wischmeier and
Smith, 1978; Moore and Nieber, 1989; Desmet and Govers, 1996; McCool et al., 1997).
However, based on the study by Nakil and Khire (Nakil and Khire, 2016), equation
3.23 by Wischmeier and Smith (1978) was used.

0.5
s=[ % | x(0.065+0.045 +0.00655? 3.23
22.13

where s is the slope in per cent, A is flow accumulation multiplied by the spatial
resolution of the DEM.

With increasing slope steepness and length, so erosion also increases (Pitt, 2004;
Ziadat and Taimeh, 2013; Sinshaw et al., 2021; Merchan et al., 2023). Longer slopes
increase the runoff accumulation and soil movement (Wischmeier and Smith, 1978;

Jones et al., 2012; Selmy et al., 2021).

3.2.5.4 Management C-factor

The Land cover map from the ESRI were used. They are land cover of 2017, 2020,

and 2022. They are 10 m resolution land cover maps with high accuracy (Karra et al.
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2021). The land cover of 2060 was generated using the Multilayer Perceptron method
in the Terrset software. The simulation was based on vegetation-to-settlement
submodel as the driver of change in the study area. The land cover had a kno and
klocation accuracies of 63 and 90 % respectively.

Thus, the C-factor values were estimated based on the look-up tables from the
literature. Seven-class land use and land cover of the area were used while the
appropriate C-factor value was assigned to each. Rangeland was assigned 0.15
(Barman et al., 2020), settlement or urban 0.8 close to 0.7 by Egbueri et al.(2022), bare
land 1.0 (Conforti et al., 2016; Egbueri et al., 2022; Zanchin et al., 2021), forest 0.08
(Merchén et al., 2023), cropland 0.38 (Benavidez et al., 2018; Ebabu et al., 2022;
Koirala et al., 2019; Wischmeier and Smith, 1978), and water 0.0 (Tsegaye and Bharti,
2021; Zanchin et al., 2021). The settlement in most of the urban areas is a mix of built
spaces and bare ground. Untarred streets dominate most of the places and these bare
surfaces are highly susceptible to surface flows generated by corrugated roofs and
other impervious surfaces. They form a major source of sediment for runoff during
rain events. Due to the effect of erosion on some of the bare streets, they are unusable
or difficult to use by vehicles and pedestrians (Figure 3. 7). Hence, it was assigned 0.8.
The forest areas are mainly found in the riparian zones and so were assigned 0.08
following earlier studies as shown above. The C-factor was assessed for the periods
2017, 2020, 2022, and 2060. This is to permit assessment of the variations in soil
erosion due to the variations in C-factors (land cover) and erosivity (climate). They

were used to predict the land cover and C-factor for 2060.
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Figure 3. 7. Street erosion in Awka town

3.2.5.5 Conservation P-factor

The P-factor is the conservation factor. However, due to data unavailability on soil
conservation practices in the area, the value of unity was used in line with other studies

(Ajibade et al., 2020; Borrelli, 2011; Fagbohun et al., 2016; Ghosal and Bhattacharya, 2020).

3.3 Materials and Methods

3.3.1 Purposive sampling

The study involved 128 farmers who were purposively selected. The communities
were purposively selected from the main agricultural Local Government Areas (LGAs)
in Anambra State. Among the 4 main farming regions: the north, east, south, and
southwestern parts of the State, 3 were purposively selected which are the north, east,
and south. From these, the main farming LGAs were selected purposively and thus in

the north, Anambra East was seclected, in the east, Awka North, and in the south,
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Orumba North LGA was selected. From them, 5 communities were chosen. Thus, in
Anambra East, Aguleri and Enugu Otu were selected, in Awka North, Ebenebe and
Ugbenu were selected, and in Orumba North, Ndiowu was selected. One community

was selected in the south due to increasing insecurity in the southern part of the State.

Purposive sampling was used because it helped to achieve the objective of the study.
Again, the State is cosmopolitan with commerce/trade as the major economic activity
of the people. Thus, only a very few percentage of the population are farmers. Hence,
most of the communities have an urbanising part where the inhabitants comprise
people with different occupations. Therefore, in each of the communities, those who
are farmers were sampled as many as could be reached. It was difficult to get the
farmers’ consent to respond to our questions because they were very busy with their
farm activities. After much pleas, some obliged while some agreed to attend to us only
if we would meet them on Sundays when they were free. Besides, many of them were
unhappy and frustrated due to the destruction of their farmlands and houses by the
2022 flood.

A semi-structured questionnaire (Appendix 1) was used to garner information from the
farmers. It permitted the exploration of their perceptions of soil erosion, the causes of
soil erosion, pieces of evidence of soil erosion in their farms, and adaptation options
they employ to withstand and live with the impact of soil erosion. It also allowed

flexibility by enabling respondents to reflect on the issues properly (Lange et al., 2015).

3.3.2 Analysis

The data were analysed following an inductive approach where a systematic analysis
of the data is guided by the research objectives. The results were summarized in tables
and percentages. The results showed the socioeconomic characteristics of the farmers,
their perception of soil erosion risk, its causes, their adaptation measures, and the

barriers to adopting soil conservation measures.
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4. RESULTS AND DISCUSSIONS

4.1 Variations in rainfall in Anambra State
4.1.1 Nature and distribution of rainfall

The rainy season begins in March and ends in November, with an annual rainfall of
about 1725.2 mm (Aguleri), 1940.8 mm (Isu), and 2031.7 mm (Oko). The southern
part of the State is wetter than the northern part (Figure 4. 1). The State has double
maxima which is more pronounced in the northern part. The highest rainfall occurred
in September in the north but in July in the southern part (Figure 4. 1). The southern
part has the highest mean annual rainfall. This concurs with the fact that rainfall
decreases from south to north (Okoloye et al., 2013). Also, the mean monthly rainfall
was 176.4 mm in the south but 146.1 mm in the north. The south had the highest
recorded monthly rainfall. It was 517.1 mm (Aug 1987) in the south but 477.5 mm
(Aug 1987) in the north. The least monthly rainfall was 0 in the State. However, it was
more in the north than in the south. It occurred in Dec 1981, 1986, 1999, and 2015 and
Jan 1983, 89, 91, 92, 2002, 07, 11, 18, and 20 in the north. In the south, it occurred in
Jan 1983, 84, 89, 2007, 20 and Dec 1999, 2009 and 2019. That was 13 months of no
rain in the north but 8 months in the south within the period of study. The lowest mean
annual rainfall occurred in 1983 (1140.4 mm, north and 1366.3 mm, south). The
highest mean annual rainfall occurred in 1995 (2096.5 mm, north and 2586 mm, south)
(Table 4.1). Oko recorded higher rainfall and experienced the earliest retreat of the cT

wind thus making the Harmattan wind milder than the northernmost part.
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Figure 4. 1. Monthly rainfall distribution in Anambra State

Table 4.1. Summary statistics of the rainfall

Daily Isu (mm) Aguleri (mm)  Oko (mm)
Min 0.0 0.0 0.0

Median 0.0 0.0 0.0

Mean 4.8 4.6 5.4

Max 106.6 85.6 113.3

Cv 1.71 1.74 1.68

Monthly Isu (mm) Aguleri (mm)  Oko (mm)
Min 7.7 (Dec) 6.2 (Dec) 6.3 (Dec)
Median  176.7 172.4 197.7

Mean 146.1 138.9 165.7

Max 279.9 (Sept) 265.0 (Sept) 331.9 (Jul)
Ccv 0.77 0.76 0.75

Annual  Isu (mm) Aguleri (mm)  Oko (mm)
Min 1212.2 (1983) 1140.4 (1983) 1366.3 (1983)
Median  1780.3 1694.9 1992.5

Mean 1940.8 1725.2 2031.7

Max 2309.4 (1995) 2096.5 (1995) 2586.4 (1995)
Ccv 0.12 0.11 0.12
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4.1.2 Variations in rainfall in the area

The rainfall in the area varied spatially and temporally. Rainfall was higher in southern
locations than in northern parts (Table 4.1, Table 4.2). The rainfall also varied
temporally, such that the driest months were December, January, and February (Figure
4. 2). The highest amount of rainfall was recorded in the months of June-September
(Figure 4. 1, Figure 4. 2, Table 4.1). However, the amount varied from 1940.8 mm
(north) to 2031.7 mm (south). This was in line with Okoloye et al. (2013) that rainfall
decreased from south to north. Figure 4. 2 showed that December to February was very
dry with little to no rain. That showed that soil erosion was at its barest minimum or
non-existent at this period of the year as little or no rain was experienced. However,
from March the rains are expected. That is, the onset of the rainy season when rain is

expected as the humidity is higher and the cloud is usually overcast from this period.
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Figure 4. 2. Interannual rainfall variations in rainfall values (mm/month): a. Isu, b.

Aguleri, and c. Oko

The seasonal rainfall distribution was higher in the south than in the north (Table 4.2).

The highest amount of rainfall was recorded in the season of June-August followed by

September-November. This showed that soil erosion would likely be high within these

two seasons. This is because due to sparse vegetation cover, runoff and erosion

increase with increase in rainfall, and second, at this time the soil is at field capacity

or saturated because antecedent soil moisture significantly influences soil loss (Roose,

1977; Ziadat and Taimeh, 2013).
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Table 4.2. Seasonal distribution of rainfall

Seasonal Isu (mm) Aguleri (mm) Oko (mm)
DJF 43.1 37.8 50.7
MAM 424.7 401.7 499.6

JJA 737.4 708.6 838.8
SON 547.8 518.2 598.0

The coefficient of variation in annual rainfall in the area is 12 % for Isu and Oko but
11 % for Aguleri (Table 4.1). However, the coefficient of variation was higher for the
daily rainfall followed by the monthly rainfall and the least was the annual rainfall
(Table 4.1). This showed that there were much more variations in daily rainfall than
there were in annual rainfall. The month of December had the highest coefficient of
variation in the area, 89 % for all locations. The degree of variations in rainfall is

relatively similar in all locations in the State.

The CV in rainfall also shows that the variations in rainfall is higher for daily events
than the monthly and annual events. This is because rainfall is a highly variable climate
element but when expressed in months and annually, the variability is hidden in the

climatology/aggregation.

4.1.3 Possibilities of extremes

The northern part has a lower mean of such events than the southern part (Figure 4.3).
A higher than the mean was experienced from 2005 to 2017 (Figure 4.3). The trend is
positive but not significant (0.63 in Aguleri, 0.30 in Isu, and 0.26 in Oko). The rate of
increase was 0.7 mm (Aguleri), 2 mm (Isu), and 2.4 mm (Oko) per decade. It showed
that extreme rainfall was highest in 2005 followed by 2010 and 2015 in the three
locations. In the 1980s, the maximum annual one-day rainfall recorded was below or
barely above the average. It then increased in the 1990s, however, it became very

pronounced in the 2000s as it reached the highest level in this decade and the following
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one (Figure 4.3). The maximum one-day rainfall was vital in influencing runoft and
soil erosion. All things being equal, days with the highest rainfall were usually
associated with the highest erosion. However, this varies with time and rainfall
intensity. This is because, soil erosion varies with season, antecedent moisture, and

time (either the onset or the end) of the rainy season.

=
[e)] oo o

S

Maximum one day rain (mm)
|
p
b
>
>
B
!p>»

-4
i (42] N ™~ [e)] — o n ~ D — o wn ~ D i (32} N ™~ [e)]
0 00 0 0 00 OO OO OO OO OO O O O O O i i —
a OO O O O 0O o o 0o 0O O O O O O O o o o o
i i i — i i i — i i [o\] (o] (o] (o] (@] (@] (@] (o] (o] (o]

Year

W Aguleri ®Awka mOko

Figure 4.3. Normalised maximum extreme one-day rain (mm) in Anambra State.

The plot of the number of rainy days with rainfall above 20 mm each year is shown in
Figure 4.4. It showed that the southern part had a higher number of days with rainfall
of above 20 mm. It also shows that 1981 and 2013 were very dry in the north and south
as they had a little above 10 days when rainy days had above 20 mm. The southern
part in those two years had a mean of 14 days while the northern part had a mean of
11 days (Figure 4.4). The trend shows that it is significantly rising in Oko (P-value
0.01) but is not significant in Isu (0.38) and Aguleri (0.39) though they are all
increasing. The rate of increase is 0.3 in Oko but 0.09 in Isu and 0.06 in Aguleri. The

increasing trend might likely lead to an increase in runoff and soil loss in the area.
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Figure 4.4. Number of rainy days with or above 20 mm of rainfall in each year

The plot of the 95™ percentile rainfall occurrences in the area was shown in Figure 4.5.
It can be deduced that there was a higher likelihood of extreme event occurrence in
Oko than in the other locations. Thus, the southern part experienced heavier rainfall
events than the northern part (Figure 4.5). Heavy rainfall events were the suppliers of
the force that erode the surface. It offers competence to the runoff and induces
infiltration-excess runoff that has a greater force to erode. This is in line with Ziadat
and Tiemah's (2013) assertion that intensity is one of the most important factors that
drive soil loss. Also, Roose (1977) agreed to this that intensity and antecedent soil
moisture drive erosion in tropical Africa. At this, it can be inferred that soil loss was
greater in the south than in the north. The trends of the 95" percentile of rainfall in the
area are shown in Table 4.3. It showed that they are all increasing in the area but none
was significant at a 0.05 confidence level. However, there was a higher chance for an
increase in Oko as there was a higher confidence in the p-value than in other locations
(Table 4.3). There was about 82/83 % confidence in the likelihood of an increase in

the trend in Oko. This foretells more soil degradation in the south.
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Figure 4.5. Plot of rainfall above the 95" percentile (extreme rains)

Table 4.3. Magnitude of the trend in the 95th percentile of rain

Sens slope  P-value Sens slope  P-value Sensslope P-value
95" % sum daily rain ~ 95™ % of total rain 99th  percentile total
rain
Isu 0.80 0.60 0.03 0.74 0.01 0.62
Aguleri  0.32 0.90 0.02 0.88 0.00 0.69
Oko 2.58 0.17 0.12 0.18 0.05 0.18

It (Figure 4.6) shows that the percentage of extreme rainfall has been high from 2003
to 2020. It also shows that the mid-1990s, mid-2000s, and later periods (2015-2019)
witnessed higher increases in extreme events (Figure 4.6). This indicated that the
erosivity and the competence of runoff would be high. The contribution from the very
extreme rainfall (Figure 4.6) showed that it has an increasing trend but it was not
significant. However, the significance level was higher in Oko as it can be said that at
82 % confidence level (Table 4.3), the very extreme rainfall is rising. This indicated
that there was a higher chance for high rainfall in the southern part and consequently
a higher erosivity. The rising trend was a warning signal for intensified conservation
efforts. This is because projections point to an increase in rainfall extremes on the

Guinea Coast of West Africa (Bichet and Diedhiou, 2018; Faye and Akinsanola, 2022;
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Sanogo et al., 2015). Again, it was established that intense rainfall and storms lead to
high soil erosion (Boix-Fayos et al., 2007). On this account, Roose (1977) adds that
10-20 % of such storms cumulated control the level of erosion in tropical Africa.
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Figure 4.6. Plot of the 99™ percentile contribution from the rainfall

The daily rainfall intensity was displayed in Figure 4.7. It revealed that the pattern of
the daily rainfall intensity was similar in all stations, though the likelihood of
occurrence of daily rainfall intensity was slightly higher in the south than in the north.
It showed that low intensity (below average) persisted in the 1980s until around 1990,
from when it became higher than average till around 2019 though with minor
fluctuations (Figure 4.7). The simple daily intensity index (SDII) also showed a
positive trend in all stations but was higher in the south (Oko). The trend is not
significant as the p-values were higher than the alpha value (Isu-0.52, Aguleri-0.97,
Oko-0.20). The rate of increase was also low (Isu 0.01, Aguleri-0.002, Oko- 0.02). The
SDII was obtained by dividing the total annual precipitation by the number of rainy
days. It shows that erosivity could be higher in the south than in the north since

intensity influences soil loss (Fang et al., 2015; Ziadat and Taimeh, 2013).
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Figure 4.7. Plot of the simple daily rainfall intensity (SDII)

4.1.4 Extreme five-day rainfall

The extreme 5-day rainfall in the area shows an increasing trend which is more
pronounced in the 2000s, from 2005 to 2018 (Figure 4.8). This rising trend indicate
high soil erosion as extreme events are associate with severe erosion. It shows a rate
of change of 2.5 mm (Aguleri), 1.5 mm (Isu), and 2.2 mm (Oko) per decade but they
are not significant. The trend is higher in Aguleri followed by Oko.
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Figure 4.8. Extreme 5-day rainfall (mm) in Anambra State
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Monthly rainfall anomaly, climatic water balance CWBAL, and soil moisture

The deviations from the monthly mean rainfall over the years showed that the dry
season months November to March and April, the month of the onset of the rainy
season had negative deviations. It showed that their mean rainfall was less than the
overall mean for the months while the core rainy season months were positive (May
to October). This nearly coincided with the period the soil was at field capacity or
saturated when the climatic water balance is positive (Figure 4.9). Thus, the rainfall
was above the potential evapotranspiration (PET). The climatic water balance revealed
that it was positive during the peak of the rainy season. It had a near-zero value for
April, the month of the onset of the rainy season. This means that the quantity of rain
accumulated in April was barely more than the potential evapotranspiration in the area.
The highest water balance occurred in September in the north but in July in the south
(Figure 4.9). There was a very strong positive correlation between rainfall and climatic
water balance in the area (0.998). It was an expected relationship as moisture content
increases with increasing rainfall which climaxes at the peak of the rainy season.
Runoff increases during the wet seasons in the humid tropics (Feddema, 1998). At the
peak of the rainy season and toward the end of the season due to super-saturation of
the soil, saturation-excess runoff and soil loss predominate. There is a significant
strong positive correlation between CWBAL and soil loss, and between soil moisture
and soil loss in Isu and Oko but not significant in Aguleri (Table 4.4). Feddema (1998)
added that estimated water balance might yield skewed results, so soil moisture
estimates should be used where possible. Therefore, soil moisture data was correlated
with soil loss and it yielded similar results. This shows that CWBAL data can be used
as proxy soil moisture data in the absence of actual soil moisture data. Thus, it implied
that as CWBAL or soil moisture increased, so did soil erosion increase in the area.
However, it was not significant in Aguleri indicating that other factors like
permeability suppressed the impact of CWBAL. The alluvial soil of the area is highly
permeable and erosion was very highly reduced in the area until very much later in the

season when the soil became super-saturated toward the end of the season.
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Figure 4.9. Climatic water balance in Anambra State: a. Isu, b. Aguleri, and c. Oko

Table 4.4. Correlation between CWBAL/soil moisture and soil loss

Location CWBAL Soil moiture

r p-value r p-value
Isu 0.66 0.02* 0.59 0.04
Aguleri 0.39 0.21 0.38 0.22
Oko 0.84 0.00%* 0.68 0.01

*significant at 0.05 significance level

Also, for the positive deviations, Oko had higher peaks than Isu and Aguleri which
shows that the southern part had heavier rainfall than the northern part. The high
atmospheric water balance entails high soil moisture due to net gain in moisture over
evapotranspiration in the area. All things being equal, the net gain will increase soil
moisture. As Feddema (1998) added, runoff increases with increasing water balance
during the wet season. Additionally, water surplus conditions increase with a decreased

soil’s ability to absorb excess rainfall (Feddema, 1998). Thus, the antecedent soil
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moisture will be higher in the south than in the north. The higher the soil moisture
content the higher the likelihood of saturation-excess erosion. Therefore, saturation-
excess runoft/soil erosion would likely be higher in the south than in the north.

