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AssTrRACT: Gullies and other forms of erosion have been the greatest environmental problem and catastrophe in most
high- and low-income countries. The challenge posed by soil erosion has compromised agricultural productivity, en-
vironmental biodiversity and food safety for the world’s population. It is important to identify vulnerable areas to
soil erosion in each region to initiate remedial measures. This study demonstrates the use of watershed morphometry
coupled with weighted sum analysis (WSA) to estimate the soil erosion susceptibility of the Imo River Basin sub-wa-
tersheds (SWs) in South-Eastern Nigeria using satellite remote-sensing data and geographic information system (GIS)
analysis. To this end, Shuttle Radar Topography Mission (SRTM), a Digital Elevation Model (DEM) with 30 m spatial
resolution was used to extract and analyse 18 morphometric parameters including basic, linear, shape and relief. The
method of receiver operating characteristics (ROC) curves was used to validate the model’s prediction accuracy. This
morphometry-based analysis resulted in the SWs being classified into zones of low, medium, high and very high
erosion susceptibility. With regard to erosion susceptibility, 41.51% of the basin (2494.68 km?) is in the very high pri-
ority zone; while 10.50%, 44.33% and 3.66% of the basin are in the high, medium and low priority zones respectively.
Validation of the final erosion susceptibility map showed a prediction accuracy of 81%. The use of satellite imagery
and morphometric analysis in this study was cost- and time-effective for identifying areas susceptible to soil erosion.

Keyworps: morphometry, weighted sum analysis, soil erosion susceptibility, SRTM, remote sensing, GIS, Imo River
Basin
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Introduction continually degrading (Montanarella et al. 2016).

Soil erosion is a major cause of soil degradation

Soil is a limited resource that is important for
food production, carbon sequestration, water and
nutrient management, contaminant filtration, bi-
odiversity improvement, strong heritage, and cli-
mate regulation (Arshad, Martin 2002, Panagos
et al. 2019). Due to population growth, econom-
ic progress and climate change, global soils are

§ sciendo

as some forms of soil erosion by water (e.g. rill
and gully) affect over 1 billion hectares globally
(Lal 2003, Panagos et al. 2019). Anthropogenic ac-
tivities as well as the resulting land-use changes
(vegetation loss and growth in cropland) were
the key reasons for a 2.5% rise in soil erosion by
water between 2001 and 2012 (Borrelli et al. 2017).
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The impacts of soil erosion go further than
marginal land degradation. It has contributed to
increased contamination and sedimentation in
streams and rivers, blocking up these waterways
and causing losses in the population of fish and
other aquatic animals. Soil erosion impacts ag-
ricultural productivity, drinking water resource
quality, soil and aquatic ecosystem health, and
landscape aesthetic value (Fayas et al. 2019). The
effect of water-driven soil erosion on the glob-
al market and food supply reflects an estimat-
ed financial loss of USD 8-40 billion, a decrease
in food production of 33.7 million tonnes and a
48 billion cubic metres rise in water usage (Sartori
et al. 2019). In nations such as Brazil, China, India
and low-income households worldwide, these
impacts are felt more intensely (Nkonya et al.
2016, Sartori et al. 2019). Cumulative expendi-
ture projections to minimize the on-site impacts
of land degradation (e.g. production losses) and
its off-site implications (e.g. biodiversity losses
and water body siltation) contribute to values of
USD 400 billion per annum (Nkonya et al. 2016).
However, these numerical values were obtained
in soil loss studies utilising Universal Soil Loss
Equation (USLE) or related techniques, without
any consideration of gully erosion (Alencar et al.
2020).

With a view to sustainable development and
environmental conversation, soil erosion by wa-
ter has been highlighted as a vital issue to be con-
fronted in the 21st century (Borrelli et al. 2017,
Poesen 2018, Alencar et al. 2020). A global model
by Borrelli et al. (2020) predicts that by the year
2070, soil erosion will massively increase from
30% to 66%, relative to the year 2015 estimates.
The study also predicts that over 28 billion addi-
tional metric tons of soil will be lost annually if
farming methods are not adjusted and steps are
not taken to prevent climate change. This is about
two-thirds >43 billion tons estimated for the year
2015. Tropical and sub-tropical countries with
low to medium incomes are most vulnerable to
a dramatic rise in erosion (Borrelli et al. 2020).
In many parts of the world, extensive gully ero-
sion caused by poor land management practices
has had significant environmental effects. The
contribution of gully erosion to the total soil
loss from water erosion ranges from 10% to 94%
worldwide, and in agricultural watersheds, it
can account for up to 80% of the total soil erosion