The soil moisture in the area reflected the rainfall pattern (Figure 4.10). A weak
positive correlation exists between soil loss and soil moisture in the vegetated fallow
plots in Isu. However, a significant positive correlation exists between soil loss and
soil moisture (0.59 with a p-value of 0.04) in the 100 m? bare fallow plot. In Oko, it
had a significant strong positive correlation with soil loss in the big (0.68) and small
plots (0.72) with a p-value of 0.01 in both plots at Oko. However, at Aguleri, the
correlation was weak and not significant statistically (0.38 for the big plot) and (0.41
for the small plot) with p-values of 0.22 and 0.19, respectively. This showed that an
increase in soil moisture was accompanied by an increase in soil erosion in the area
though with a lower confidence in Aguleri. The Aguleri area was affected by high
permeability which implied that an increase in soil moisture might not always be
accompanied by a corresponding increase in soil erosion due to other local conditions.
However, once the soil reached saturation, the soil erosion became increasingly severe.
This was confirmed by field experiments in Aguleri. This was in line with studies that
antecedent soil moisture leads to an increase in soil erosion and runoff (Li and Fang,

2016; Sachs and Sarah, 2017; Sadeghi ef al., 2016; Ziadat and Taimeh, 2013).
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Figure 4.10. Soil moisture distribution in Anambra State: a. Isu, b. Aguleri, and ¢. Oko

4.1.5 Start and end of the rainy season

The mean start date of the rainy season in Isu was 2™ April, 9" April in Aguleri, and
19" March in Oko. The mean end date of the rainy season was 29™ October in Isu and
Aguleri but 1 November in Oko. The mean length of the rainy season was 210 days
in Isu, 203 days in Aguleri, and 227 days in Oko. The start dates and end dates of the
rainy season were critical to soil degradation due to the intensity of the rain during this
period of the year. The rains at these times were usually torrential and often
accompanied by thunderstorms. Thus, the erosivity of the rain was high and the
generated runoff had high power or competence and therefore has the potential to erode.
However, the susceptibility of the soil to erosion was always higher toward the end of
the rainy season than at the onset in the equatorial belt. This is because at the start of
the season, the soils are usually compact while at the end of the season, the soil is

highly disturbed due to harvest, saturated and so is more vulnerable to erosion. This is
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in contrast to the findings of Fang et al. (2015) and Mounirou et al. (2022) findings
that erosion is higher at the onset of the rainy season. However, they worked in semi-
arid areas where soils are highly disturbed and bare during the dry season. In addition,
Nill et al. (1996) opined that erosion is higher on wet soils than on dry soils and soils
at the end of the rainy season are super-saturated. Thus, little intense rain generates
runoff and soil erosion as infiltration is drastically at its minimum due to super-
saturation. Thus, antecedent soil moisture is important in driving soil erosion and

runoff as intensity alone might be not enough to cause severe soil loss.

The start of the rainy season in the area tends towards later dates (Table 4. 5, Figure
4.11). That means that the rainy season starts later than it did previously. This portends
danger to agriculture and soil degradation. Ata 99 % confidence level, the rising trend
in start dates of the rainy season is significant in Isu but Aguleri (94 %) and was not

significant in Oko (Table 4. 5).
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Figure 4.11. Start and end of the rainy season in Anambra State

The end dates of the rainy season had rising trends; however, they were all not
significant. This means that the rainy season ends at later dates nowadays than in the

past. The later end of the rainy season is not good for agriculture and soil erosion. The
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later end of the rainy season will impact erosion as rain of higher intensities is expected
toward the end of the season and hence, much more havoc is expected with such a

trend.

Table 4. 5. Trend test for the start, end and length of the rainy season

Isu V4 tau Sens slope p-value S var
Start 2.67 0.29 0.29 0.01 230.00 7329.33
End 1.14 0.13 0.05 0.25 98.00 7245.33
Aguleri Z tau Sens slope p-value S var
Start 1.87 0.21 0.27 0.06 161.00 7341.00
End 0.74 0.08 0.03 0.46 64.00 7276.67
Oko V4 tau Sens slope p-value S var
Start 0.47 0.05 0.05 0.64 41.00 7315.67
End 0.16 0.02 0.00 0.87 15.00 7283.67

The earliest start date of the rainy season in the area was 21% January (Isu, 2009), 21%
January (Oko, 2009), and 12" March (Aguleri). The latest start dates of the rainy
season were the 30" of April (Isu, 2006), the 15" of April (Oko, 2011), and the 18th
of May (Aguleri). The most recurring start dates of the rainy season were 14" April
(Isu), 11" April (Oko), and (Aguleri). The most recurring end dates of the rainy season
were 2" November (Isu), 1% November (Oko), and 1% November (Aguleri). The later
date of the end of the rainy season impacts soil erosion as the rainfall in the area
experiences higher intensities toward the end of the rainy season. It generates more
soil loss given that the soil is saturated at this period of the year. For it is reported that
soil erosion is higher on wet soils (Nill et al., 1996). Additionally, most soil losses
occur with rainfall of high intensities (Fang et al., 2017; Yuan et al., 2021; Ziadat and
Taimeh, 2013). The late onset has implications on the runoff and soil loss. It has been
argued that soil loss is higher at the onset of the rainy season (Fang et al., 2015).
However, this does not hold in all environments as erosion at this stage is detachment-
limited except where the soil is disturbed. However, the generated runoff is expected

to be high due to the high rainfall intensity at this time owing to soil sealing and the
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associated low infiltration. Therefore, knowledge of the start and end dates of the rainy

season is vital for erosion and soil conservation planning.

4.1.6 Rainfall trend

The test for autocorrelation shows that there was no autocorrelation in the annual and

seasonal rainfall except for the monthly distribution (Figure 4.12Figure 4.13Figure

4.14). Thus, the modified Mann-Kendall package and test were used for the monthly

data applying the pwmk () function in R (Yue and Wang, 2004, 2002).

ACF

10

Avwwka rainfall (mm)

T T T T
10 15 20 25

Lag

ACF

10

00

Aguleri rainfall (mm)

N

B ﬂ

T
o =

T T T T
10 15 20 25

Lag

ACF

10

Oko rainfall (mm)

nm

Ik

T T T T T
o = 10 15 20 25

Lag

Figure 4.12. Autocorrelation plots of the monthly rainfall data in Anambra State
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Figure 4.13. Autocorrelation plots of the annual rainfall in Anambra State
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Figure 4.14. Autocorrelation plots of the seasonal rainfall in Anambra State

The trends were run for the monthly, seasonal and annual rainfall of the area (Tables
4.6; 4.7). The trends were not significant for the rainfall distribution irrespective of the
temporal scale. The monthly trend was positive for all locations. The rate of increase
in the monthly rainfall was 0.01 mm in Isu and Oko but 0.002 mm in Aguleri. The
annual rainfall trend was positive at all the locations with a rate of increase of 16.3 mm
(Aguleri), 18.6 mm (Isu) and 42 mm (Oko) (Table 4. 6). The rate of increase was higher
in the annual than in the monthly trend. In any case, the trends for both monthly and

annual rainfall were not significant.

Table 4. 6. Trends of monthly, and annual rainfall in the area

Monthly Z tau OSen NSen p-value var

Isu 037 0.011 0.01 0.01 0.71 12249467.00
Aguleri  0.07 0.002 0.01 0.002  0.94 12249467.00
Oko 032 0.01 0.02 0.01 0.75 12249467.00

Annual Z tau Sens slope p-value var

Isu 0.45 0.05 1.86 0.65 7366.67
Aguleri  0.55  0.06 1.63 0.58 7366.67
Oko 1.25 0.14  4.20 0.21 7366.67
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*O Sen is old Sens’s slope, N Sen is new Sens’s slope, var is variance

Table 4. 7. Trend analysis in seasonal rainfall

DJF V4 tau Sens slope  p-v var

Isu 1.03  0.11 0.39 0.31 7365.67
Aguleri 1.31 0.14  0.12 0.19 7363.67
Oko 1.14 0.13  0.54 0.25 7365.67
MAM

Isu -0.36  -0.04 -0.46 0.72 7366.67
Aguleri -0.69 -0.08 -0.17 0.49 7366.67
Oko -0.09 -0.01 -0.12 0.93 7365.67
JJA

Isu -0.15 -0.02 -0.20 0.88 7366.67
Aguleri 0.20 0.02  0.09 0.84 7366.67
Oko 0.57 0.06 1.86 0.57 7366.67
SON

Isu 1.15 0.13 1.37 0.25 7366.67
Aguleri 0.55 0.06 0.29 0.58 7366.67
Oko 1.39 0.15  2.00 0.17 7366.67

**7 1s the test statistic, tau is a correlation, p-v is the P-value, and var is variance.

The trend test indicated a rising trend for rainfall in all the seasons except March-April-
May (MAM), though none of the trends was statistically significant at a 95 %
confidence level. Several studies have reported declining March to May rainfall
elsewhere in the tropics (Gebrechorkos et al., 2023, 2019; Nicholson, 2018). This
might result in less erosion severity during this period. However, the SON season had
a higher trend with a higher confidence level (83 %). The slope indicates that the SON
rainfall of Isu and Oko increased by 13.7 and 20 mm per decade, respectively while
the Aguleri SON rainfall increased by 2.9 mm per decade (Table 4. 7). The rate of
increase in the JJA season was 18.6 mm in Isu and Oko per decade but 0.9 mm per
decade in Aguleri (Table 4. 7). The increase in rainfall in these two seasons had a lot
of implications on the seasonal erosion patterns. The JJA is the peak of the rainy season,
a period when the soil is at field capacity or saturated. The SON is the post-little dry

season and marks the end of the rainy season. It is a season associated with intense
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storms and high rainfall that implies more severe erosion in the area. The seasonal
rainfall pattern indicated that attention should be given to the seasonal patterns of

rainfall in the management of soil erosion in the area.

Anambra State is one of the States with the highest density of road networks, high
population density and other artificial surfaces that service the urban population. As
such, the rate of urbanization is negatively influencing the climate and land cover of
the area as well as the magnitude of soil erosion. It is the State with the worst soil
erosion scenario in Nigeria (NEWMAP, 2015) and the trend needs to be arrested before
the whole area is eaten up by soil erosion and degradation. With the acknowledged
impact of erosivity on soil erosion, the increasing trend is an indication of increasing
soil degradation. It has been asserted that soil erosion increases with increasing rainfall
intensity and duration (Zhao et al., 2021; Ziadat and Taimeh, 2013). Thus, increasing
rainfall in the area points to increasing soil erosion for it has been shown that most of

the soil erosion in Africa is attributable to high erosivity (Roose, 1977).

4.2 Soil characteristics and in-situ soil loss measurement in the field

4.2.1 Soil characteristics

4.2.1.1 Soil strength parameters.

The results of shear strength parameters indicate low to moderate strength. The Mohr-
Coulomb failure envelope (Figure 4.15, Appendix 4), was used to represent the shear
strength of soils. Both the angle of internal friction and cohesive forces are critical to
determining the shear strength of the soils in the area though they vary spatially across
the area. The Mohr circles of sands and gravels pass through the origin due to high
permeability and they are cohesionless and well-drained (Figure 4.15b). From the
result, location one has more fines, and so the effective stress/shear strength envelope
cut an intercept away from the origin. However, locations 6, 7, 10, 12, and 27 have

very low quantities of fines and so their effective shear strength envelopes pass very
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close to the origin (Figure 4.15b, Appendix 4). Such soils with little fines have a
cohesion of 0 — 1 kpa and their shear strength parameter of interest is their internal
angle of friction. Locations 11, 16, and 18 are non-plastic. That shows they have no or
insignificant quantities of fines. Thus, they are soils with good aeration and high

permeability. They too have increased soil strength due to their high infiltration rate.

The soils in locations 1 and 3 (Umunze) are more cohesive than the other areas. The
shear strength is shown to correlate with bulk density, and permeability according to
Duncan et al. (2014). An apt understanding of the soil strength is critical to a veritable
slope stability analysis (Duncan et al., 2014). The locations with high cohesion are
also locations of high dry density, high moisture content and compact soil texture. This
corroborates Wei et al. (2018) and Horn and Albrechts (2002) that soil strength is
influenced by moisture content, soil texture and structure. The higher cohesive soils
have higher quantities of fines than the cohesionless soils whose cohesive force is close
to zero. Soils of poor strength are at the liquid limit (Arora, 2008). This shows that
locations 12 and 27 and others with low fines and cohesion are at the liquid limit. Thus,
locations 1 and 3 have high fines and high plasticity (Appendix 4) according to Sowers
and Sowers (1970). This shows that locations 1, 2, 3 and others with high fines are
cohesive soils and so are associated with problems due to their expansive nature

(Mugagga et al., 2012). Thus, they are highly erodible soils especially when wetted.
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Figure 4.15. Linear relationship between soil cohesion and angle of internal friction

The Atterberg limits of soils are affected by the presence of clay minerals and other
dynamic factors such as pH, temperature, cation exchange capacity, and quantity of
cations (Polidori, 2007). Increasing salt concentration leads to a decrease in the LL of
montmorillonite minerals (Polidori, 2007). Soil strength is also influenced by moisture
content (Fasinmirin et al., 2018; Han et al., 2020). The LL in the area varies from 27
to 38 % which indicates they are likely to fail as posited by Mugagga et a/.(2012) that
soils with LL above 25 % are more likely to fail due to the expansive nature of such
soils. According to Casagrande’s (1932) Plasticity chart, most of the soils in the area
are inorganic clay of low to medium plasticity (Casagrande and Fadum, 1940).
Appendix 2 shows that the soils in the area have the potential to fail as they possess an
expansive nature. Also, a positive correlation exists between high plasticity and fine-

grained inorganic clay (Cerato, 2001). According to Bell's (2007) classification, the
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soils in the area fall in the low category of plasticity. However, the southern part has
higher plasticity. Soils with high PI tend to be clayey but those with lower PI are likely
silty and those with zero PI are non-plastic (Sowers and Sowers, 1970). The
vulnerability of soils with clay is worsened by their low permeability (Wati et al.,
2010). As a result, pore pressure builds up during the rainy season. Again, as soil
saturates, shear strength reduces due to a rise in pore pressure and loss of cohesion
(Biscontin et al., 2004; Rao, 1996). Thus, soils in the southern and central parts of the
area are more susceptible to failure and erosion due to their high quantities of fines,
especially during the rainy season when pore pressure increases. Compaction increases
soil strength due to farm machines use which decreases the moisture content (Hamza
and Anderson, 2005). This is worsened by low SOM and overgrazing with the
attendant poor vegetal cover that decreases soil fertility. Hence, machine use in
agriculture alters the soil’s physicochemical properties, worsens runoff generation and
erosion (Hamza and Anderson, 2005; Woldeyohannis et al., 2022). Thus, farmers’ use
of tools and machines for ploughing and weeding affects the soil strength, and might

aggravate erosion.

4.2.1.2 Moisture content, dry density and permeability

Compaction improves the dry density of the soil. Figure 4.16 and Appendix 3 show
the compaction curves of the soils. The soils of the area have very poor to fair MDD
while locations 1-3 (Umunze) have the poorest MDD. The soils at locations 1, 2,3,21,
24, and 27 have high moisture retention and so have high fines. Low moisture content
reduces cohesion and makes such soils detachable (Isikwue et al., 2012). This is
because cohesion is correlated with porosity and thus invariably influences the shear
strength of soils (Chen et al., 2020). Expansive soils are known to be low in alkaline,
dry density but high in fines and moisture content and directly correlate with
erodibility (Regazzoni et al., 2008). The OMC suggests that the soil has moderate to
high moisture-holding capacity (Figure 4.16, Appendix 3). Thus, most of the soils of
the area are highly erodible. Location 1 (Umunze) as shown below has the highest

OMC but lowest MDD and is thus more likely to fail (Figure 4.16). Thus, soils with
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more clay content tend to have higher OMC. As the degree of saturation increases at a
given dry density, the shear strength decreases (Yoshida et al., 1991). Thus a decrease
in MDD is an indication of soil weakness (Eltaif and Gharaibeh, 2008). Further, MDD
has a negative relationship with liquid limit (KS ez al., 2015). This supports the earlier
statement that locations 1-3 are more likely to fail. Since changes in dry density
correlate with macropore distributions (Yu et al., 2019). According to Emesiobi (2000),
the soils of the southern part fall in the poor class of MDD but elsewhere, it is in the
fair class. Thus, compaction improves soil's MDD, minimizes the moisture content and
so improves its strength and therefore makes them more resistant to erosion. This is
because factors like dry density, grain size and moisture content influence the

erodibility of soil (Al-Madhhachi ef al., 2013; Regazzoni et al., 2008).
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Figure 4.16. Relationship between OMC and MDD in Anambra State.

Permeability describes the relative ease or otherwise for which soil can transmit water
under pressure. High permeability is associated with soils with low moisture content
and reduced cohesion (Isikwue et al., 2012). Following the permeability coefficient
classification of Arora (2008), the soils of the area fall under the fair class except for
location 1 (Umunze) which is poor (Table 4. §). The ranges of the coefficients indicate
most of the soils have high quantities of sand (Elhakim, 2016). Soils with much fines
are more likely to fail due to the high water retention capacity (Mugagga et al., 2012).

The larger the grain size, the higher the permeability of such soils. This is because
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permeability correlates with the square of soil particle size (Nelson, 1994). The soil at
location 1 (Umunze) has the lowest permeability coefficient (Table 4. 8) followed by
those of locations 2 and 3. Permeability determines how water moves within soil pores
(Terzaghi et al., 1996). Thus, soils with high permeability have a low moisture content
and so, are less cohesive when moist (Isikwue ef al., 2012). Permeability varies with
soils and is lowest for soils rich in fines and clay (Casagrande and Fadum, 1940;
Johnson, 1963). Thus, soils in locations 1-3 are highly susceptible to erosion and
failure due to their high water retention capacity which is in line with Mugagga et al.

(2012) findings.

Table 4. 8. Soils, their classes and the permeability

S/No. SOIL PHYSICAL DESCRIPTION. K - (mm/Sec)
1 GRAYISH BROWN CLAYEY SOIL. 9.97E-05
2 REDDISH BROWN SANDY SOIL. 0.001273
3 REDDISH BROWN SANDY SOIL. 0.001333
4 LIGHT BROWNISH SANDY SOIL. 0.001692
5 REDDISH BROWN SANDY SOIL. 0.001437
6 REDDISH BROWN SANDY SOIL. 0.001633
7 REDDISH BROWN SANDY SOIL. 0.001292
8 LIGHT REDDISH BROWN SANDY SOIL. 0.00178
9 REDDISH BROWN SANDY SOIL. 0.001948
10 DARK BROWNISH SANDY SOIL. 0.001681
11 BROWNISH SAND. 0.010086
12 YELLOWISH SANDY SOIL. 0.004807
13 BROWNISH SANDY SOIL. 0.002449
14 REDDISH BROWN SANDY SOIL. 0.001792
15 REDDISH BROWN SANDY SOIL. 0.002585
16 BROWNISH SAND. 0.010498
17 REDDISH BROWN SANDY SOIL. 0.002956
18 YELLOWISH SHARP SAND. 0.013537
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19
20
21
22
23
24
25
26
27
28
29
30

BROWNISH SANDY SOIL.

REDDISH BROWN SANDY SOIL.
REDDISH BROWN SANDY SOIL.

BROWNISH SAND.

REDDISH BROWN SANDY SOIL.
REDDISH BROWN SANDY SOIL.
REDDISH BROWN SANDY SOIL.
REDDISH BROWN SANDY SOIL.
REDDISH BROWN SANDY SOIL.
DARK BROWNISH SANDY SOIL.

BROWNISH SAND.
YELLOWISH SANDY SOIL.

0.002450
0.001791
0.002585
0.030497
0.002955
0.002438
0.001676
0.001805
0.002307
0.001680
0.010087
0.004810

4.2.1.3 Particle size distribution, dry bulk density and chemical attributes

The particle size distribution (PSD) tests show the soils have high sand content. High
sand content of the soil with low fines favours failures in the area. The soils have much
sand, little gravel, and a fair quantity of fines. However, the particular fines could not

be distinguished for most of the soils as the analysis method was sieve analysis and so

could not isolate the finest materials.

From Figure 4.17, we see that the dominant soils in the area are variants of loamy soils

with high quantities of sand. The soil at Ufuma is nearly poorly graded as it has very

few quantities of fines (Figure 4.17).
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Figure 4.17. 1Soil texture triangle for Anambra State

This shows that the soils of the area have moderate resistance to erosion. The soils at
Oko are loamy to sandy loam (Figure 4.17). At Ufuma, it is loamy sand while other
locations have sandy loam (Figure 4.17). However, the soils at Oko have a higher

percentage of fines than those at the other locations (Figure 4.17).

The bulk density of the soils varies with location and organic matter content. The bulk
density ranges from 1.34 to 1.40. This shows that the soils are mainly sand to sandy
loam intercalated with fines (Figure 4.17). The areas with higher bulk densities are
areas of low organic matter content, carbon content, and low infiltration (Chaudhari et
al., 2013). These are areas that are highly compacted and impervious and are thereby
likely to generate higher runoff that aggravates erosion (Saffih-Hdadi et al., 2009).
However, the contrary holds in the area in that soil erosion is higher in the locations
with lower bulk densities and high SOM. The high bulk density areas might generate

higher runoff but lower soil loss due to less erodible geology.
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Table 4. 9. Physico-chemical results of soil samples in the area

PARAMETER UNIT 1 2 3 4 5 6 7 8

pH - 8.3 8.5 8.4 8.4 8.3 8.6 8.3 8.2
Organic matter gkg' 12.66 16.71 16.53 1031 1241 1435 1031 12.44
Carbon gkg! 841 946 936 621 728 724 63 7.31
CaCOs % 1.03 1.03 08 070 023 0.71 0.70 0.23
Bulk density ~ g/em® 1.34 135 138 139 1.4 1.4 1.4 1.4

The chemical analysis showed that Oko soils have high quantities of CaCO3 followed

by Ufuma. This shows that soils in the south have higher quantities of alkaline minerals

than the other parts. Alkaline content, SOM, and SOC influence soil texture and
erodibility (F Hassan, 2012; Nill ef al., 1996; Ostovari et al., 2022). This is also

confirmed by the results of the pH (Table 4. 9). Soil organic matter content (SOM) is

higher in the southern soils than in the other parts (Table 4. 9). There is a positive

correlation between SOM and soil loss (Table 4. 10). A positive correlation exists

between SOM and SOC. Also, studies show the existence of a correlation between

SOM and OMC and SOC (Holtz and Krizek, 1970) but the MDD decreases (Abdi et

al., 2018). More on the relationships between soil losses and soil attributes are shown

in Table 4. 10.

Table 4. 10. Correlation between soil attributes and soil loss

pH SOM SOC CaCO3 S. loss slope
pH
SOM 0.53
SOC 0.44  0.95*%(0.004)
CaCO3 0.66  0.37 0.50
S.loss  0.05  0.91*(0.01) 0.86*(0.03) 0.53
BD. -0.49  -0.63 -0.81* (0.05) -0.85* -0.87* -0.89*
(0.03) (0.02) (0.02)
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*significant at 0.05 confidence level. The p-value is in bracket for the significant ones.

The results (Table 4. 10) contrast the findings from the literature that soil loss decreases
with increasing SOM, SOC, and CaCO3 (Borrelli et al., 2016; Sakin, 2012). For
increasing SOM and SOC leads to improved soil structure, and infiltration but reduces
the bulk density (Carter, 2002; Sakin, 2012). Also, increased SOC is correlated with
porosity and so leads to a decrease in soil erosion (Borrelli et al., 2016). This holds
when each plot was considered. For instance, at Oko, the bare plot (S1) had a lower
erosion rate at the inception of the experiment due to the high SOM but with time, the
top organic matter became depleted and erosion became accelerated. Unlike on the
small tilled plot (S2) where the erosion was intense right from the onset of the
experiment because tillage disturbed the soil and upturned the SOM. However,
considering the whole State, soil loss was lower on Isu plots but runoff was high which
is due to its location on the less erodible Imo clay shale and low slope. In Aguleri, the
soil loss and runoff generation were very low from inception due to its high
permeability but when it reached saturation towards the end of the season, the soil
erosion became severe. In all, it shows that differences in slope played a stronger role
in influencing soil erosion than the SOM in Anambra State. This is because, the high
slope of Oko had higher soil loss irrespective of having higher SOM while the low
slope of Isu-Aniocha had a lower SOM and lower soil loss. Therefore, the role of SOM

on soil loss is better appreciated when comparison is for plots on similar slopes.

The BD had a negative correlation with SOC, SOM, CaCQO3, slope, and erosion. It had
a statistically significant relationship with CaCO3, slope, SOC, and soil loss but a non-
significant relation with SOM. This is in line with related research (F Hassan, 2012;
Ostovari et al., 2019). Also, in a related study, BD was found to have a negative
relationship with erodibility (Chaudhari et al., 2013; Deng et al., 2016; Peng et al.,
2022; Zhu et al., 2022). That is, high BD was accompanied by low erodibility and vice
versa. Peng ef al. (2022) showed that soil detachment decreased exponentially with
increasing bulk density and aggregate stability. The result of the BD showed that soils
in the eastern and northern parts are less erodible compared to southern soils. However,

a counter-argument shows that soils with high BD are more erodible because increased
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BD was accompanied by low SOM, poor soil structure, and compact soil with low
porosity and vegetation cover (Al-Shammary et al., 2018; Keesstra et al., 2016;
Tanveera et al., 2016). This was supported by the study that bulk density has a negative
relationship with soils with much fines like silt and clay (Khan ez a/., 2013; Wang and
Shao, 2013). Silt soils are known to be highly susceptible to erosion, and bulk density
negatively correlates with soils with high quantities of fines. It implies that the
relationship of bulk densities to soil loss is complex and varies with locations. This
variation might be partly because density changes temporally (Kodiwo et al., 2014).
The presence of SOM and SOC increases surface roughness and it is associated with
low densities, improved infiltration, and less runoff and soil loss (Chaudhari et al.,
2013; Du et al., 2022). This is location-dependent and also depends on the factors at
work in the area, so it should be interpreted with caution for it can be influenced by
the area’s geology, soil and slope. Thus, the locations with high BD are on Imo clay
shale which was less erodible compared to the more erodible friable Nanka sands
which dominate the southern and central parts of the study area. Bulk density is a
dynamic property. For instance, tillage may increase soil porosity and reduce bulk
density, however; in the long run, cultivation will lead to increased bulk density
(Arunrat et al., 2022; Villarino et al., 2017). This is because, tillage depletes SOM, and
aggravates soil structure thereby leading to low porosity and high bulk density (Lyon
et al. 1952 cited by Murphy et al.(2004).

4.2.2 In-situ soil loss measurement
4.2.2.1 Soil Loss from the runoff plots: overview

The runoff generated in the bare fallow agricultural land is much higher than that from
the vegetated fallow agricultural land in Isu (Figure 4.18, Table 4. 11). The estimated
soil loss from the bare fallow big plot was 0.09 kgm?mon™ (0.49 kg m?) while the
vegetated fallow big plot was 0.01 kgmmon™ (0.007 kg m?) (Figure 4.18). Also, the
runoff from the bare fallow big plot was 4.02 mm mon™! (21.69 mm) compared to 0.67

mm mon™' (3.62 mm) from the vegetated fallow big plot (Figure 4.18, Table 4. 11).
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The soil loss from the bare fallow small plot was 0.12 kgm2mon™ (0.30 kg m?)
while it was 0.01 kgm?mon' (0.003 kg m™2) from the vegetated fallow small plot.
The runoff from the bare small plot was 3.00 mm mon™' (15.64 mm) while from the

small vegetated fallow plot was 0.22 mm mon™' (1.14 mm) (Table 4. 11).
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Figure 4.18. Linear relationship between rainfall and soil loss/runoft at Isu.

Soil loss in Isu 100 m? a. bare plot, b. vegetated plot, Runoff in Isu 100 m? a. bare plot, and d.
vegetated plot

The rainfall generated in the plots within the study frame was 1286.6 mm in Isu (big
plots) (Table 4. 11). The correlation between rainfall and soil loss was 0.80, and runoff
with rainfall was 0.82 for the Isu big bare fallow (Figure 4.12). The runoff and soil loss
for the same plot has a correlation coefficient of 0.91 (Table 4. 12). The small plots are

shown in Figure 4.19 and Table 4. 12.



The soil loss per millimetre (mm) of rain in the big bare fallow was 0.04 kg/mm, 1.69
I/mm of runoff per unit of rain, and 0.02 kg/1 of soil loss per unit runoff. It was 0.01
kg/mm of soil loss per unit of rain in the vegetated fallow, 0.28 I/mm for runoff per
unit of rain, and 0.02 kg/1 of soil loss per unit of runoff. In the small plots, it was 0.03
kg/mm for soil loss per unit of rain, 0.64 I/mm of runoff per unit of rain, and 0.04 kg/1
of soil loss per unit runoff for the bare fallow plot. In the vegetated small plot in Isu,
it was 0.002 kg/mm of soil loss per unit of rain, 0.05 I/mm of runoff per unit of rain,
and 0.05 kg/l of soil loss per unit runoff.
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Table 4. 11. Soil loss and runoft generated in the plots during the 2022 rainy season

plot Rainfall (mm/mon)  Soil loss (kg m~mon™)  Runoff (mm mon™)
Isu big DP 238.2 0.09 4.02

Isu big UP 238.2 0.01 0.67

Isu small DP 233.4 0.12 3.00

Isu small UP 233.4 0.01 0.22

Aguleri big plot 439.5 0.36 4.19

Aguleri small plot  517.6 0.46 2.52

Oko big plot 200.5 0.74 -

Oko small plot 200.5 1.24 -

Table 4. 11 shows the mean soil loss and runoff per month for the period of the
experiment. The runoff and soil loss from the plots at Aguleri also varies with the plot’s
size (Figure 4.19). The runoff and soil loss from the big plot were 4.19 mm/mon
(1843.25 litres) and 0.36 kgm™mon™! (1.60 kg m), respectively (Table 4. 11). The
relationship between soil loss, runoff and rainfall is shown in Table 4. 11. The soil loss
per unit of rain in the Aguleri big plot is 0.08 kg/mm, 0.95 I/mm of runoff per unit of
rain, and 0.09 kg/1 of soil loss per unit of runoff. In the small plot, it is 0.04 kg/mm of
soil loss per unit of rain, 0.24 1/mm of runoff per unit of rain, and 0.18 kg/1 of soil loss

per unit runoff.
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Table 4. 12. Correlation between rainfall and soil loss, and runoff

Isu 100 m? r p-v Adjr*  Isu50 m? r p-v Adj 12

DP_runoff 0.82 2.2e-16 0.63 DP_runoff 0.80 2.2e-16 0.59

DP_soil loss 0.80 2.2el6 0.59 Dp_soil loss 0.68 2.2e-16 0.39

UP_runoff 0.85 2.2e-16 0.70 UP_runoff 0.82 2.2e-16 0.65
UP soil loss 0.65 1.65e-15  0.35 UP soil loss 0.60 1.43e-13  0.33
Aguleri 100 m?> r p-v Adjr2  Aguleri50 m*> r p-v Adjr2
Runoff 0.79 2.2e-16 0.57 Runoff 0.72 2.2e-16 0.46
Soil loss 0.59 5.77e-11  0.32 Soil loss 0.56 8.21e-09  0.25
Oko 100 m? r p-v Adjr2  Oko 25 m? r p-v Adj 12
Soil loss 0.69 0.065 0.19 Soil loss 0.76 0.018 0.33

*DP is disturbed plot, UP is undisturbed plot, p-v is P-value, r is correlation coefficient, Adj
12 is coefficient of determination.
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Figure 4.20. Linear relationship between rainfall and soil loss/runoff in Aguleri

*Soil loss in Aguleri: a. 100 m? plot, b. 50 m? plot, Runoff in Aguleri: a. 100 m? plot, d. 50 m?
plot

The estimated soil loss from the Oko big plot was 0.74 kgm?mon™! (2.50 kg m?) (Table
4. 11). The quantity of soil loss per unit of rain in the Oko big plot was 0.37 kg/mm,
but 0.15 kg/mm for the small plot. The relationship between rainfall and soil loss is in

Figure 4.21.
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b. 25 m? plot
4.2.2.2 Assessment of soil loss from the rain events that generated erosion

The rainfall amount per day was cross-checked for the events that generated runoff,
and the events that generated soil loss. This was done to understand the impact of the
rainfall amount per day on the dynamics of soil loss in the area. Therefore, the rain

events that did not produce runoff and soil loss were isolated. Those that generated
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runoff but had no soil loss were isolated. Thereafter, the rain events that generated

runoff and soil loss in each plot were known.

4.2.2.3Tsu 100 m? plots (the big bare fallow and vegetated fallow).

The daily rainfall events that generated runoff and soil loss was 59.38 % of the rain
events. Then, 6.25 % produced runoff and trace soil loss. It generated runoff of 13.5
litres from 30.8 mm while 34.38 % of the rains produced no runoff and, therefore no
soil loss as well. None of the rains that generated no runoff was above 10 mm except
12.4 mm on 10/9 which was likely due to the 4-day dry spells that preceded it. Other
related events were 9.9 mm rain and 9 mm rain on September 16™ and 26", respectively,
followed by 4 days of dry spells. Antecedent moisture content played a role in their
inability to generate runoff. The 22 rainfall events that produced no runoff had 113.5
mm of rainfall. The rain events that generated runoff but trace soil loss was small in
amount to produce soil loss. For instance, 2 events on July 29" had 6 mm of rain but
were preceded by 65 mm of rain the previous day. It supposedly had antecedent soil
moisture enough to generate runoff and soil if the rain had been of substantial quantity.
The event on September 21% with 7.8 mm had 40.9 mm of rain preceding it, yet it
could not produce soil loss. The one on September 4" with 9.1 mm did not produce
soil loss because it was preceded by rainfall of only 7.9 mm. It was likely insufficient
to wet the soil as it was itself preceded by 3 days of dry spells. The highest soil loss
generated was in October (47.66 %). It was 16.43 % in June, but decreased to 13.62 %
in July, 11.74 % in August, and further decreased to 10.54 % in September. The soil
loss here clearly followed the rainfall pattern of the year. The rainfall of the year was
small in Isu compared to previous years and its dynamics differed too. For instance, it
used to rain heavily in late August and September after the end of the little dry season.
However, the little dry season prolonged this year such that the rainfall in September
was smaller than that of August, unlike previous years. The runoff generated was
12.09 % in June, 14.50 % in July, 10.21 % in August, 8.94 % in Sept, and 54.25 % in
October. In all, 42.98 g/mm (of soil loss per mm of rain) was generated in the bare

fallow plot while it had 22.77 g/litre due to its accompanying runoff.
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In the vegetated fallow, 40.63 % of the rains produced runoff and soil loss. 42.19 %
had no runoff or soil loss while 17.19 % generated runoff with trace soil loss. Most of
the rains above 10 mm generated runoff except on 10/9 (12.4 mm) and 31/7 (11.9 mm).
The 10/9 event had 3 days’ dry spells before it while the 31/7 event had no dry event
but the rain events that preceded it were too small to wet the soil (6mm and 3 mm).
The soil loss per rain here was 7.45 g/mm with 20 g/litres of soil loss per unit runoff
in the class that generated soil loss. The 11 rainfall events that generated runoff but no
soil loss had 184.4 mm of rain with a runoff of 20.64 litres. The rains that generated
no runoff had 151.5 mm of rain. The soil loss decreased from June to October. It was
56.15 % (June), 32.49 % (July), 2.11 (Aug), 0.06 (Sept), and 5.62 % (October). The
soil loss was least in September followed by August, and October. It shows it nearly
followed a similar pattern to that of the bare fallow. However, the effect of vegetation
on soil loss is apparent. The soil loss decreased with time as the vegetation blossomed
with time. It was less in September due to decreased rainfall amount this September
2022 unlike what is usual for the month and also due to protection from vegetation.
September and late August used to have high intensity rain as they are post-little dry
season months that do have intense storms but this year was unusual. Also, October
had reduced runoff despite increased rain storms due to protection from the vegetation.
The runoff also decreased from June to September and then increased in October. Thus,
June had 23.90 %, July (23.29 %), August (14.46 %), Sept (0.88 %), and October
(37.47 %) in Isu vegetated big plots. Although, vegetation limits erosion, this ability
1s weakened at certain rainfall intensities (Chen et al., 2018; Ge et al., 2023; Wu et al.,
2020). Again, in line with Boix-Fayos et al. (2006) assertion that soil loss reaches
exhaustion over the years in a given plot, exhaustion can be reached within a year on
less erodible soils because soil erosion is load-limited, and devoid of any serious
disturbance, soil loss decreases over time. Thus, on weak and erodible soil, the
exhaustion might not hold even after a long while. However, this calls for more

research to validate it on very weak and resistant soils over longer periods.
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4.2.2.4 Isu 50 m? plots (the small bare fallow and vegetated fallow).