(Capra, Scicolone 2002, Poesen et al. 2003, Gao
et al. 2013). According to Nigeria Erosion and
Watershed Management Program (NEWMAP)
(2012), southern Nigeria is affected by massive
gully erosion and there are an estimated 3000
gullies in rural or urban landscapes within the
region. It is therefore critical for researchers and
policymakers of these countries to explore ero-
sion extent, identify possible hotspots, and work
with stakeholders to soften the impact.

Poesen et al. (2003) identified gully erosion as
a process that characterises runoff water which
accumulates and often reoccurs in narrow chan-
nels and, over short periods thereby remov-
ing the soil from the narrow region to sizeable
depths. Bernard et al. (2010) described the pro-
cess of gully erosion as a mechanism that primar-
ily starts during extreme rainfall events by erod-
ing one channel or a series of channels due to the
intensity of surface water discharge. Gullies con-
tribute to land loss and desertification, as well as
growing threats to the environment and society.
Since the early 20th century, soil degradation has
been a concern and according to estimates by the
United States Department of Agriculture (USDA)
and the National Conservation Congress, over
44,000 km? of global land has been abandoned
due to extreme erosion (Alencar et al. 2020). This
number had risen to over 200,000 km? by the end
of the 1930s (Alencar et al. 2020).

Among soil erosion mechanisms, gully erosion
has a significant contribution to watershed sedi-
mentological processes, as it is also the primary
cause of sediment displacement (Vanmaercke et
al. 2016). Gullies also influence catchment con-
nectivity (Verstraeten et al. 2006), enabling more
sediments to enter water-bodies and therefore
increasing siltation (De Arajuo et al. 2006). As
they are extremely important in respect to ero-
sion processes, gullies impose huge pressures on
landscape development altering flood levels, in-
creasing runoff and altering sediment dynamics
(Valentin et al. 2005, Poesen 2018, Yibeltal et al.
2019). Gullies are also a major threat to humanity
and its environment due to their effect on agri-
cultural production, water availability, flooding,
rubble flow and avalanches (Liu et al. 2016, Wei
et al. 2018). Moreover, gullies do have a signifi-
cant effect on the economy due to high costs of
mitigation, reduced arable land, decreased fresh-
water reserves, improved connectivity of water



SOIL EROSION SUSCEPTIBILITY MAPPING OF IMO RIVER BASIN USING MODIFIED GEOMORPHOMETRIC...

145

and sediment, and severe salinity of reservoirs.
(Verstraeten et al. 2006, Pinheiro et al. 2016). The
evaluation of the effects of gullies on production
costs in an arid area of Israel showed that the ex-
pense of mitigating gullies accounted for over 5%
of total investments and that production losses
were as high as 37% (Valentin et al. 2005).

The mapping of erosion hazards is an impor-
tant step for erosion control. A literature survey
shows evidence of previous studies in this re-
gard. For example, Nwilo et al. (2011) utilised
Geographic Information Systems (GIS) as a meth-
od for identifying and mapping gully erosion
hazards in Abia State, south-eastern Nigeria. A
total of 171 gully erosion sites were coordinated
using Global Positioning System (GPS) receivers,
and a further 35 gully erosion sites were identi-
fied from a processed Digital Elevation Model
(DEM). Relatedly, Okereke and Onu (2012) used
remote sensing techniques to map the incidence
of gully erosion in Okigwe, South-East Nigeria. In
another study, Anejionu et al. (2013) adopted the
Revised Universal Soil Loss Equation (RUSLE) to
conduct a long-term evaluation of erosion hot-
spots in Southeast Nigeria. The study classified
the zone into five erosion risk groups, ranging
from very high to very low and included a spa-
tial distribution mapping of erosion blackspots in
the study area. By using the Revised USLE mod-
el, Chuenchum et al. (2020) analysed the evolv-
ing patterns of soil erosion and sediment yield
from the effects of climate and land-use changes
in the Lancang-Mekong River Basin, Southeast
Asia. In most areas of the lower Mekong River
Basin, the evolving environment and land use
scenarios showed greater soil erosion and sed-
iment yield. The results from this study could
likewise serve as a knowledge resource in ad-
dressing the erosion issues in that region and
in mitigating the possible effects. Applying the
updated USLE formula in a GIS graphical user
interface, a comprehensive assessment of soil
erosion in the Kelani River Basin, Sri Lanka, ef-
fectively provided a range of spatially separate
management strategies to deter erosion in the
basin (Fayas et al. 2019). The study classified the
Kelani River basin into five erosion risk groups:
low, moderate, high, very high and extremely
high. In addition to the categorisation, it included
thematic maps on RUSLE parameters with appli-
cations in targeted conservation measures. Other