In the bare fallow plot, all rains above 10 mm had runoff except 11.9 mm (31/7) event
despite the previous days having rain. However, the rain was too small to wet the soil
as it was 3 mm of rain. On 10" September, there was 12.4 mm of rain but did not
generate runoff because it was preceded by three days of dry spells. About 25 rain
events had no runoff with total rainfall of 176.4 mm, about 44.64 % of the rain events.
The 3 events that had runoff but trace soil loss produced runoff of 4.58 litres. The rains
that produced runoff and soil loss are 50 % of the rain events. The rain events that
generated runoff and soil loss had a 30.44 g/mm (of soil loss per mm of rain). It also
had 39.29 g/litres (of soil loss per litre of runoft).

The rainfall events that generated runoff but no soil loss is attributed to the effect of
antecedent soil moisture on soil erosion. For instance, 65 mm recorded 1.6 litres of
runoff but no soil loss because it was preceded by two days’ dry spells from 251 — 28®
July. Again, rainfall of 40.9 mm on 20™ September had no soil loss due to a low runoff
of 0.6 litres as it was preceded by a 3-day dry spell from 17" -20™" September. This
year’s rainy season was peculiar and different from the usual temporal pattern. The
later period of the year, that is, the post-little dry season is usually accompanied by
rain events of high intensity. However, this year’s little dry season prolonged beyond
what was usual for the area. From June to 27" August, 56.07 % of rain, 28.74 % of
runoff, and 21.14 % of soil loss were generated. From 29" August to 24™ October, it
generated 43.93 % rain, 71.25 % runoff, and 78.86 % of soil loss. This shows the
impact of antecedent moisture and the intensity of rain on the generation of runoff and
soil loss. A 56.07 % of rain generated less soil and runoff than 43.93 % of rain. The
variables increased from June to July; rain from 217.1 mm to 227.1 mm, runoff from
64.9 litres to 109.9 litres, and soil loss from 921.3 gto 4516.5 g. It decreased in August
to 162.5 mm, 70.32 litres, and 1545.9 g respectively. In September, rainfall decreased
to 80.7 mm, but runoff increased to 95.25 litres, and soil loss increased to 5233.2 g
which also increased in October to 313.2 mm of rain, 434.8 litres runoff, and 18242.5
g of soil loss. This is a clear manifestation of the effect of rainfall intensity and soil

moisture on runoff and soil loss. The rain that generated the huge runoff and soil loss
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in September occurred on three days. There was no rain sufficient to generate runoff
from 30" August to 20" September, the next rain was on 24™ September, and then on
29 September. The intensity was high, and higher runoff and soil loss were generated
despite the rain amount. And it continued with a high intensity into October, such that

one-third of all the soil loss was obtained in October.

In the vegetated fallow, 57.14 % of the rains had no runoff or soil loss, 35.71 % had
runoff and soil loss and 7.14 % had runoff but trace soil loss. The 22 events with no
runoff had a rain of 319.4 mm while the events with runoff but trace soil loss had a
rain of 143 mm and runoff of 4.93 litres. A 3.77 g/mm is soil loss per unit mm of rain
in this class of rainfall events with runoff and soil loss. A 55.68 g/litres of soil loss per
unit litre of runoff was recorded. The rain events of 22.8 mm (24" October), 23.9 (14®
October), 26.0 mm (7™ October), 15.8 mm (September 29™), 20 mm (September 6™
had no runoft and soil loss in the undisturbed plot because there were two days or more
dry spells before the event while 13.1 mm (30™ August), 13 mm (10" July), 14.8 mm
(19" August) had runoff and soil loss because there were consecutive two to three days’
wet spells. It shows the significance of antecedent soil moisture in runoff and soil loss

generation in an area despite the influence of vegetation on infiltration and runoff.

Additionally, the plots had low soil loss from mid-August to the end of the season due
to the impact of vegetation. For instance, the last two months of the rainy season
produced 53.6 % of the rainfall but had a corresponding runoff of 42.56 % and 24.01 %
of soil loss while the initial period had 46.39 % of the rain with a corresponding runoff
of 57.44 % and soil loss of 75.99 %. Also, the monthly rainfall decreased from June to
July (217.1-162.1 mm) while soil loss increased from 568.5 — 1690.3 g and runoff
decreased from 16.1 to 15.02 litres. The 3 variables decreased again in August to 149.4
mm, 12.43 litres, and 329.6 g. However, in September, there was no rainfall sufficient
enough to generate runoff or soil loss in the vegetated plot. This shows that the friction
exerted by the vegetal cover was high enough to suppress runoff in September. This
also gives credence to the unusual rainfall in September this year. However, in October,

the rain increased to 240.5 mm, runoff (8.47 litres) and soil loss (308.1 g). This is a
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manifestation of increased storms in October such that despite the frictional effect

exerted on runoff by the vegetation, the storm event still produced some runoff.

4.2.2.5 Aguleri plots
Aguleri 100 m? plot

In the big plot, there was 53.70 % of rain events with runoff and soil loss while 9.26 %
had runoff but trace soil loss. A 37.04 % had no runoff and soil loss. The 5-day rain
events that produced runoff but trace soil loss had rain of 148.7 mm which generated
runoff of 26.6 litres. The 20-day events with no runoff had 279 mm of rainfall. The
rains that produced runoff and soil loss generated soil loss of 106.33 g/mm, that is, 106
grams of soil loss per unit mm of rain. It also had soil loss per unit litre of runoff of
88.25 g/litres. The rain, runoff, and soil loss increased progressively from June to
October; however, the rate of increase varies with time as that of October is far higher
than any other month. It increased from 125 mm of rain, 99 litres of runoft, and 686.3
g of soil loss in July to 262.8 mm, 361.65 litres, and 5080.4 g of soil loss in August. In
September, it was 510.6 mm, 396 litres, and 13025.7 g and then 609.3 mm, 960 litres,
and 141527.5 g in October for rain, runoff and soil loss respectively. The month of
October yielded 88.28 % of all the soil loss, Sept (8.12 %), Aug (3.17 %), and July
(0.43 %). Runoff had 52.84 % in October, 21.80 % (Sept), 19.91 % (Aug), and 5,45 %
(July).

Most of the rains from July to mid-August had little to no runoff and soil loss. It rained
but no runoff. However, from 13™ August, it started raining almost daily or latest after
a 2-day interval. The only 3-day intervals were between 15™ and 18" August and
between 20" and 23" August. These were merely a gap of two days’ dry spell.
However, it ceased again by 13" October with dry spells of five days and began again
to rain on 19™, 20" and 24" October.

Until 13™ August, soil loss was as low as 2603.6 g and runoff was 245.5 litres but from
13" August to 24™ October, soil loss was 157716.3 g and runoff was 1597.75 litres.
The bulk of the soil loss occurred between 24" September and 24" October. It shows

that the greatest chunk of the soil loss was derived in a month. It recorded soil loss of
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152739.3 g and runoff of 1295 litres. Also, 70.26 % of runoff was derived between
24 September and 24™ October while the soil loss was 95.27 %. Storms of 70 mm
and above yielded soil loss of 51339.7 g (32.02 %) and 26.92 % of runoff from 34 %
of rainfall. Storms of 50 mm and above yielded 62.79 % of the soil loss. This shows

that intensity is critical to soil loss and runoff generation.

Aguleri 50 m? plot

In the small plot, there was a total of 46 days of rain events, out of which 47.83 % had
rains with no runoff, 4.35 % had runoff but trace soil loss and 47.82 % had runoff and
soil loss. The two days’ events with runoff but trace soil loss had rain of 30.3 mm with
a runoff of 0.65 litre. The 22 events with no runoff had rain of 516.2 mm. The rains
with runoff and soil loss had 1214.6 mm of rain, 428.1 litres of runoff and 77681.9 g
of soil loss. This produced a soil loss per unit mm of rain of 63.96 g/mm and soil loss
per unit litre of runoff of 181.46 g/1. There was no soil loss till August 8" with 70.1mm
of rain that generated 343.3 g of soil loss and 14.4 litres of runoff. Again, August 13
and 14" had rains of 31 mm and 33 mm, respectively, generating soil loss of 270.2 g
and 340.4 g, respectively. For the next 14 rain events, from August 20" to September
18 soil loss occurred in 2 events. The bulk of the soil loss was generated in the last
month of the season from 24" September — 24" October. From 28" July to 18" August,
the generated runoff was 33.6 litres and a soil loss of 1041.5 g. From 20/8 to 23/9, the
runoff was 24.35 litres and soil loss were 1633.6 g. From 24™ September to 24"
October, the runoff was 370.8 litres and the soil loss was 75006.8 g.

There were occasions when heavy rainfall generated no runoff. For instance, 61.5 mm
(16" September), and 66 mm (18" September) generated no runoff. This might not
necessarily be due alone to dry spells that separated the events between 9" and 18™
September but due to the high permeability of the alluvial soils of the area. The high
infiltration led to little or no runoff in the area until deep late in the rainy season
towards the end of the season. This might be due to two major reasons. One is that this
might be the period when the soil has reached its saturation level and therefore
saturation-excess runoff and soil loss became effective. The second reason is that the

end of the rainy season is always a period of high intensity rainfall which contributed
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to a buildup of runoff competent enough to generate runoff. Both reasons seem to hold
together or else the runoff might not be strong enough to produce soil loss. That is, if

the rain was not intense, the soil might still be absorbing the rains if they rain calmly.

Thus, the soils are susceptible to erosion once the saturation point is reached and thus
need to be protected especially towards the end of the rainy season for maximum
conservation outcome. This is reflected in the soil loss in the last month of the season
which was 96.56 % of the recorded soil loss and 77.56 % of the runoff. Storms of 70
mm and above constitute 42.25 % of the rain generating 36.11 % of the runoff and
25.31 % of the soil loss. Storms of 50 mm and above constituted 71.24 % of the rain
yielding 80.26 % of the runoff and 82.38 % of the soil loss. Additionally, it varied
temporally across the months. It had 158.7 mm of rain, 33.35 litres (runoff) and 1041.5
g of soil loss in August. It increased to 446.6 mm, 75.45 litres and 4112.1 grespectively
in September. It increased in October to 609.3 mm, 319.3 litres, and 72528.3 g of rain,
runoff, and soil loss respectively. This shows that October produced 93.37 % of the
soil loss, Sept had 5.29 %, and August had 1.34 %. Runoff had 74.59 % in October,
17.39 % in September, and 7.79 % in August.

4.2.2.6 Oko plots

Two weeks had rains but no soil loss in the area. These events happened on the weeks
of 26 August and 10" October. Other weeks had soil loss, out of which 375.17 g/mm
(big) and 157.95 g/mm (small) are soil loss per unit mm of rain in the area. This also
points to the low rain recorded this year in some parts of the State. The weeks of 4/8
to 17 September recorded soil loss of 13379.1 g (big) and 10822.4 g (small) but from
24 September to 24™ October, a soil loss of 236937.2 g (big) and 94563.05 g (small)
was generated. This shows that the bulk of the soil loss was recorded toward the end
of the rainy season. This was 94.66 % of the soil loss recorded in the last month of the
season. This shows that soil erosion is critical toward the end of the rainy season in the

area.
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4.2.2.7 Other characteristics

A summary of the daily characteristics of the runoff and erosion is presented in Table

4. 13. It shows that there is a relatively high variation in the daily soil erosion attributes

in the area. The highest variation is in Aguleri big plot followed by Isu small vegetated

fallow plot (Table 4. 13). This is characteristic of daily rainfall distribution too which

has a high coefficient of variation and since rainfall is the driver of erosion in the area,

it is expected to follow a similar pattern. Aguleri big and small plots had the highest

daily mean soil loss (Table 4. 13). Also, soil loss per unit of rainfall is higher in the

Aguleri plot too (82.83 g/mm for big and 41.11g/mm for small plots).

Table 4. 13. Summary of the Daily Characteristics

Plots Mean (g) Mean rgrsl (g) Ccv sloss per  Sloss
unitrain  per
Sloss (g) Run (1) Sloss (g) Run  Sloss Run  g/mm unit
0 @ O runoff
o/l
Isu 100 m*DP  767.01 33.89  1291.88 56.73 164 167 38.16 22.63
Isu 100 m* UP  110.70 5.66 272.50 1313 222 170 551 19.57
Isu 50 m? DP 507.66 5.73 1087.84 2768 183 267 25.09 39.06
Isu 50 m? UP 48.28 0.95 144.83 2.60 277 192 239 50.86
Aguleri 100 m?>  2914.91 33.51 5528.27 62.64 3.02 153 8283 86.98
Aguleri 50 m? 1894.68 10.46  3531.00 1946 258 193 41.11 181.18

*3loss is soil loss, the Run is runoff, rgrls is rain that generated soil loss, CV is coefficient of variation

4.2.2.8 Monthly attributes

The distribution of soil loss and runoff within the months is shown in Figure

4.22Figure 4.23. It shows that the distribution of soil loss is skewed to the right except

for the vegetated plots which looked nearly like a normal distribution (Figure 4.22).
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This shows that soil erosion increases with time on those plots peaking towards the
end of the rainy season. However, on the vegetated plots, it increased during the initial
period of installation due to some disturbances and the absence of grass cover but as
the grasses regrew, the soil loss began to decrease. It decreased with increasing grass
cover such that towards the end of the rainy season when the intensity of rain was high

and the soil was near super-saturation, there was very low soil loss (Figure 4.22).
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Figure 4.22. Soil loss distribution by months
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Figure 4.23. Distribution of runoff by months

Figure 4.22 shows that soil loss is highest in October at all locations except the Isu
vegetated fallow plots. This is due to the moderation effect of vegetation on soil loss.
Also, soil erosion is highest during the time of the cessation of the rainy season. That
is, the intensity of rainfall is high and soil is super-saturated during the post-little dry
season so soil erosion is highest during this period. The Oko plots have nearly bimodal
erosion peaks which nearly mimic the annual rainfall distribution of the area which
has its highest rainfall in Jun/July and Sept/October.

The runoff distribution is similar to that of the soil loss with the highest amount
occurring in October. The vegetated plots at Isu have different shapes that nearly
resemble a normal distribution which reflects the impact of vegetal cover on runoff
generation (Table 4. /4,

Table 4. 15 and Figure 4.23). This is a reflection of earlier studies that vegetation is an
effective conservation measure that promotes aeration and soil pores, increases soil
biomass and reduces runoff and soil loss (Diop et al., 2022; Gongora et al., 2022;

Petito et al., 2022; Trigunasih and Saifulloh, 2023).
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Table 4. 14. Summary of monthly runoff

Statistic Isu BDP Isu BUP Isu SDP Isu SUP (I/m*) Aguleri big Aguleri small
(I/m?) (I/m?) (I/m?) (I/m?) (I/m?)

Min 0.00 0.00 0.00 0.00 0.00 0.00

Median 0.09 0.33 1.66 0.11 1.43 0.85

Mean 2.12 0.42 1.93 0.15 2.19 1.88

Max 11.70 1.37 8.70 0.42 9.66 6.39
Table 4. 15. Summary of monthly soil loss
Soil loss | Isu BDP | Isu BUP |Isu SDP|Isu SUP|Ag BP| Ag SP|Oko BP | Oko SP

(kg/m?) (kgm?) | (kgm?) | (kg/m’) | (kg/m?) | (kg/m?) | (kg/m?) | (kg/m’)

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Median | 0.05 4.01e-03 | 0.04 0.004 0.05 0.07 0.66 0.68
Mean 0.06 9.75e-03 | 0.07 0.01 0.21 0.21 0.58 0.69
Max 0.23 3.98e-02 | 0.36 0.03 1.42 1.45 1.37 2.38

*Ag is Aguleri, B is big, S is small, P is plot, D is disturbed, U is undisturbed

4.2.2.9 Annual soil erosion rate and runoff

The annual rates in the plots were shown in equations 4.1 - 4.8. Below were equation

3.12 equivalents for soil loss in each plot (equations 4.1- 4.14).
SLBDP = 0.0004r
SLBUP = 0.00006r
SLSDP = 0.0005r
SLSUP = 6e — 05r
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SLAgbig = 0.0012r 4.5

SLAgsm = 0.0011r 4.6
SLOk = 0.0039r 4.7
SLOksm = 0.0069r 4.8

where SLBDP is soil loss in Isu big disturbed (bare fallow) plot in kg, SLBUP is soil loss in Isu big
undisturbed (vegetated fallow) plot, SLSDP is soil loss in Isu small (bare fallow) plot, SLSUP is soil
loss in Isu small plot vegetated fallow, SLAgbig is soil loss in Aguleri big plot, SLAgsm is soil loss in
Aguleri small plot, SLOK is soil loss in Oko big plot, SLOksm is soil loss in Oko small plot, r is rainfall
in mm, soil loss is in kg.

Also, the equations for the runoff are shown below (eqs 4.9- 4.14)

RBDP = 0.019r 4.9

RBUP = 0.0034r 4.10
RSDP = 0.0138r 4.11
RSUP = 0.0012r 4.12
RAgb = 0.0105r 4.13
RAgs = 0.0063r 4.14

where RBDP is a runoff in Isu big disturbed plot, RBUP is the runoff in Isu big undisturbed
plot, RSDP is the runoff in Isu small disturbed plot, RSUP is the runoff in Isu small undisturbed
plot, RAgb is the runoff in Aguleri big plot, RAgs is the runoff in Aguleri small plot, r is
rainfall in mm, runoff in litres/m2.

The performance of each of the models is shown in Table 4. 16. The results show that
their performance is quite okay. The error values are very low except for those of Oko
plots. However, the small plot at Oko is significant at a 0.05 confidence level, unlike
the big plot. However, at a 90 % confidence level, it is significant. This shows that the

models perform best on daily data.

4.2.2.10 Model accuracy

The performance of the model was assessed as shown in Table 4. 16.
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Table 4. 16. Accuracy assessment of the linear models for soil loss estimation

Variables MAE MSE  RMSE NRMSE.mean R?

Isu BDP soil loss- rain 0.5 0.769 0.877 1.14 0.64
Isu BDP runoff-rain 0.224 0.137 0.37 1.09 0.67
Isu BUP soil loss - rain 0.117 0.041 0.203 1.83 0.42
Isu BUP runoff - rain 0.036  0.003 0.056 0.992 0.73
Isu SDP soil loss - rain 0.474 0.592 0.77 1.53 0.46
Isu SDP runoff - rain 0.188 0.084 0.289 1.12 0.64
Isu SUP soil loss - rain 0.053 0.012 0.11 2.29 0.37
Isu SUP runoff - rain 0.013  0.0005 0.022 1.16 0.68
Isu BDP soil loss - runoff 0.332  0.326 0.571 0.745 0.84
Isu BUP soil loss- runoff 0.119 0.046 0.215 1.94 0.32
Isu SDP soil loss- runoff 0.179 0.11 0.331 0.658 0.90
Isu SUP soil loss- runoff 0.039 0.007 0.081 1.68 0.66
Oko big soil loss- rain 18.1 555 23.6 1.32 0.47
Oko small soil loss- rain 6.07 66.9 8.18 1.09 0.58
Aguleri big soil loss- rain 4.37 52.6 7.25 2.44 0.35
Aguleri big runoff - rain 0.257 0.135 0.368 1.08 0.63
Aguleri small soil loss -rain ~ 2.39 16.1 4.01 2.38 0.32
Aguleri small runoff- rain 0.175 0.079 0.281 1.51 0.55
Aguleri big soil loss- runoff ~ 3.55 324 5.7 1.92 0.60
Aguleri small soil loss- runoff 1.19  4.18 2.04 1.21 0.81

*DP is disturbed plot (bare fallow), UP is undisturbed plot (vegetated fallow), rainfall is in mm, soil
loss in kg, and runoff in mm

The above table (Table 4. 16) shows that using runoff to estimate soil loss outperforms
those modelled using rainfall. This is quite understandable given that it is not every
rain event that causes soil erosion while most of the runoff is associated with soil
erosion. The performance of the rainfall-erosion model worsens in areas with severe
soil loss. Thus, it can be stated that the performance is weaker in locations with high
soil loss. However, the runoff could not be used to predict erosion in the area due to
the unavailability of runoff data that span the whole period. Hence, the rainfall-soil
loss model was used instead. Nevertheless, wherever runoff data are available, the

runoff-erosion model should be utilised.
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42.2.11 Assessment of the 2022 rainfall, runoff and soil loss

The remaining part of the 2022 annual rainfall was completed with the CHIRPS data
from January to when the experiment began. This part was then added to the collected
rainfall for the months in each location and the annual rainfall was the sum of both.
Thus, the mean annual rainfall for each location was 1731.7 mm (Isu), 2686.2 mm
(Aguleri), and 1745.6 mm (Oko). The mean soil loss collected during the field

experiment was estimated with equations 4.4 - 4.17 (Table 4. 17).

Table 4. 17. Linear model performance on soil loss (kg/m2)

Location Field Equation 3.12  difference
Isu big DP 0.49 0.51 -0.02
Isu big UP 0.07 0.08 -0.01
Isu small DP 0.61 0.61 0.00
Isu small UP 0.06 0.07 -0.01
Aguleri big 1.60 2.32 0.72
Aguleri small 1.55 1.94 0.39
Oko big 2.50 2.66 0.16
Oko small 4.22 4.70 0.48

MBE = 0.21 kg/m?, MAPE = 15.37 %, RMSE = 0.34 kg/m?, PBIAS = 16.13 %

The results (Table 4. 17) show that the performance of the linear model is relatively
good and so can be used for soil loss prediction in Anambra State. However, it
overpredicts the high erosion areas in Aguleri and Oko plots. This is its major
weakness and might affect its use over severe erosion areas. The error metrics are
within an acceptable range. For instance, MAPE values within the range of 10 and 25
are acceptable (Swanson, 2015). Also, lower values of the RMSE or MAE, indicate a
better model performance (Tiwari and Chong, 2019). Since, their performance was
good, the models including equation 3.11 were used to estimate the mean annual soil
loss and runoff as shown in Table 4. 18. It shows that the highest runoff was in Isu and
Aguleri's 100 m? plots. The mean annual soil loss and runoff rates are shown in Table

4. 18.
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Table 4. 18. Mean annual soil loss and runoff from the plots

soil loss kg m2yr? Runoff mm yr?

Equation 3.11  Equation 3.12  Equation 3.11  Equation 3.12
Isu_BDP 0.64 0.69 28.12 32.9
Isu BUP 0.09 0.1 4.69 5.89
Isu SDP 0.82 0.87 21.40 23.9
Isu SUP 0.08 0.1 1.52 2.08
Aguleri big 2.55 3.22 29.32 28.21
Aguleri small 3.19 2.95 17.66 16.92
Oko big 5.15 6.81
Oko small 8.69 12.04

*BDP is big disturbed plot, BUP is big undisturbed plot, SDP is small disturbed plot, and
SUPis small undisturbed plot

Thus, the mean annual soil loss rate for each location predicted with the equations 3.11
and 3.12 are shown in Tables 4.18. It shows higher mean annual soil loss rates in Oko
and Aguleri than Isu bare plots. There is higher soil loss on bare soils than on vegetated
plots (Table 4. 18). The mean annual soil loss on the big bare fallow plots was 0.64 kg
ha! from the arithmetic model but 0.69 kg ha* with the linear model. This reflects an

overestimation from the linear model.

4.2.2.12 Effects of vegetation on runoff and erosion

The effect of vegetation on runoff and soil loss was studied in the Isu plots. The results
show that soil erosion and runoff are higher in unprotected agricultural lands than the
protected ones. Vegetation impacts runoff and soil loss in different ways. It intercepts
the rain droplets. Some will evaporate while many find their way to the ground via
stem fall or direct from foliage as the wind blows. This way, they reach the soil at a
reduced speed due to increased travel time and concentration time. Vegetation
including its branches decelerates runoff and reduces the erosivity of the rainfall. The
increased presence of plant remains and biomass close to the ground increases the
soil’s organic matter content, boosting infiltration, improving soil structure and
limiting rainfall erosivity (Renard et al., 1997). The effects of vegetal cover led to a

very much reduced soil erosion in the vegetated plots. This showed that the absence of
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vegetation led to about 7 times higher erosion in the big plot and 10 times higher in
the small plot. Again, the runoff increased 6 times higher in the bare fallow big plot
than in the vegetated fallow plot. Also, in the small plots, the runoff was 14 times
higher in the bare fallow small plot than in the vegetated small plot. This was in line
with the statement that in agricultural lands with sustainable land management, soil
erosion was very low (Ferndndez-Raga et al., 2017; Lépez-Vicente et al., 2017).
Borrelli et al. (2016) add that vegetation losses lead to high soil erosion. This showed
that vegetation provides rough surfaces to the soil of which the biomass contributes to
soil organic matter that helps to improve soil health, boost infiltration and minimize
runoff. As Choi et al. (2005) added, soil erosion is worse on bare soils than on protected
soils. This is because more vegetal cover implies more organic matter leading to low
bulk density, increased infiltration, and reduced erosion (Diop et al., 2022; Parras-
Alcantara et al., 2016; Zhu and Cheng, 2022). The finding is corroborated by Keestra
and the team’s work that runoff is higher on herbicide-treated plots and tilled plots than
the vegetated plot (Keesstra et al., 2016)). Therefore, soil loss and runoff increase with
a decrease in vegetal cover and vice versa. Hence, the vegetal cover is a good

management strategy for soil and water conservation in agriculture.
4.2.2.13 Effects of slope angle and slope length on soil loss

The slope of the land to a large extent affects the erosion of the surface. Plots at Oko
have steeper slopes followed by the Aguleri plots. The big plots in Isu, Aguleri, and
Oko have similar surface attributes except for slope angle. They are all bare, 20 metres
long and 5 metres wide but differ in soil attributes and slope. It has been stated that
when every other attributes are similar except the isolated ones, then the differences in
erosion among the compared areas are due to the isolated factors (Hayward, 1967).
The soil erosion in the area was higher on the high slopes of Oko followed by Aguleri
and least in Isu which had the lowest gradient. The correlation between slope and soil
loss also showed a very strong significant positive relationship (0.91, p-value of 0.01).
This indicates that soil loss increases with increasing slopes. The works of Ziadat and

Teimah (2013) and Vanmaercke et al. (2014) corroborate this that soil erosion
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increases with increasing slope. Thus, less soil loss is expected on land with a gentle
slope than on a steep one. However, Duley and Ackerman (1934) asserted that erosion
and runoff were higher in plots with shorter slopes. This is true when the soil loss and
runoff are considered in terms of output per unit area. Otherwise, the reverse is the
case. The ability of soils to resist erosion reduces with increasing slope. This is because
soil erosion has a positive relationship with slope (Shi et al., 2022). Also, Supandi et
al. (2023) add that soil loss has a high positive correlation with erodibility and slope
while Wang ef al. (2023) adds that erosivity and slope are the key drivers of runoff and
soil loss. Additionally, Panagos et al. (2015¢) show that higher soil loss in some parts
of the EU like Italy and Slovenia is due to high erosivity and steeper slopes in those
countries. Thus, increasing slope steepness leads to an increase in soil loss. Hence,
erosion is higher in areas of higher slopes and elevation in the central and southern

parts (Figure 4.24).
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Figure 4.24. Elevation and slope maps of Anambra State

134



4.2.2.14 Effect of size (area) on Soil loss and runoff

The area has a moderate negative relationship with soil loss (-0.47). It shows that soil
loss increases with decreasing areal size of the plot. Plot area has been shown to
influence runoff generated in a plot (Kinnell, 2016). Also, the number of collection
points of the runoff and soil loss from a plot affects the efficiency of its output. The
greater the number of collection points, the higher the quantity of the variables trapped.
This is because runoff flows through any area of descent on a plot but the plot’s
boundary restricts it to a common collecting point. This inhibition leads to forced
infiltration as some of the runoff that could have left the plot in different directions is
forced to redirect its flow towards the collection point. In the process, some of it is lost
to infiltration except where infiltration capacity has been reached or on clay soils
where infiltration is drastically reduced due to pore pressure resulting from a few voids.
Soil erosion is affected by spatial scale since it is a spatially distributed phenomenon
that encompasses sediment transfer along hill slopes (Figueiredo, 2013). The results
show that increasing the area of a plot does not necessarily lead to increased output
from the plot. Runoff and soil loss per unit area decrease with plot size (Mounirou et
al., 2022) due to the long travelling time of runoff (Mutchler and Greer, 1980). They
add that erosion measured at one scale does not necessarily represent erosion at other
different scales (Mounirou et al., 2022). Additionally, the longer the flow stays in the
watershed or plot, the more water, and soil can be held back in depressions, ponding,
and infiltration (Nill ez al., 1996). However, it has been suggested that such correlation
should be cautiously interpreted as such relations might be due to inter-correlations of
an area with other plots’ properties (Vanmaercke et al., 2014). Thus, it shows that
runoff and soil loss decrease with an increase in the area of the plot when the runoff
and soil loss are considered based on output per unit area. However, when the gross
output is considered, soil loss and runoff increase with increasing area. Therefore, the
mean soil loss per plot depends on the size of the plots (Cerdan et al., 2019; Mounirou

et al., 2022). Thus, increasing the size of the plot entails more catch of soil from it.
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4.2.2.15 Tillage effect on runoff/soil loss

The impact of tillage is tested with the small plots at Aguleri and Oko. The results
showed rapid erosion occurring on agricultural lands. The results from the small plot
at Oko were 92.93 t/ha while from the big plot, it was 55.19 t/ha. At Aguleri, it was
41.17 t/ha in the small plot against 27.49 t/ha in the big plot. However, it has been
argued that more erosion and runoff are recorded in the small plots due to less travel
time and friction to overcome due to the short distance to cover before it reaches the
outlet. Tillage causes soil disturbances by breaking the bonds that hold them together,
thus making the soil susceptible to erosion. Thus, even though the big plots are bare of
vegetation, the erosion rates are less on them than on the small tilled plots. For instance,
at Oko, the soil loss was not very much in the big plot at the beginning of the
experiment because the SOM reduced soil erosion. Also, the soil density measured in
the big plot was lower than those collected on the agricultural small plot. However,
over time, the SOM became depleted and thus it was followed by rapid soil erosion.
Also, the runoff was slightly lower in the tilled plots but soil loss is higher compared
to the bare plots in Aguleri. This agrees with the findings of Keesstra et al. (2016) that
tilled soils show low runoff concentration but high sediment concentration. However,
Mounirou et al. (2022) find a counter-result in a semi-arid environment in Burkina
Faso. This might be due to the effect of slopes and soil types. They did their work on
lower slopes, leading to more of a saturation-excess type of runoff and erosion. In that
case, laminar flow persists which usually is initiated after much infiltration except
where intensity is too high unlike on a higher slope where flow is often turbulent and
initiated by infiltration-excess runoff. Also, Xiong, Sun and Chen (2019) assert that
human-disturbed lands (cropland, orchards, and degraded grasslands) are more prone
to soil erosion. Therefore, tilled soils yield more soil loss due to disturbances
associated with agricultural lands such as the movement of tools, machines, weeding,
and harvesting, especially in very humid regions where erosivity is very high. This is
because tillage does not only modify the surface cover but also alters the soil structure
and soil properties like SOC (Hassan ef al., 2016), the biota’s habitat (Costantini et al.,

2015), and also some other soil chemical properties (Zornoza et al., 2015). Tillage is
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known to drive soil erosion in rainfed agriculture (Keesstra et al., 2016; Obia et al.,
2020). Hence, minimal tillage should be encouraged in tropical agriculture as a

sustainable soil conservation practice.

4.2.2.16 Effects of soils and geology

The soils and geology of a place exert influence on its response to soil erosion. Areas
with impervious and hard rocks are less vulnerable to soil erosion, unlike areas with
weak geology. However, the effect of geology could not be isolated quantitatively in
this study. From the results, soil loss was less on the Imo clay shale but increased in
Aguleri and is highest in Oko. The Aguleri soils were highly permeable such that little
runoff was generated irrespective of the rainfall amount until very much later in the
season. It showed that the alluvial soils were highly permeable with good drainage that
offers protection from erosion. This was in line with Miller (1994) that highly porous
soils are permeable and so have good drainage with limited soil erosion. However, as
the rainy season advanced and with increased antecedent soil moisture, the soil became
susceptible to erosion. That is, towards the end of the rainy season, the soil loss
witnessed within the last month of the rainy season accounted for over 88 % of soil
loss in the area. This implies, that the soil loss in the area likely increased due to
increased soil moisture and intense storms which are characteristic of the area after the
little dry season. It has been stated that soil loss increased as a result of high intensity
storms on highly detachable soil with low infiltration (Wang and Shao, 2013). Thus,
very permeable soils like the alluvial soils of Aguleri are less susceptible to erosion at
the beginning of the rainy season but their resistance to erosion decreases as the rainy
season progresses. This is because soil moisture and antecedent moisture are critical

to soil loss and runoff (Ziadat and Taimeh, 2013).

4.3 Modelling soil erosion using the RUSLE model

Soil erosion rates was estimated with the RUSLE model for Anambra State, Nigeria.
It was estimated for the year 2022 and also estimated for 2017 and predicted for 2060.
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The prediction is necessary to aid planners towards the attainment of the AU’s 2063
Agenda.

4.3.1 Current soil erosion rate as of 2022

Erosivity

The R-factor was estimated with the mean annual rainfall following equation 3.21.
Due to little variations in the spatial distribution of rainfall across the State which is in
line with the rainfall distribution of the area, there were little spatial variations in
erosivity (Figure 4.25). The erosivity varied from 1300 MJ mm ha'h''yr! in the north
to 2135.02 MJ mm ha'h'yr! in the south (Figure 4.25). The area has high erosivity
due to its location in the humid tropics. This is in line with studies in the humid tropics
that showed high erosivity of over 1000 MJ mm ha'h"'yr'! (Andreoli, 2018; Fagbohun
et al., 2016; Talchabhadel et al., 2020). Erosivity is highest in the extreme southern
tips of the area followed by areas around Oko and decreased northwards in like manner
(Figure 4.25). The erosivity has a very low variability across the area as its CV was
9.88 %. This implies that the mean erosivity is far above its standard deviation. The
low degree of variation is due to the little variation in rainfall across the area (Figure

4. I and Figure 4.25).
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Figure 4.25. Erosivity map of Anambra State in 2022.
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Soil erodibility

The soil erodibility indicates the soils of the area have low values that range from 0.03
to 0.041. This is due to the low silt content of soils in most locations and the high
carbon content in the area. This is corroborated by studies that soils with low silt
content have low erodibility (Emeribeole and Iheaturu, 2015). However, southern soils
have low erodibility due to the high SOC, SOM, and carbonates. The northern part has
high erodibility (Figure 4.26) due to the lower content of SOC and SOM. However,
due to their high permeability, the soils are hardly eroded until later in the season
toward the end of the season when the soils become super-saturated. Its high
permeability conceals its susceptibility to erosion until later in the season when the
soil must have reached its infiltration capacity and the rainstorm is intense. The soils
of the southern part with higher quantities of fines have lower erodibility due to the
moderating impacts of SOC and carbonates (Figure 4.26). It has been shown that SOM,
SOC, and carbonate-rich soil soils have low BD, high infiltration, and low soil erosion
(Al-Shammary et al., 2018; Chaudhari et al., 2013; Efthimiou, 2020, 2018; Nill et al.,
1996; Ostovari et al., 2022). Soil erodibility has a CV of 2.70 % implying a low

variability in the area.
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Figure 4.26. Erodibility (K) map of Anambra State
Topographic LS-factor

The LS-factor is a critical risk factor for soil erosion. It describes the impact of slope
length and steepness on soil erosion (Figure 4.27). The slope of the area ranges from
0 to 68 degrees (Figure 4.24). However, a greater portion of the area is under a slope
class of less than 16 degrees with the dominant slope class being 0 to 6 degrees (Figure
4.24). The steeper slopes occur in areas of higher relief in the southern and central
parts of the State (Figure 4.24, Figure 4.27; Table 4. 19). Table 4. 19 shows that three
LGAs; Aguata, Anaocha, and Orumba South have the highest points in the State. These
areas are located in the central and southern parts of the State. High slopes and
elevation characterize the central and southern parts. Low slopes dominate the western
parts of the State and eastern flank which are part of the Rivers Niger and
Anambra/Mamu floodplains. The area is generally low with 99.75 % of the State being
under slope class of 0-16 °. Also, low to moderate relief dominates the landscape as
only 4.79 % of the area is on an elevation of 0 - 20 m above sea level. Also, 95.21 %
of the State lies on a height of 20 m and above with only 6.69 % being on an elevation

of 300-388 m. The slope has a CV of 101.59 % and the LS-factor has 201.59 %. This
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shows a very high variation in the slope and LS-factor in the area. This is in line with
the statement that the LS-factor is one of the most sensitive factors of soil erosion
(Hrabalikova and Janec¢ek, 2017; McCool et al., 1997, 1987; Tetzlaff and Wendland,
2012).