researchers have employed ground surveys for
mapping erosion sites (Ofomata 1965, Ogbukagu
1976, Egboka, Okpoko 1984, Okagbue, Uma 1987,
Akpokodje et al. 2010, Ezezika, Adetona 2011,
Obiadi et al. 2011). However, the cumbersome
nature of ground surveys including the high cost
makes it a non-attractive option and not suitable
for mapping extensive regions.

Morphometric mapping of drainage basins
has been applied effectively over the last dec-
ade to classify sub-basins at various scales. It has
found wide applications in the development,
administration and prioritisation of sub-basins
for soil and water management. Morphometry
is the product of basic measurements and nu-
merical modelling of soil surface setup, shape,
and landform aspects (Adinarayana et al. 1995,
Srivastava 2003, Jang et al. 2013). It is an essential
element of hydrological and hydro-geological
analysis (Agarwal 1998). It aids the understand-
ing of hydrological characteristics, and its effects
are useful inputs to a holistic approach for wa-
ter resource conservation (Jawaharraj et al. 1998,
Kumaraswami et al. 1998, Sreedevi et al. 2001).
Morphometric analysis requires a calculation of
the linear characteristics, channel network gra-
dient, and contributing drainage basin ground
slopes. It is an essential tool for prioritising
sub-watersheds (SWs), without even considering
the soil map (Biswas et al. 1999). Horton (1940)
and Strahler (1950) conducted initial morpho-
metric research in the field of hydrology. The
movement of surface runoffs and sediments
to a stream within the drainage basin is a basis
for morphometric analysis (Chopra et al. 2005,
Patel et al. 2013, Ameri et al. 2018). For example,
Gajbhiye et al. (2014) used morphometric param-
eters to define critical sub-basins of the Manot
river catchment of Madhya Pradesh in India,
which were hurting from severe soil erosion.
Ameri et al. (2018) also used morphometric pa-
rameters to prioritise the erodibility of 36 SWs of
the Ghaemshahr Basin of Mazandaran Province
in Iran. Rahaman et al. (2015) prioritised Kallar
drainage basin SWs based on morphometric fea-
tures, by using Fuzzy Analytic Hierarchy Process
(AHP) and GIS.

It is evident that erosion poses a major chal-
lenge to the protection of soil and water supplies
in South-Eastern Nigeria. Moreover, lasting re-
sults are yet to be attained by several government
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intervention efforts such as the Nigeria Erosion
and  Watershed = Management  Program
(NEWMAP) which was set up to curb the erosion
threat in the region. A literature survey has not
shown any evidence of the use of morphomet-
ric parameters in comprehensively modelling
erosion processes and prioritising erosion-prone
areas of catchment zones within South-Eastern
Nigeria. Decision-makers in government, policy
strategists, and soil and water conservationists
require an understanding of the location and
magnitude of erosion occurrence, now and in the
future. This study aims to apply morphometric
analysis for identifying areas susceptible to soil
erosion within the Imo River Basin of South-
Eastern Nigeria. Erodibility prioritisation of SWs
was carried out through ranking and correlation
analysis using the modified weighted sum anal-
ysis (WSA) approach. This study seeks to inform
efforts aimed at mitigating the risk of erosion
both locally and internationally by contribut-
ing to the knowledge base on erosion mapping
and management. This caters to the vision of the
United Nation’s Sustainable Development Goals
(SDGs) for life on land, and sustainable cities and
communities.

Materials and methods

Study area

The Imo River Basin in South-Eastern Nigeria,
West Africa has a total area of 2494.68 km?.
Geographically, it is located between latitudes
4°50'-6°00'N, and longitudes 7°05'-7°35'E. The
Imo River originating from Okigwe in Imo State
is the major river draining the basin (Amangabara
2015). The maximum elevation is found in the up-
per part of the basin with a height of 417 m above
mean sea level (MSL), and the minimum height is
in the lower part of the basin with a height of 5 m
above MSL. The basin extent is shared by three
dominant states namely - Imo, Abia and Rivers.
Figure 1 presents a map showing the location of
the Imo River Basin. The surrounding states have
a hot, semi-hot equatorial type of climate. The
area experiences heavy rainfall, with a mean an-
nual precipitation of 2000-2400 mm and an av-
erage number of 152 rainy days especially during
the wet season (April-October). The distribution

of superficial precipitation is skewed, with highs
in July and September and a 2-week break in
August. The rainy season starts in March and lasts
until October or early November (NIMET 2019).
Rainfall also hits its highest at night and during
the early morning hours. The greater annual lev-
els of rainfall and days of rainfall contribute to
significant amounts of runoff. Differences in the
amount of rainfall happen from year to year,
however, usually between 1990 and 2200 mm
(NIMET 2019). As a result, agricultural practices
require little irrigation. This also promotes luxu-
riant forests beyond agriculture and recharging
water sources from the soil and surface. Relative
humidity during the dry and rainy seasons alter-
nates between 75 and 90%. January to March are
the hottest months, with annual average temper-
atures >20 °C.

The Imo River Basin is predominantly occu-
pied by the Igbo-speaking tribe. With good soil
for agriculture and water for fishing, the main
occupation is farming and fishing as it provides
a source of livelihood to the populace. Extraction
of minerals such as crude oil by both skilled and
unskilled labourers are also important activi-
ties within the basin. Manufacturing industries
abound in this region’s metropolitan areas. The
whole South-East zone falls within Nigeria’s
forest and derived savanna belt. Much of the
forestland has been transformed into oil palm
tree-dominated farmlands and palm bushes. The
region’s major environmental concerns are de-
forestation, soil erosion and biodiversity deple-
tion (Okali et al. 2001).

Data acquisition

This study wutilised the Shuttle Radar
Topography Mission (SRTM) v3.0 Global DEM
acquired from the United States Geological
Survey (USGS) web portal (earthexplorer.usgs.
gov/). The SRTM DEM is provided in 1 x 1 tiles
at 1 arc-second (30 m) and is defined on WGS 84
datum. It is also referenced to the EGM96 geoid
model. Hence its heights are orthometric with
vertical units in metres. The SRTM DEM’s glob-
al coverage provides tremendous advantages for
wide-area environmental modelling, especially
when data availability is a problem. SRTM v3.0
which was released in September 2014 reveals the
total detail of the world’s landforms as originally
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Fig. 1. Map showing the location of the study area.

captured by SRTM in the year 2000 (NASA JPL
2014). However, in providing reasonably reliable
data to define drainage basin morphometry, sev-
eral studies have shown that SRTM DEM is far
better than the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER)
DEM (Sun et al. 2003, Farr et al. 2007, Forkuor,
Maathuis 2012, Patel et al. 2016). Figure 2 pre-
sents a workflow of the methodology.

DEM pre-processing and watershed
mapping

DEM pre-processing is the first stage of the
processing carried out on the DEM to make it
more hydrologically correct and to improve on
its terrain characterisation. The pre-processing

DATA ACQUISITION
e Shuttle Radar Topography Mission (SRTM) - 30m DEM was acquired from
USGS online portal