Table 4. 19. Mean slope and elevation in the local government areas (LGAs)

Mean slope  Mean elevation Maximum Maximum
LGA degrees m slope elevation
Aguata 3.35 24421 28.85 388
Anambra East 2.89 51.58 31.48 187
Anambra West 1.14 25.01 39.18 78
Anaocha 3.29 229.33 26.23 377
Awka North 1.95 50.24 18.16 147
Awka South 3.69 112.54 28.09 286
Ayamelum 1.65 40.79 17.14 119
Dunukofia 3.10 121.15 20.21 194
Ekwusigo 2.73 62.24 30.16 171
Idemili North 3.44 130.02 20.32 242
Idemili South 3.05 110.86 22.57 262
Thiala 2.37 85.13 28.49 188
Njikoka 3.74 160.78 27.39 269
Nnewi North 3.51 107.52 25.24 181
Nnewi South 4.00 82.08 34.55 181
Ogbaru 1.44 23.53 68.30 248
Onitsha North 2.23 42.81 31.28 139
Onitsha South 1.41 23.56 39.11 58
Orumba North 3.55 121.47 43.12 372
Orumba South 4.16 153.29 30.47 332
Oyi 4.39 108.51 31.11 206

141



_6.40°E 6.80°E 7.20°E 7.60°E

Legend
®  Communities
[ stat= boundary
Topogrphic LS fador
Y EEo.oes-zo
] z0-10

B 10.0-20.0
B 20.0-40.0

B 40.0-150.2

6.40°N
NeOF'9

6.00°N
+
-
Ne00'9

|-

6.40°E 6.80°E 7.20°E 7.60°E

Figure 4.27. Topographic (LS) factor map of Anambra State
C- and P-factors

The land cover maps are derived from high-resolution 10 m images from the ESRI
website. Details are in the Methods subsection. The scores assigned to each land cover
class were described in the methods sub-section. Human occupation is higher in the
central and southern parts than in other parts. The C-factor ranged from 0 to 1 with a
mean of 0.33. There is a high variation in the C-factor value such that its CV is 90.91 %.
Thus, it has been argued that the C-factor is the most significant in the RUSLE model
(Fenta et al., 2017, 2016; Prasuhn, 2022; Toy et al., 1999).

The C-factor is a very important and critical risk factor of soil erosion which defines
how protected or insulated a given soil is. Thus, the denser the vegetal cover in a given
soil, the less its susceptibility to soil erosion and vice versa. Thus, it is reported that
erosion is very sensitive to vegetation changes (Chen et al., 2018; Ge et al., 2023;
Usman et al., 2023; Wu et al., 2020). The State is rapidly urbanising with a very high
population density that has significantly impacted its vegetation cover. The State has

major commercial centres such as Onitsha, Nnewi, and Ekwulobia. The town of Awka
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became the administrative capital of the State in 1991 which also spurred the growth
of the urban area and other developmental projects in the State. Its vegetation has been
described as poor and weak to provide the soil with enough cover from erosion
(Egbueri et al., 2022). The area lacks a large expanse of thick rainforest cover for they
have been depleted by unrestricted and uncontrolled exploitation. Its vegetation is
mainly shrubs and secondary regrowth and palm tree plantations. The sparse
vegetation cover renders most parts of the State susceptible to soil erosion. The major
areas with notable forest cover are the riparian areas on the western parts and a few
portions on the eastern flank (Figure 4.28). The P-factor was chosen to be unity
following the unavailability of data on conservation practices in the area. This was
done following earlier researchers’ recommendation on the choice of P-factor value
when data on conservation is unavailable or in a natural environment (Ajibade ef al.,

2020; Borrelli, 2011; Fagbohun et al., 2016; Ghosal and Bhattacharya, 2020).

6.80°E 7.20°€

Legend
* Communities
3 state boundary
Land cover dlasses
LILCCs
B water
B Trees/open vegetation
[ Flooded vegetation
Cropland
Il Built area
B Bare land
doud
Rangeland

No08
6.80°N

6.80°N
0b'9
6.40°N

6.40°N

6.00°N
Ne00'9
6.00°N

0 75 15km
-_—

09°S
o
3

7.20°E

=
2 6.80°E 7.20°E

Figure 4.28. Land use and land cover classes of Anambra state
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4.3.1.1 Mean annual soil loss

The mean annual soil loss in the State has wide spatial variations from north to south
(Figure 4.29). Soil erosion is high in the area with a mean annual soil erosion rate of
25.25 t ha'! yr'!l. The spatial variations in soil loss are shown in Figure 4.29 and Table

4. 20 with a CV of 241.43 %. Soil erosion is higher in the southern and central parts

than in the western and northern parts (Figure 4.29, Table 4. 20).

Soil erosion is severest on high slopes (Table 4. 20). This is in line with studies that
erosion increases with increasing slope (Fagbohun et al., 2016; Huang et al., 2020;
Merchan et al., 2023; Pitt, 2004; Sinshaw et al., 2021; Ziadat and Taimeh, 2013). No
LGA with a mean slope of less than 2 degrees has high soil loss (Table 4. 20). However,

Onitsha North and Awka North are experiencing high soil loss due to increasing

urbanisation and bare surfaces (Table 4. 20).
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Figure 4.29. Soil loss rate of Anambra State
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Table 4. 20. Mean soil loss per LGA in the State (t ha-1 yr-1)

LGAs Mean slope degrees Mean annual soil loss

Aguata 3.35 55.74
Anambra East 2.89 31.62
Anambra West 1.14 4.34
Anaocha 3.29 50.88
Awka North 1.95 11.19
Awka South 3.69 47.76
Ayamelum 1.65 5.75
Dunukofia 3.10 30.86
Ekwusigo 2.73 30.75
Idemili North 3.44 53.09
Idemili South 3.05 41.40
Thiala 2.37 29.29
Njikoka 3.74 47.11
Nnewi North 3.51 59.99
Nnewi South 4.00 48.22
Ogbaru 1.44 6.78
Onitsha North 2.23 37.11
Onitsha South 1.41 5.66
Orumba North 3.55 34.45
Orumba South 4.16 33.25
Oyi 4.39 69.60

The soil loss map (Figure 4.29, Table 4. 20) shows that soil erosion is higher in the
central to southern parts, southeastern and northern tips of the State. These parts of the
Anambra State are also areas with higher slopes and low vegetation covers due to
increasing human occupation and agriculture. A classification of the soil erosion risk

zones was done and presented in Table 4. 21.
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Table 4. 21. Soil erosion rates, their risk classes, and area in each class

Erosion rate Km? % Remark
0-6 2206.13 48.35 very low
6.01-15 830.02 18.19 low
15.01-30 562.23 12.32 moderate
30.01-50 346.53 7.59 high
50.01-100 356.89 7.82 severe
Above 100 261.33 5.73 very severe

It showed that the area under the low class of soil loss is 66.54 % while 5.73 % is under
the very severe erosion class (Table 4. 20). Thus, a greater percentage of the State is
under a low class of soil loss. Also, the severe class is worrisome as 13.55 % of the
State is threatened by severe to very severe erosion. This calls for concerted efforts to

combat and limit its growth and development.
4.3.1.2 Validation and uncertainty of the model

The mean annual soil loss for Anambra State from the field was 27.76 t ha! yr'! but
that from the RUSLE model was 25.25 t ha! yr'!. The mean annual soil loss rates in
Awka North LGA (Isu), Anambra East LGA (Aguleri), and Orumba North LGA (Oko)
are shown in Table 4. 22. The model’s performance against the field output had a mean
bias error (MBE) of -3.00 t ha! yr! and MAE of 9.34 t ha'! yr'!, coefficient of
determination of 0.77, and R of 0.88 indicating an underestimation of the soil erosion
but with a good performance. This is in line with the literature that RUSLE
underestimates soil erosion in areas with severe erosion but overestimates areas of low
erosion (Behera ef al., 2023; Nearing, 1998). Thus, the model’s performance was good
in estimating the low to moderate erosion areas in Isu and Aguleri but underestimated
the severe erosion area in Oko (Table 4. 22). That is, it had an absolute error (AE) of
4.84 and 6.17 t ha'yr'! in Isu and Aguleri respectively but an AE of -17.02 t ha'lyr'! in
Oko. In line with the model’s weakness, it was unable to simulate the impact of rainfall

intensity or extreme rainfall events on soil erosion (Yang et al., 2023).
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Table 4. 22. Comparison of soil loss rates from the model and from the field

LGA RUSLE estimate (t ha'yr!')  Field estimate (t ha'yr')
Anambra East 31.62 25.45

Awka North 11.19 6.35

Orunmba North 34.45 51.47

The model has shown that it can be utilised in soil erosion modelling and management

in Anambra State, Nigeria.
4.3.2 Linking soil erosion to erosivity (climate) and land use and land cover

The RUSLE model was used to predict soil erosion rates in 2060. It involved
estimating erosivity from GCM data of 2050-2060 from the Worldclim and C-factor
2060 simulated using the Multilayer Perceptron from the Terrset software. It showed
the likely state of soil erosion in 2060 compared to 2022 should the current trend of
vegetation-to-settlement conversion persist under the Shared Socioeconomic

Pathways SSP245 and SSP585 climate scenarios.
4.3.2.1 Erosivity

Due to little variations in the distribution of erosivity across the State which is in line
with the interannual rainfall distribution, there were few temporal variations (Figure
4.30). It changed from 1565.17 (MJ mm ha'h''yr!) in the first period of the study
(2017), to 1599.76 (MJ mm ha'h'yr!) in the second period (2022). Also, the
coefficient of variations (CV) shows that there are relatively small variations in the R-
factor values: 11.29 % (2017) and 9.88 % (2022) (Figure 4.30). This indicates that
there were little variations in the distribution of erosivity values over the periods.
Studies have also reported a slow trend in erosivity (Diodato et al., 2020; Mondal et
al.,2016; Wang et al., 2017). However, some scholars have reported a very rising trend
(Qinetal., 2016; Wang et al., 2017) and others a slowly decreasing trend (Sadeghi and
Hazbavi, 2015). It was reported that a greater percentage of the variations in soil loss

was attributed to erosivity and slope (Doetterl et al., 2012; Zhao et al., 2021).
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Figure 4.30. Erosivity maps of Anambra State for the periods 2017 and 2022.
4.3.2.2 Cover C-factors

The flooded vegetation cover (riparian forest) decreased from 2017 to 2022 while the
urban land space increased (Table 4. 23, Figure 4.31,Figure 4.32). The flooded
vegetation which is the remaining thickets in the area decreased while the rangeland
increased. Thus, there was about a 14 % loss in forest thickets (flooded vegetation)
that led to an 8.89 % and 3.91 % increase (gain) in rangeland and built-areas
respectively (Table 4. 23). The C-factor ranged from 0 to 1 with a mean of 0.29 (2017)
and 0.33 (2022). There were high variations in the C-factor values which were 103.45 %
(2017) and 90.91 % (2022). The CVs reveal some high spatial variations in the C-
factor values in the State. This implies that the C-factor plays a significant role in
influencing variations in soil erosion in the area both temporally and spatially. It also
shows that the central and southern parts have lost much of their vegetation and have
also had much increase in human occupation in the State (Figure 4.28). Thus, soil
erosion increases with increasing human occupation and vegetation cover loss. This is
corroborated by earlier studies that the loss of vegetation to agriculture, grazing, and
others led to increases in soil erosion (Ebabu ef al., 2022; Ganasri and Ramesh, 2016;

Kidane et al., 2019).
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Table 4. 23. Percentage change in land uses and land cover LULC classes

LULC class 2017 2022 % change
Water 2.06 2.11 0.05
Flooded vegetation 39.36 25.19 -14.18
Open forest 0.62 1.13 0.51
Cropland 5.39 6.23 0.84
Built-areas 24.05 27.96 3.91
Bareground 0.34 0.35 0.01
Rangeland 28.13 37.02 8.89
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Figure 4.31. Land use and land cover classes of Anambra in 2017 and 2022
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Figure 4.32. Cover C-factor maps of Anambra State in 2017 and 2022.
4.3.2.3 Mean annual soil loss

The mean annual soil loss in the State has wide spatial and temporal variations from
north to south (Figure 4.33). Soil loss increased from 2017 to 2022 in the State. It
showed that mean annual soil loss increased by 18.43 % from 2017 to 2022. The mean
annual soil loss in 2017 was 21.32 t ha'lyr! but 25.25 t halyr! in 2022. The
spatiotemporal variations in soil loss are shown in Figure 4.33 and Table 4.24. There
was higher soil erosion in 2022 than in 2017.

Soil erosion is severest in the local governments with high slopes (Tables 4.20 and
4.24). This is in line with studies that erosion increases with increasing slope
(Fagbohun et al., 2016; Huang et al., 2020; Ziadat and Taimeh, 2013). None of the
LGAs with a mean slope of below 2 degrees has high soil loss (Table 4.24).

Also, with the regression model (eq. 3.12), the predicted soil loss for 2017 was 34.39
t ha'lyr'!, 2020 was 29.02 t halyr!, and 2022 was 30.54 t ha'yr’!. The regression
model is overpredicting the soil erosion rates in the low to high erosion areas while the
RUSLE underpredicts the high erosion area but slightly overpredicts the low erosion
areas. The regression-based model follows the rainfall pattern of the year which is its

sole predictor. This is its major weakness because several factors influence erosion.
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Figure 4.33. Soil loss maps of Anambra State in 2017 and 2022

Table 4.24. Mean soil loss per LGA in the State

towns 2017 tha! yr! 2022 t ha! yr’! Changes
Aguata 46.72 55.74 9.02
Anambra East 26.55 31.62 5.07
Anambra West 3.73 4.34 0.61
Anaocha 45.72 50.88 5.17
Awka North 9.76 11.19 1.43
Awka South 38.59 47.76 9.17
Ayamelum 5.00 5.75 0.75
Dunukofia 28.05 30.86 2.81
Ekwusigo 27.77 30.75 2.98
Idemili North 43.74 53.09 9.35
Idemili South 37.58 41.40 3.82
Thiala 25.27 29.29 4.02
Njikoka 38.73 47.11 8.38
Nnewi North 53.04 59.99 6.95
Nnewi South 40.51 48.22 7.71
Ogbaru 6.04 6.78 0.74
Onitsha North 39.15 37.11 -2.03
Onitsha South 5.38 5.66 0.28
Orumba North 28.74 34.45 5.71
Orumba South 25.46 33.25 7.78
Oyi 55.61 69.60 13.99
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The soil loss map (Figure 4.33, Table 4.25) shows that soil erosion is higher in the
central to southern parts, southeastern and northern tips of the State. These parts of the
State are also areas with high slopes and low vegetation covers due to increasing
human occupation and agriculture. These are areas with high increases in soil erosion
in the State, unlike areas with much vegetation covers like Ogbaru, Ayamelum and
others (Table 4.25, Figure 4.33). Additionally, the results show that soil loss is lowest
under vegetation cover but severest under bare ground and built-areas followed by
croplands (Table 4.25). Also, soil erosion increased with increasing slope (Table 4.25).
In all slope classes, soil erosion rates increased from 2017 to 2022. However, the
increase is higher on steeper slopes than on gentle slopes (Table 4.25). Furthermore, it

shows that soil erosion increases as the slopes increase.

Table 4.25. Mean annual soil erosion rate per LULCC and slope

Soil erosion per Land use and land cover class

tha'l yr!

Land cover class 2017 2022 changes

water 1.16 1.15 0.00
Flooded vegetation 3.18 1.94 -1.24
Open forest 9.14 10.12 0.99
cropland 16.59 19.84 3.25
Built-areas 59.17 63.84 4.68
Bare ground 85.36 70.91 -14.45
Rangeland 7.92 8.84 0.93

Soil erosion rate per slope class  tha™ yr!

Slope class Areain % 2017 2022 changes
1 38.54 4.38 4.90 0.53
3 37.39 16.63 18.74 2.11
6 16.51 41.79 49.11 7.32
10 5.68 72.89 91.89 19.00
16 1.64 109.53 145.81 36.28
70 0.24 242.90 266.44 23.54

A classification of the soil erosion risk zones was done as presented in Table 4. 26.
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Table 4. 26. Erosion rate, the risk classes, and the area under each class

Erosion rate Erosion risk class
thal yr! 2017 2022 Changes

Km? % Km? % Km? %  class
0-6 239333  52.45 2206.13 4835 -187.20 7.82  very low
6.01-15 807.79 17.70  830.02 18.19 22.22 2.75 low
15.01-30 536.33 11.75 562.23 12.32 25.90 4.83 Moderate
30.01-50 31559  6.92 346.53 7.59 30.94 9.80 high
50.01 — 100 307.77 6.74 356.89 7.82 49.11 15.96 severe
Above 100 202.22 443 26133 5.73 59.11 29.23 very severe

Hence, considering the periods (2017 and 2022), the State is experiencing an
increasing trend in soil erosion. However, the rate of increase is higher in the central
and southern parts of the State (Figure 4.33, Table 4.24) and on bare ground and
croplands (Table 4.25). Table 4. 26 shows that the very low erosion class decreased in
2022 while other classes increased. The increase was such that the severe and the very
severe classes had 15.96 % and 29.23 % increases, respectively. These increases in the

severe erosion classes portend danger to agriculture and the environment in the State.

This increasing mean annual soil erosion rate with a slight increase in erosivity denotes
that though it is important in driving soil erosion, it played a less role in determining
the temporal change in erosion in the State. That is, soil erosion increased by 18.43 %,
erosivity by 2.21 %, and C-factor by 13.79 % from 2017 to 2022. Hence, vegetation
plays a more important role in the temporal variations in soil erosion in the State. This
corroborates studies that vegetation and slope play critical roles in determining soil
loss risk (Benkobi et al., 1994; Prasuhn, 2022). That is, vegetation is a risk factor for
erosion that majorly control the temporal variations in erosion in the State. All the risk
factors of erosion (erosivity, erodibility, slope steepness and length, vegetation)
contribute to its spatial variations. However, due to heavy rainfall over the State owing
to its location in the same rainfall and climate regime, there is little spatiotemporal

variation in erosivity. Yet, that does not imply a less role by erosivity but that the
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variations across the State are driven by other factors with wider variations like LULCs
and slope. The erosion in the area shows that low to moderate soil erosion risks
predominate the area but are decreasing while the severe categories are increasing
(Table 4. 26). The increasing soil erosion with time is in line with several studies
(Kayet et al., 2018; Kidane et al., 2019). Erosivity, vegetation cover, and slope are
very critical to soil loss variations. Thus, it was asserted that 75 % of variations in soil
loss were due to variations in erosivity and slope (Doetterl et al., 2012; Zhao et al.,
2021). Although, vegetation limits erosion, this ability is weakened at certain rainfall
intensities (Chen et al., 2018; Ge et al., 2023; Wu et al., 2020). Thus, erosion is high
in the central and southern parts due to sparse vegetation, high slope, and rainfall

erosivity, especially toward the end of the season.
4.3.2.4 Soil erosion in the future (2060).