ERODIBILITY PRIORITIZATION OF SUB-WATERSHEDS USING WSA APPROACH
e Preliminary ranking
e Pearson's product moment correlation matrix
e Final weightages
e Compound parameter constant

|

VALIDATION OF THE EROSION SUSCEPTIBILITY USING ROC CURVES

|

PRESENTATION OF RESULTS

Fig. 2: Methodology workflow.
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steps to be implemented are dependent on the
type of terrain, and on the type of analysis to be
carried out. The following pre-processing steps
were executed within the ArcGIS 10.3 software
environment - fill sinks, flow direction and flow
accumulation. Thereafter, the watershed was
delineated. The delineated watershed bound-
ary was further segmented into SWs using the
ArcHydro extension tools for ArcGIS 10.3. The
drainage network of the SWs was extracted from
the pre-processed DEM using the ArcHydro
tools. ArcHydro uses a rational, efficient and
reliable algorithm. In the next phase, the stream
ranking (stream ordering) was carried out fol-
lowing the stream ranking system initially intro-
duced by Horton (1945) and later amended by
Strahler (1964). According to Strahler (1964), all
rivers and streams of the fingertips are designat-
ed as streams of the first order and where two
of them join; they form a stream of second or-
der. Similarly, two streams of the second order
join to form a stream of the third order, and so
forth. Stream order increases only when streams
of the same order converge. The convergence of
a first-order and second-order link will therefore
remain a second-order link, instead of creating a
third-order link. The categorisation of rivers and
streams within drainage basins can be accom-
plished by conventional methods such as using
topographic maps and ground observations, or
by using advanced techniques such as remote
sensing and GIS (Macka 2001, Maidment 2002,
Altaf et al. 2014).

Morphometric analysis

The morphometric analysis includes line-
ar character estimation, channel network slope
and contributing drainage basin ground slopes
(Nautiyal 1994). The morphometric analysis for
the different sub-basins was carried out by meas-
uring the linear, shape and relief morphometric
parameters of the basin. Areas and perimeters of
the SWs were assessed by measuring the geom-
etry of the derived sub-watershed polygons in
the ArcGIS environment. Morphometric analysis
is based on the overall drainage system activity.
The drainage pattern refers to the spatial correla-
tion between streams or rivers which may be im-
pacted by the region’s steepness, soil, rock rigidi-
ty, framework and geological history inequalities

in their erosion. The morphometric research uses
some very important elements (linear, shape and
relief parameters) to prioritise the SWs in water
supply management. In this study, extraction
and evaluation of the morphometric parameters
in each of the SWs were ranked using their rela-
tionship to soil erodibility. The overall number of
ranks assigned in this method is based upon the
number of watersheds. Ranks were numbered
from 1 to 25, based on the number of SWs deline-
ated. Rank 1 was assigned in such a way that the
parameter value represents the maximum contri-
bution to erodibility and rank 25 is a minimum
contribution. The formulas used to derive the
necessary morphometric parameters pertaining
to linear, areal, and relief aspects of the water-
shed are presented in Table 1.

Erodibility prioritisation of SWs using WSA
approach

Erodibility prioritisation is the hierarchical
ranking of various SWs in relation to soil erod-
ibility, and the required soil and water conser-
vation measures are taken according to the pri-
ority order. The WSA approach is effective and
ideally suited to prioritizing watersheds. In the
present study, sub-watershed wise delineation
was done by using a newly developed prioritisa-
tion methodology where geospatial approaches
are coupled with a statistical approach to allow
the correct sub-watershed ranking, by avoiding
the individual bias associated with several in-
fluencing parameters. Various morphometric
parameters were rated in this method in terms
of their relationship with erodibility, and cor-
relation analysis among these parameters was
performed. Therefore, it is hypothesised that an
incentive exists to rectify the incorrect findings in
order to increase the prioritisation accuracy. This
method was useful in generating and assigning
weights to each input variable according to their
significance.

Secondly, the correlation between erosion
assessment (morphometric) parameters using
Pearson’s product-moment correlation (r) was
identified. The sum of all correlations in the col-
umns was calculated and recognised as ‘sum of
correlation’. The totals of the “sum of correlation’
yielded the “grand total’. Also, the final weights
(Fw) of the morphometric parameters were



SOIL EROSION SUSCEPTIBILITY MAPPING OF IMO RIVER BASIN USING MODIFIED GEOMORPHOMETRIC...

149

calculated by dividing the ‘sum of the correlation
coefficient” of each parameter by the grand total
of correlations (Table 6).

of each morphometric parameter (metrics). A fi-
nal erosion susceptibility map of the study area
was prepared using the Cpc values.

The Fw were calculated using Eq. (1).

Final weight (Fwi) =

Finally, using Eq. (2), the compound param-
eter constant (Cpc) values of all SWs in the Imo- -
River Basin were calculated based on the weights

Sum of correlation coefficient

Cpc = ) (Pri x Fwi)

Grand total of correlations

1)

where:

)

- Priis the preliminary rank of ith parameter for

sub-watershed, and

eter.

Table 1. Formulas adapted for the computation of morphometric parameters.

Fwi is the final weight of the same ith param-

S/N Morphometric Formula Unit Reference
parameter
1 Basin area (A) The area enclosed by the watershed (GIS software analysis) km | Horton (1945)
2 | Basin perimeter (P) The perimeter of the watershed (GIS software analysis) km | Horton (1945)
. Distance from outlet to the farthest point on basin boundar Schumm
3 Basin length (Lb) (GIS software anal:lysis) ' km (1956)
4 Stream order (U) Hierarchical order [-] | Strahler (1964)
5 Numbe(rl\(l)lfl)s treams Total stream number of all orders (GIS software analysis) [-] | Strahler (1964)
6 Total str((eE)m length Total stream length of all orders km | Horton (1945)
Rb=Nu/ (Nu+1)
7 Bifurcation ratio where Rb = Bifurcation ratio; Nu = Total no. of stream seg- ] Schumm
(Rb) ments of order “u’; Nu + 1 = Number of segments of the next (1956)
higher order.
8 Mean.blfurcatlon Rbm = Average of bifurcation ratios of all orders [-] | Strahler (1957)
ratio (Rbm)
Drainage density D=Lu/A km
9 where D = Drainage density; Lu = Total stream length of all _, | Horton (1945)
(Dd) R 5 km
orders; A = Basin area (km?)
Stream frequency Fs=Nu /A no
10 where Fs = Stream frequency; Nu = Total no. of streams of all _, | Horton (1945)
(Fs) A N km
orders; A = Basin area (km?)
Drainage texture Dt = Nu / P where Dt = Drainage texture; Nu = Total no. of no
H (%t) streams of all orders; P =gBasin Perimeter (km) km-! Horton (1945)
12 Elongation ratio h _ Re. =2/ Lb sqit (A / m) N iy Schumm
(Re) where Re = Elongat.lon ratio; A = Bas.m area (km?; m = ‘Pi [-] (1956)
value i.e. 3.14; Lb = Basin length
Circulatory ratio Re=4xmnxA /Pt
13 (Ro) where Rc = Circularity ratio; m = ‘Pi’ value i.e. 3.14; A = Basin [-] Miller (1953)
area (km?); P = Basin Perimeter (km)
Rf=A /Lb?
14 Form factor (Rf) where Rf = Form factor; A = Basin area (km?); Lb? = Square of [-] | Horton (1932)
basin length
Compactness coeffi- Ce=P/2sqrt (nA)
15 . where Cc = Compactness Coefficient; P = Basin perimeter [<] | Horton (1945)
cient (Cc) A e )
(km); A = Basin area (km?)
16 Basin Relief (H) H = Maximum relief — Minimum relief m Horton (1945)
. . Rh=H/Lb Schumm
17 Relief ratio (Rh) where Rh = Relief ratio; H = Basin relief; Lb = Basin length [-] (1956)
Ruggedness number Rn = Dd x (H /1000)
18 88 R where Rn = Ruggedness Number; Dd = Drainage density; [-] | Strahler (1968)
(Rn) H = Basin relief
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Validation of the erosion susceptibility

To systematically and qualitatively evaluate
the erosion susceptibility metrics, the method of
receiver operating characteristics (ROC) curves
was used to evaluate the model’s prediction accu-
racy. ROC curves are useful in evaluating the per-
formance of binary classifiers (Zhang et al. 2015)
and can discriminate between the observed and
predicted variables based on the logistic regres-
sion S-shaped curve. This validation technique is
also known as relative operating characteristics
(Pontius, Schneider 2001). The ROC curve tech-
nique follows a binary classification rule which
results in four potential outcomes: true positive,
true negative, false positive, and false negative. If
a correct outcome is properly identified as posi-
tive, a true positive exists, while a false positive
defines a negative outcome as being incorrectly
positive. On the negatives, if a negative outcome
is properly recognised as negative, a true nega-
tive exists, and a false negative wrongly recog-
nises a true result as negative (Carter et al. 2016).
The relationship between the sensitivity and 1 -
specificity is graphically represented as the ROC
curve and the area under the curve (AUC) is the
accuracy of the predicted results. Sensitivity is
characterised as the measure of positives correct-
ly identified as such or the likelihood of a positive
test, often referred to as the true-positive rate Eq.