The land use and land cover classes were projected to 2060 as discussed in the
methodology and the 2050-2060 rainfall data were obtained from the Worldclim

website for the Shared Socioeconomic Pathways (SSP) 245 and 585 scenarios.
Erosivity

The erosivity factor for the SSP245 scenario is slightly lower than the SSP585 scenario
in the State. It has a mean erosivity value of 1602.00 MJ mm ha'h''yr'! (SSP245) and
1630.19 MJ mm ha'h'yr! (SSP585). In line with the interannual rainfall distribution
of the State, there was a small variation (Figure 4.34). Also, the coefficient of
variations (CV) shows that there are relatively small variations in the R-factor values:
8.28 % (SSP245) and 7.87 % (SSP585) (Figure 4.34). This indicates that there will be

little variations in the distribution of erosivity values in the 2060s.
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Figure 4.34. Erosivity of Anambra State for 2060

Cover C-factor

The land cover map was generated using the Clark Terrset software using the flooded
vegetation to built-area submodel as it is the principal driver of land cover change in

the State. The land cover classes and the C-factor values are presented in Figure 4.35.
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Figure 4.35. Land use and land cover classes and the C-factor for 2060
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The land cover will experience a significant change in 2060 as the built-area will move
from 27.96 % to 39.45 % (Table 4.27). Table 4.27 also shows that all other land cover
classes will experience a decrease in 2060. This is because the State is highly

urbanising and engages in services and commercial activities more than agriculture.

Table 4.27. Percentage change in land uses and land cover LULC classes

LULC class 2022 2060 % change
Water 2.11 1.98 -0.13
Flooded vegetation 25.19 20.55 -4.64
Forest 1.13 0.68 -0.45
Cropland 6.23 5.06 -1.17
Built-areas 27.96 39.45 11.49
Bareground 0.35 0.30 -0.05
Rangeland 37.02 31.98 -5.04

4.3.2.5 Annual soil loss

The mean annual soil loss rate in the State will be higher than the current state
following the forest-built-area transition. Thus, the mean annual soil erosion rate will
be 31.22 and 31.79 under the SSP245 and SSP58S5 scenarios respectively (Figure 4.36).
This shows that the worst-case scenario (SSP585) has very little difference from the
moderate scenario (SSP245). Thus, it can be said that the C-factor change will impact

future soil erosion more than the climate (rainfall erosivity).
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The soil loss rate per LGA is shown in Table 4. 28. It shows that erosion will increase
in most of the LGAs. The major susceptible areas comprising the southern and central
parts of the State are the areas with higher rates of increase in soil erosion in both
scenarios in 2060 (Table 4. 28). These are LGAs with increments of nearly 10 % and
above. However, it reveals a decrease in areas like Orumba South, Nnewi North and
South, Thiala, and Ekwusigo LGAs. The other areas with a low increase or decrease

are the low susceptible areas due to low slope and higher vegetal cover (Figure 4.36

and Table 4. 28).
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Table 4. 28. Mean soil loss per LGA in the State

Towns 2022 (t ha'lyr!) SSP245 (tha'lyr!) Changesa SSP385(tha''yr') Changesb
Aguata 55.74 54.25 -1.49 55.12 -0.62
Anambra East 31.62 43.31 11.69 44.15 12.53
Anambra West 4.34 7.82 3.48 7.97 3.63
Anaocha 50.88 72.03 21.15 73.41 22.53
Awka North 11.19 15.55 4.36 15.93 4.74
Awka South 47.76 74.81 27.05 76.46 28.70
Ayamelum 5.75 8.52 2.77 8.72 2.97
Dunukofia 30.86 40.91 10.05 41.78 10.92
Ekwusigo 30.75 30.06 -0.69 30.45 -0.30
Idemili North 53.09 66.99 13.9 68.14 15.05
Idemili South 41.40 45.56 4.16 46.29 4.89
Thiala 29.29 27.82 -1.47 28.09 -1.20
Njikoka 47.11 74.08 26.97 75.61 28.50
Nnewi North 59.99 57.78 -2.21 58.56 -1.43
Nnewi South 48.22 44.20 -4.02 44.77 -3.45
Ogbaru 6.78 5.52 -1.26 5.56 -1.22
Onitsha North 37.11 46.28 9.17 46.98 9.87
Onitsha South 5.66 8.18 2.52 8.29 2.63
Orumba North 34.45 48.46 14.01 49.41 14.96
Orumba South 33.25 28.70 -4.55 29.15 -4.10
Oyi 69.60 89.96 20.36 91.69 22.09

*a 1s changes between 2022 and SSP245, b is between 2022 and SSP585 2060.

The soil loss per LULCC is shown in Table 4. 29. It shows that erosion remains higher

on bare surfaces and built-areas followed by croplands (Table 4. 29).

Table 4. 29. Soil erosion per land cover class

Class SSP245t ha'! yr! SSP585 t ha'! yr!

water 0.79 0.80
Open forest 9.49 9.63
flooded vegetation 2.38 243
cropland 18.32 18.63
Built-areas 64.05 65.22
Bareland 77.72 78.61
Rangeland 8.79 8.97
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4.3.2.6 Soil erosion risk zones in Anambra State

Soil erosion risk zones in Anambra State are shown in Figure 4.37. It shows that the
severe erosion risk zone predominates the central to southern parts of the State,
especially in areas like Onitsha, Ideani, Oko-Ekwulobia, Nanka-Aguleri, Awka, and
the southeastern tip (Figure 4.37). The moderate zone is seen in patches around several
parts of the State though it is still more concentrated in the central part of the State.
The low class covers the greater part of the State on the eastern and western flank and
the northern part of the State (Figure 4.37). In 2060, the low class will decline while
the moderate and severe classes will spread to low-class areas in the eastern part and
south of Awka town and the northwestern tip of the State (Figure 4.37). It shows that
soil erosion is a severe threat to agriculture and the environment in the State. The
severe erosion areas are the location with mean slopes above 2 degrees, higher
elevation, sparse vegetal cover, and increasing human occupation. Thus, erosion risk
in the area is aggravated by slope, high erosivity, and human occupation arising from
land use change that leads to vegetation depletion. Therefore, as the population
increases as well as urban spaces, larger bare surfaces will be created which will

aggravate erosion in the future (Figure 4.37).
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Figure 4.37. Soil erosion susceptibility map in Anambra State

4.1  Farmers’ adaptation to soil erosion in Anambra State, Nigeria.

4.1.1 Socio-demographic characteristics of the farmers

The farmers comprised 53.00 % males and 47.00 % females. More on this is shown in
Table 4.30. This showed that men have more access to capital than women. Men are
entrusted with land and not women except where the husband is deceased. This is in
line with Abubakari and Abubakari (2014) that men have more access to capital than

women in their community in Eastern Ghana.
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Table 4.30. Socio-demographic characteristics of the farmers in percentage

Class Percent % Class Percent
Gender Male 53.00 Education None 26.00

Female 47.00 Primary 34.00
Age <30 9.00 Secondary 31.00

31-40 17.00 Tertiary 9.00

41-50 25.00 1-5 persons  41.00

51-60 24.00 6-10 54.00

> 60 25.00 11-15 2.00
Marital status Married 75.00 Household size > 20 3.00

Single 4.00

Divorced 2.00

Widow 19.00

The socio-demographic attributes of the respondents showed that married farmers and
aged farmers dominated the trade (Table 4.30). That is, 74.00 % of the farmers were
aged above 40 years. This shows that the youth has taken to other businesses such as
education, commerce, and similar activities in several urban centres in the State and
beyond. The majority of the farmers own the lands they farm (97.00 %) while 3.00 %
rent the lands they farm on. The respondents recognized rainfall as the major cause of
soil erosion (Table 4.31). They also perceived that their soils are very susceptible to
erosion due to their high erodibility (Table 4.32). Other factors of importance are
urbanisation, inadequate knowledge, and attribution to God. However, based on
closed-ended questions, over 90 % of the farmers believed that heavy rain, erodible
soils, and the absence of soil conservation measures principally caused soil erosion.
Other important factors of soil erosion included increasing population, deforestation,
and high slopes (> 70%). The farmers disagreed that improper cultivation was a cause
of soil erosion in the area. That is, they believed that their conventional method of

cultivation did not encourage soil erosion.
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Table 4.31. Perceptions on causes of soil erosion based on open-ended questions

causes percentage
rain 76.00
God/end-time 5.00
don't know 6.00
buildings/urbanisation 7.00
poor drainage 2.00
herbicide 1.00
CCldeforestation 2.00
undecided 1.00

*CC is climate change

Table 4.32. Perceptions on causes of soil erosion based on close-ended questions

(percentage)
improper cultivation high slope  deforestation heavy rain

Yes 47.00 73.00 73.00 98.00

No 52.00 26.00 25.00 1.00
undecided 1.00 1.00 2.00 1.00

erodible

Absence of conservation soil high population sand mining

Yes 92.00 92.00 78.00 43.00

No 6.00 6.00 20.00 55.00
undecided 2.00 2.00 2.00 2.00

Table 4.33. Perceptions of the evidence/indicators of soil erosion (percentage)

environmental more fre- erodes shallow declining
Problem guent farm soil depth  yield
Yes 87.00 84.00 80.00 64.00 63.00
No 12.00 15.00 20.00 35.00 36.00
undecided 1.00 1.00 0.00 1.00 1.00
soil col  Loss of ma- Rill/gul-
soil washed our nure lies exposed root
Yes 76.00 67.00 77.00 27.00 73.00
No 23.00 32.00 23.00 73.00 26.00
undecided 1.00 1.00 0.00 0.00 1.00
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A greater percentage (87.00 %) of the farmers accepted that soil erosion is an
environmental and agricultural problem (Table 4.33). Also, 84.00 % of the farmers
agreed that the soil erosion menace has become more frequent (Table 4.33). The
indicators of soil erosion in the farms include eroded farmlands, shallow soil depth,
low yield, change in soil colour, and exposed crop or plant roots each of which
recorded over 70 % (Table 4.33). Table 4.33 also showed 27.00 % of the respondents
identify the presence of channel erosion (rill/gully) in their farms. This shows that the
dominant soil erosion in the area is interill erosion with few severe soil erosion
problems in a few farmlands. This is in contrasts to findings in Eastern Ghana that
gullies are the main indicators of soil erosion (Abubakari and Abubakari, 2015), and
in Ethiopia (Belay, 2014). Gullies are associated with badlands which will less likely
be used as farmlands. Also, the conventional heaps/mounds tillage systems might be

good soil and water conservation measures that limit erosion growth to rills and gullies.
4.1.2 Adaptation strategies to soil erosion

There were several measures that the farmers have adopted to enable them to live with
soil erosion, recover from its effects, and/or absorb the shock without any permanent
damage or loss to the farmers. These measures range from mixed cropping to having

a secondary job or business (Table 4.34).

Table 4.34. Adaptation strategies of the farmers (percentage)

mixed crop Cover crops few plots zero tillage resilient crops remittance
Yes 91.00 66.00 48.00 14.00 32.00 17.00
No 8.00 33.00 50.00 84.00 66.00 81.00
undecided 1.00 1.00 2.00 2.00 2.00 2.00
nonfarm job mulching CP RD SB
Yes 41.00 34.00 41.00 52.00 32.00
No 57.00 64.00 57.00 46.00 67.00
undecided 2.00 2.00 2.00 2.00 1.00
hedging Check dams CS NSB PP STR
Yes 13.00 20.00 20.00 7.00 24.00 78.00
No 85.00 77.00 79.00 91.00 74.00 20.00
undecided 2.00 3.00 1.00 2.00 2.00 2.00
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*CP is contour ploughing, RD is runoff diversion, SB is solid bunds, CS is a cooperative society, PP is
planting pit, STR is straw retention, NSB is no slash and burn

It showed that the majority of the farmers practised mixed cropping systems (91.00 %)
and 66.00 % plant cover crops which are good at binding soils together and limiting
runoff generation (Table 4.34). Also, straw retention in the farm was highly practised
(78.00 %) which is good to replenish humus in the soil and improve the SOM and SOC.
Studies show that SOM and SOC limit soil erosion and so are good soil conservation

measures (Keesstra et al., 2016; Petito et al., 2022).

However, Table 4.35 showed that the farmers’ adaptations to soil erosion were low.
Only a very few (20.00 %) belonged to cooperative societies, 91.00 % still practise
slash and burn agriculture which is detrimental to soil microbes and soil health, and
only 14.00 % practice zero tillage agriculture. Thus, Adaptation is low which is
invariably a result of a low level of education. Only 9.00 % of the farmers had a tertiary
education and 31.00 % had secondary school level education. From interviews and
discussions with the farmers, it was observed that the highly educated ones also had
more capital for the farming business, also had remittances from their children and
relatives they had helped train in schools, they also practised more soil conservation
measures because they know the implication of leaving the soil open to erosion and
had more capital. They dug check-pits to hold back runoff and nutrients it had carried
(Figure 4.38). This was in line with studies that the adoption of conservation
agriculture correlates with education and access to credit (Abdulai, 2016; Abdulai and
Abdulai, 2017). The check-pit was to control erosion in a mixed crop farm that had
corn, vegetables, cassava and cocoyam but for the shorter growing season of the
vegetables and corn, they had been harvested (corn residues were left in the field,

Figure 4.38).
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Figure 4.38. Checkpits in Orumba North LGA in a mixed crop farm.

There were so many challenges the farmers faced that limited their adaptation
strategies to erosion in the State. Some of these limitations included a lack of modern
farming systems and tools, low capital, insufficient government support, lack of

climate change adaptation, invasive weeds, and food insecurity (Table 4.35).

Table 4.35. Limitations to the farmers’ adaptation strategies (percentage)

low capital NWF PA  lack CCA modern farm  YM
Yes 96.00 93.00 95.00 90.00 90.00 59.00
No 2.00 5.00 3.00 8.00 8.00 38.00
undecided 2.00 2.00 2.00 2.00 2.00 3.00
deforestation IGS DCY Fl Iw FU
Yes 62.00 96.00 74.00 81.00 50.00 75.00
No 36.00 2.00 24.00 17.00 48.00 23.00
undecided 2.00 2.00 2.00 2.00 2.00 2.00

*NWF is no weather forecast, PA is poor agronomy, IGS is insufficient government support, DCY is
declining crop yield, FI is food insecurity, FU is farming becoming unattractive, YM is youth migration,
IW is invasive weed
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The farmers added that the government support was insufficient and often when it
arrived, it was late. The government does not respect their seasons and timing, such
that when some of the government support reached them, they had no use for them.
For instance, they cited an instance when the government brought improved rice
species to them when the time for planting had pretty much passed the planting time.
Also, the technicalities involved in planting and nursing some of the government-
brought breeds were so tasking for them to follow especially using manual power.
Thus, they added that the government should assist them with ploughing, planting and
weeding machines at subsidised rates. Some of the farmers argue that soil erosion per
se was not their most challenging problem but government support and funding. Food
insecurity is increasing because output was getting lower due to insufficient funds and
power. In any case, they added that food insecurity is a problem of society because
when output was low, the farmers secure them for their use and the next cropping
season, implying less quantity for sale. They also added that youth migration was a
big challenge to them as it made the cost of labour high as they relied on migrant
labourers who in most cases charged higher prices due to competing jobs and demands.
Should they have tractors and other equipment from the government at very subsidised
prices, they would have increased outputs. Thus, the greatest factors limiting their
adaptations were insufficient capital and inadequate government support followed by
a lack of weather forecast (Table 4.35). This is in line with findings elsewhere that
insufficient credit limits farmers’ adaptations to soil erosion (Abubakari and Abubakari,
2014; Belay, 2014; Abubakari and Abubakari, 2015; Abdulai, 2016). A new adaptation
strategy adopted by quite a few of the farmers is growing yams in sacks filled with soil.
They argue that insecurity has made them resort to growing yams in sacks around their
homes which also grow free from soil erosion and the outputs are encouraging. It is

yet to be fully and widely practised in the State.
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5. GENERAL DISCUSSION

Soil erosion is a serious land degradation problem in Anambra State, Nigeria. Soil

erosion problem is increasing in Anambra State as highlighted by the study.

The results show that there is an increasing trend in monthly and annual rainfall in the
area, however, they were not significant statistically. Also, there was an increasing
trend in the seasonal rainfall except for the MAM season. They were also not
significant. This implied a likelihood of increasing erosivity in the area and hence a
high potential for increased erosion. Thus, low rainfall and decreasing trend in the
MAM season is an indication of decrease in erosion. Similar findings were replete in
the literature that there is a decrease in rainfall in the MAM season (Gebrechorkos et
al., 2023, 2019; Nicholson, 2018). A high rising trend in the SON season would
significantly impact soil erosion as erosion is severest in the SON season in the area.
Over 50 — 90 % of the recorded soil loss was obtained in the SON season. However,
studies in the drier regions showed higher erosion at the onset (Fang et al., 2015;
Mounirou et al., 2022). This might be because the drier lands have little protection
before the onset of the rainy season and the soils were highly disturbed, unlike the

rainforest areas where the soils have vegetal cover even during the dry season.

The soils of the area have low erodibility due to high quantities of sand and SOM/SOC.
However, its susceptibility was worsened by the high slopes, intense rainfall, and
vegetation loss. The southern soils are more problematic due to higher quantities of
fines and lower MDD. The positive linear relationship between soil loss and soil pH,
and SOC is contrary to the results that erosion increases with decreasing SOM and
SOC (Arunrat et al., 2022; Keesstra et al., 2016). Also, soil bulk density had a negative
relationship with CaCO3, slope, and soil loss. This is in line with studies by Ostovari
et al. (2019) and Hassan (2012). The negative relationship of BD with erodibility is
corroborated by other studies (Chaudhari ef al., 2013; Deng et al., 2016; Peng et al.,
2022). This is because in areas of high bulk density, the compact nature of the soil
limits erosion but runoff is high due to low infiltration. Thus, Peng et al. (2022) point

out that the detachment of soil decreased exponentially with increasing bulk density.
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This can be aggravated by farm machine use which increases soil strength due to
compaction, limiting infiltration, and aggravating runoff (Hamza and Anderson, 2005;
Woldeyohannis et al., 2022) and likely downslope erosion due to the runoff build-up.
Thus, farm machine use alters soils’ physicochemical properties causes low crop yield
due to poor SOM and root penetration (Hamza and Anderson, 2005) and can worsen

erosion due to accelerated build-up of runoff.

The soil loss in the area shows that erosion is higher in Oko followed by Aguleri and
then lowest in Isu. The erosion in Aguleri was low initially due to the high permeability
of the soil but toward the end of the rainy season when the soils became saturated the
soil loss increased astronomically. Miller (1994) showed that soil loss is limited in
areas with fine drainage due to increased soil permeability. Furthermore, soil loss is
lower in vegetated plots than in bare plots in Isu (Appendix 5, Table 4. /7). This shows
that vegetation provides cover to the soil and inhibits soil loss. This is in line with
studies that soil loss decreases in areas with soil conservation measures and vegetal
cover (Keesstra et al., 2016; Lépez-Vicente et al., 2021, 2020). Thus, low soil erosion
rates occur in scrublands and agricultural lands with sustainable land management
practices and pose less danger to ecosystem health (Lépez-Vicente et al., 2017, 2020,
2021; Fernandez-Raga et al., 2017). Bare lands experience higher runoff and soil loss
than covered soils (Fang ef al., 2017; Mounirou et al., 2022; Oza et al., 2022).

Also, the importance of rainfall intensity, antecedent soil moisture, and vegetation was
demonstrated by the plots in the area. About 59.38 % of the rainfall generated runoff
and soil loss in the Isu big plot but it was 42.19 % in the vegetated fallow that generated
runoff and soil loss. The soil loss per unit of rain in the big bare plot was nearly 6 times
that on the big vegetated plot (42.98 g/mm against 7.45 g/mm). Soil loss decreased
from the inception of the study to September in both plots. It increased in October but
the increase in the bare fallow was over 8 times that of vegetated fallow (47.66 %
against 5.62 %). A similar trend was exhibited by the small plots in Isu. However, in
Aguleri and Oko, the soil loss increased progressively from inception to the end of the

season. Thus, buttressing the findings of Boix-Fayos et al. (2006) that plots suffered
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exhaustion over the years, the Isu plot demonstrated that exhaustion can manifest in a
season in plots located on less erodible soils. Thus, higher soil loss would be
experienced in the early periods following the initial soil disturbances but decreases
with time unless where a severe storm prevailed. It also showed that though erosion
increases with increasing intensity (Ziadat and Taimeh, 2013), it is moderated and
weakened by the presence of vegetation cover and SOM. The bulk of the soil loss was
recorded in the last month of the season. For instance, in the big plots at Oko, it was
94.66 %, at Aguleri (95.27 %), and at Isu bare (52.86 %). The severe soil loss at this
period underscores the importance of antecedent soil moisture and intense rainfall that

characterize the post-little dry season rainfall in the State.

Hence, the bulk of the soil loss was recorded in the last month of the season. However,
the rate is highest in Aguleri, followed by Oko but least in Isu implying the impact of
slope and geology on the soil loss. Isu which is on a low slope and on the Imo clay
shale had the lowest rate among the three locations. The Isu plot was having a
decreasing trend of soil loss with time till the last month when it increased while runoff
was increasing till the end of the season. However, at other locations, the trend was
increasing with time till the end of the season, though the rate of increase was
astronomical in the last month of the season signifying the impact of rain intensity and
antecedent soil moisture. Additionally, in Aguleri, the soil loss was increasing with
time but was low until when the soil became saturated toward the end of the season
such that the last month generated so much soil loss (over 95 %). Aguleri soil is shown
to be susceptible to erosion but its susceptibility is hidden or latent until it reaches

saturation toward the end of the season.

Soil erosion is increasing in the State. It increased from 2017 to 2022. The results show
that the C-factor which has a direct link with human impact on the environment drives
the temporal variations in soil erosion in the State. It showed that erosion was
increasing with increasing human occupation arising from vegetation loss and soil
disturbances. This is corroborated by studies that land cover change drives soil erosion

(Belay et al., 2020; El Jazouli et al., 2019; Keesstra et al., 2016; Nut et al., 2021;
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Palliyaguru et al., 2023; Tadesse et al., 2017; Usman et al., 2023; Yaswanth et al.,
2022). Rainfall is a key driver of soil erosion but its role is minimal in determining the
spatiotemporal variations in soil loss in the State. This does not imply that erosivity is
unimportant because there cannot be soil erosion by water without rain in the humid
tropics. However, it shows that though a driver of soil erosion, its role in variations of
soil erosion is limited as the C-factor driven by land cover changes was paramount.
That is, while there are very high spatiotemporal variations in the C-factor and slope,
only a little variation exists in the rainfall distribution because the whole State fall
under the same climatic belt. Thus, soil erosion management should place more
priority on rainfall and vegetation dynamics in the State, especially at locations above
2 °slope. This is critical as erosion is predicted to increase in most parts of the State

in 2060.

The farmers identified rainfall as the major cause of soil erosion. This was in line with
earlier studies (Nwobodo et al., 2018). Also, Chinweze (2017) found that climate
change, human impact, and sand mining aggravate soil erosion. Similarly, our results
showed that there was low education attainment in the area and which likely limited
their adaptation to soil erosion. This was corroborated in the study by Angela and
Ezeomedo (2018) that the Akpo area of the State has low education. Also, Abubakari
and Abubakari (2015) added that low education limited the farmers’ access to capital
in the Upper East region of Ghana. Adaptation strategies to erosion are low in the area
and are limited by insufficient government support, lack of capital, and climate

information.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Soil erosion is a severe land degradation that threatens sustainable agricultural
production in Anambra State. Anambra is one of the most susceptible States to soil
erosion in Nigeria. Thus, large quantum of soil is washed downslope into rivers thereby
polluting the water system and heightening the risk of flooding. Moreover, climate and
land use change are projected to worsen soil erosion in many parts of the world
especially the humid tropics. The soil degradation problems have agitated research in
soil erosion and water conservation from different fields including Agriculture,
economics, hydrology, geomorphology, and climate change scientists. As such, several
studies have employed modelling. However, models are based on assumptions that
may hamper their ability in solving the soil erosion problems especially in developing
world where data for validation are scarce. Therefore, the study carried out a
comprehensive assessment of soil erosion risks and farmers’ adaptation strategies in
Anambra State, Nigeria to improve soil erosion management and conservation

planning in the area. This helped to build a reliable soil erosion model for the State.

The study focused on the following research questions: 1. Have there been any
variations in the seasonal and annual rainfall of Anambra State? 2. what is the rate of
soil erosion? 3. Can the soil erosion rate be determined with a RUSLE model and to
what extent have the erosion features changed over the years? and 4. What are the

farmers’ adaptation strategies to soil erosion?

The results showed that there were rainfall variations in Anambra State with higher
rising rainfall trends in the south than in the north. Rainfall is higher in the south than
in the north with a likelihood of more intense rains in the 2060s across the State. Soil

loss increases with increasing rainfall.

The mean annual soil loss in the State from the field assessment was 27.76 t ha™ yr!

with higher soil loss in Oko and Aguleri than Isu. The State’s soils are susceptible to
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erosion due to low SOC and SOM worsened by high slopes with higher susceptibility
on Nanka sands. The alluvial soils are also susceptible but its susceptibility is
concealed by its good drainage until the SON season. Field investigations showed that
infiltration-excess-related runoff and erosion prevailed on the high slopes while
saturation-excess-related erosion dominated the gentle slopes. Hence, there were
ubiquitous signs of ponding and deposition on Isu plots on low slopes while signs of
scouring dominate the high slopes at Oko. The field assessment has provided us with

first-hand information on soil erosion rates in the Anambra State of Nigeria.

Soil erosion rates in Anambra can be estimated with the RUSLE model since it has a
low error metric (a mean bias error of -3.00 t ha™! yr™!). It predicted a mean annual soil
loss of 25.25 t ha™! yr'! and showed that erosion will be severer in the future with a
mean annual soil erosion rate of 31.22/31.79 t ha! yr'! in 2060. The severe erosion
class will increase from 18.09 % (2017) to 25.30 % (2060). However, it underestimated
the high erosion areas. It showed that vegetation dynamics highly influenced temporal
changes in soil erosion more than erosivity. Soil erosion is high in the State, especially
in the southern, central, and Awka areas due to high slopes and land cover changes.

This is aggravated by the low-level implementation of soil conservation measures.

The farmers’ adaptation strategies to soil erosion include cover cropping, straw
retention, and runoff diversion. There were still high percentage practices of
conventional tillage, slash and burn agriculture, low use of planting pits, mulching,
hedging, check-pit, resilient crops, and membership of cooperative societies. However,
a few of the farmers are currently adopting measures that permit farming with minimal

to no soil erosion by growing root crops like yams in sacks.

The study has contributed to data for soil erosion assessment in the State. It is the first-
time erosion model was validated with field data in the State. It highlighted the
importance of time in soil erosion incidences. The spatiotemporal assessment is critical
for effective soil erosion management for it will guide farmers and policy makers on
where and when erosion is severest. Soil exhaustion on a plot can occur at a short time

on less erodible soils. It unveiled the low farmers’ adaptation strategies in Anambra.
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Finally, there is the need for collaboration among private-public sectors and other
stakeholders as a multidisciplinary and participatory approach would lead to effective
solutions. Erosion mitigation should be integrated into high school curriculum and
much awareness created among all citizens as greater attention to soil conservation is
critical to achieving the United Nations’ sustainable development goals (SDGs) and
the African Union’s Agenda 2063 of hunger eradication and increased agricultural
productivity. This is vital for an unhealthy soil implies unhealthy people because most

human basic needs come from agriculture that relies on fertile soils.

6.2 Recommendations

Recommendations for policy and stakeholders

Capacity building for farmers: NGOs, agricultural organisations and extension
services should organise workshops, training sessions, and demonstrations to build

farmers’ capacity to implement erosion control techniques effectively.

Promote local knowledge: Encourage the integration of effective traditional and local
knowledge about land management and erosion control into modern practices. Farmers
have valuable insights that contribute to successful adaptation strategies like root-crop

farming in sacks and cover cropping.

Invest in infrastructure: Public and private stakeholders should invest in infrastructure
development such as terracing, check dams, vegetative barriers, and irrigation facilities.
These can effectively reduce erosion on a larger scale. The irrigation will permit early

planting and early harvest before the SON season when rain and erosion are intense.

Market access for sustainable products: create markets for sustainably produced goods,
which can incentivise farmers to adopt erosion control practices. Certification systems
can help customers identify and support environmentally compliant products. Such

incentives can motivate the farmers to adopt effective erosion control measures.
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Legislation: Aggressive reforestation including urban greening should be enforced by
law. Urban developers should integrate surface greening since settlement and bare

lands are the most susceptible to erosion.

Farmers should adopt minimal tillage agriculture and ensure the soil always covered
and protected. However, on high slopes, a dynamic integrated approach that

complements it with other measures like check-pit is recommended.
Recommendations for future research

Long-term impact assessment: Conduct long-term studies to assess the effectiveness
of different erosion adaptation strategies over extended periods. This can provide

insights into their sustainability under changing climate.

Climate change-erosion-economic-interaction: Investigate the interaction between
climate change and soil erosion. Consider how changing rainfall patterns, temperature
shifts, and extreme weather events might affect erosion rates. Also, take into account
the economic loss to the State due to soil erosion. Research should look into

quantifying SOC loss due to soil erosion in Anambra State.

Research should consider using more plots with existing and replanted vegetation
comprising diverse species on the runoff plots. This will help establish the impact of
diverse vegetation species, vegetation density, and age (perennial or annual plants) on
soil erosion. The temporal scale of the study should also be extended to five years to

highlight different scenarios in time both anticipated and unexpected.

Multi-scale studies: Undertake research at various scales (local to regional) to better
understand the context-specific nature of soil erosion risks and adaptation needs.
Innovative technologies: Explore the potential of innovative technologies like drones
and artificial intelligence for monitoring, mitigating, and predicting erosion risks.

These technologies can provide real-time data, monitoring and simulations.
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APPENDIX 1. SAMPLE OF THE SURVEY QUESTIONNAIRE

A. Quantitative- Household survey questions

Questionnaire for the inhabitants

I am Christopher Uche, a research student at Kwame Nkrumah University of Science
and Technology, Kumasi Ghana studying soil erosion risks and farmers’ adaptation
strategies in your State.

The research seeks to assess the risks of erosion and farmers’ adaptation strategies to
soil erosion by exploring how the menace is perceived (awareness), the risks and what
you do to adapt to it.

Your responses will be treated as confidential and will only be used for research
purposes.

Thank you in anticipation for your willingness to attend to the questions. Below are

the questions posed to you:

1. Household head: Name of village:

2. Date of the interview: Name of enumera-
tor:

3. Age:

Section A: Demographic and Social Characteristics (Tick the right ones)

Code Question Answer (cross)
GENDR Gender 1. Male
2. Female
MARIT Marital status 1. Married
2. Single
3. Divorced
4. widow
RELIG Religion 1. Catholic
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Anglican
Protestant
Muslim
ATR
Others

EDUCA

Education

None
Primary
Secondary
Tertiary
Others

OCCUP

Occupation

Small-scale farmer
Civil servant
Student

Artisan

Trader
Driver/Mechanic
Unemployed
Others

© N o g b~ w0 DN Pk NP ok wDN

Section B.

B.1. Family and family size

How many people live in your house? .............

Number of males

Number of

females

The
head*

household

Age of the household
head
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Section B2

Land ownership

1. Please, do you own farm land? Yes, No
2. If yes, what is the average size and main crops grown?
3. Quantity of harvest last season

Main crops

Area grown in hectares

Quantity harvested

1

2
3
4
5

Others

4. Compared to previous years, is harvest increasing now?

Section B3

Perception of Climate Change and soil erosion

1.Have you heard of climate change?

2.What do you understand by climate change?

3. How is climate change affecting your farming activities?

4 What are the causes of climate change?

5.Does it affect your agricultural practices and productivity?

6. Do extension service workers visit you regularly?

Section C. Farmers’ perception of soil erosion

C.1. Noticed erosion and climate change related events
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1. Do you know soil erosion?

2. Has it increased in recent years?

3. What do you think is causing the increasing problem of erosion?....................

Your perception of the following in the past years

Yes

No

Do you think erosion is an environmental problem?

Indicators
of soil

erosion

Has soil erosion become a bigger problem and frequent now?

Has flooding become more frequent?

How do you notice erosion? Rills on farm

Shallow soil depth

Declining productivity

Soil washed away from farmland

Change in soil colour

Shallow soil depth

Loss of manure/fertilizer

Gullies

Sediments in ditches and washing off seedlings

Exposed plant roots

Is rain of high intensity nowadays?

Does heavy rainfall of long duration occur now?

Does rainy season start early?

Does rainy season end late?

Is temperature higher nowadays?

Has rainfall become unreliable and unpredictable?

Does rainy season seem to be shorter?

Do you think nights are becoming warmer now than before?

Others

5. What are the causes of soil erosion?
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Factors Yes No

Improper or over-cultivation

High slope

Deforestation

Heavy rainfall

Absence of SWC practices

Easily erodible soils

High population/more corrugated

houses

Sand mining and nonchalance

Adaptation Strategies

Statement

yes

no

You practice mixed cropping

You grow more leguminous crops

You cultivate fewer plots

You practice no-tillage

You grow more resilient crops

You depend on remittances now

You depend more on non-farm activities now than in the past years

You do mulching

You do terracing

You practice contour farming

Runoff diversion

Solid bunds (embankment) and sand bags

Hedging or shelterbelts/tree planting

You construct check dams or detention pits

Insufficient funds and no cooperative society

Stopped slash and burn agriculture
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You use planting pits

Straw and residue retention after harvest

Others, specify

Limitations to adaptation

Statement Yes No

Increasing climate variability

Low financial capacity

Unavailability of the weather forecast

Poor agronomic activities

Poor knowledge of climate change adaptation mechanisms

Non-adaptability of modern farming practices

Youth migration

Increased deforestation

Insufficient government support

Others

Have you observed the following soil erosion and climate change impacts in the past

5 years?

Erosion related impacts/shocks Yes No

A decline in crop yields/poor harvest

Food insecurity or shortage

Increased or invasive weeds

Farming becoming unattractive due to poor yield

Others

F.1. Information sources

Do you use the following information sources? | Yes No

Radio
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Television

Newspaper

Leaflets/posters

Extension workers

Others, specify

F. 2. Rating weather-related information

How do you rate weather-related information ?

1=Poor, 2=Average, 3=Good

Is the information timely and adequate?

Is the information useful?

Thank you participating
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APPENDIX 2. RELATIONSHIP BETWEEN COHESION, SHEAR STRESS

AND ANGLE OF INTERNAL FRICTION
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APPENDIX 3. RELATIONSHIP BETWEEN OMC AND MDD
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APPENDIX 4 TRIAXIAL AND ATTERBERG TESTS

Sil]\z/lp DIRECT SHEAR BOX CONSISTENCY LIMITS
NO. TEST TEST.
C Y
o 5 (KN o | o | o | o
1 - - - 38.00 23.61 14.39 16.43
2 - - - 30.00 22.88 7.12 9.29
3 - - - 2&8.00 19.99 8.01 9.29
4 - - - 36.00 23.70 12.30 9.29
5 - - - 32.00 21.74 10.26 9.29
6 - - - 29.00 18.83 10.17 8.57
7 - - - 30.00 20.83 9.17 7.86
8 - - - 28.00 19.25 8.75 7.14
9 - - - 34.00 19.77 14.23 9.29
10 - - - 2&8.00 18.18 9.82 7.86
11 7 15 19.98 NP NP NP NP
12 - - - 27.00 15.39 11.61 8.57
13 - - - 32.00 21.24 10.76 10.00
14 - - - 29.00 22.47 6.53 6.43
15 - - - 36.00 21.89 14.11 10.00
16 4 17 20.41 NP NP NP NP
17 - - - 32.00 21.58 11.42 7.86
18 2 17 19.98 NP NP NP NP
24 - - - 33.00 20.61 12.39 8.57
25 - - - 34.00 22.71 11.29 10.00
26 - - - 32.00 18.71 13.29 7.14
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27 - 36.00 20.34 15.66 9.29
19 - 41.00 22.87 18.13
20 - 27.00 20.90 6.10
21 - 26.00 22.10 3.90
22 - 31.00 22.50 8.50
23 - 28.00 18.70 9.30
24 - 30.00 10.60 19.40
25 - 28.00 10.60 17.40
30 - 27.00 21.21 5.79

224




APPENDIX 5. RELATIONSHIP BETWEEN SOIL LOSS AND RUNOFF

Soil loss-runoff relationship Isu big plot
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