(3). Specificity is the proportion of negatives cor-
rectly classified as such or the possibility of a neg-
ative test. This is also referred to as the true-neg-
ative rate. The false positive rate (1 - specificity)
is the proportion of incorrect positive results that
are actually negative Eq. (4). The false negative
rate (1 - sensitivity) is the proportion of incor-
rect results that are actually positive (Nelson et
al. 2005). By plotting the true-positive rate (sen-
sitivity) on the y-axis against the false-positive
rate (1 - specificity) on the x-axis, ROC curves are
formed.

True positives

True positive rate = 3)

True positives + false negatives

True negatives

False positive rate = 4)

True negatives + false positives

For the validation of the erosion susceptibil-
ity result, the locations of prevalent erosional
occurrences (shown in Table 2) were obtained
from the literature and records of recent events
from online sources (Amangabara et al. 2015,
Amangabara et al. 2018, Channels Television
2018). With this technique, the ROC curve tool
embedded in the SPSS software environment
was deployed and the ROC curve plot was pro-
duced where the AUC was determined. The co-
ordinates of the curve are shown in Table 3.

Table 2. Descriptive information of the validation points.

[Blofimi i Erosion | Easting | Northing | Average depth Area Source(s)
no. type [mE] [mN] [m] [km?]
1 |Ideato North Gully 297084 | 650725 15-35 30.11-109.72 | (Amangabara et al. 2015,
2 | Ideato South erosion | 296988 | 643359 15-35 30.11-109.72 | Amangabara et al. 2018)
3 | Okigwe 317303 | 643221 - 0.68
4 |Obowo 319395 | 616106 05-20 8.39-30.12 | Amangabara et al. (2015)
5 | Ehime Mbano 309899 | 628529 - 0.55-2.09
6 | Umuahia North Gully 332166 | 617607 - 6.85-31.70 | Channels Television (2018)
7 | Aboh-Mbaise erosion | 309726 | 593501 - 0.76-1.53
8 | Unuimo No active | 303363 | 636918 - - -
9 |Ogwe erosion | 306703 | 551110 - - -
10 | Obiaku 301950 | 540063 - - -
11 |Nkpa 333293 | 623302 - - -
12 | Ihitte-Uboma 316080 | 623687 - - -
13 | Etche 293472 | 547770 - - -
Table 3. Coordinates of the ROC curve.
S/N 1 2 3 4 5 6 7 8 9 10 11 12
Sensitivity 1.000 | 1.000 | 1.000 | 1.000 | 0.833 | 0.667 | 0.500 | 0.333 | 0.333 | 0.333 | 0.167 | 0.000
1 - Specificity | 1.000 | 0.714 | 0.429 | 0.286 | 0.286 | 0.286 | 0.286 | 0.286 | 0.143 | 0.000 | 0.000 | 0.000
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Results and discussion
SWs analysis

The watershed processing resulted in the de-
lineation of the Imo River Basin with 25 SWs.
Figure 3 presents a map showing the basin’s
SWs, with SW5 (656.12 km?) being the largest
sub-watershed and SW6 (35.53 km?) being the
smallest sub-watershed in terms of areal extent.
The Imo River which is the major river in the ba-
sin has its source in the Okigwe upland located
in SW16, and flows north to south through SW15,
SW14, SW10, SW8, SW7, SW5, SW3 downwards
to the basin outlet (SW1). The river flows across
some major towns such as Okigwe, Abekenta,
Ugwuaku, Umuzi, Ezinachi, Ife, Okpuala and
Abiama in each SW, having its longest length of
flow (105 km) in SW5. It is joined at SW3 by its
major tributary (Otamiri River) flowing from the
north and exits the basin at SW1.

Analysis of basic parameters

The results of the computation of basic mor-
phometric parameters are shown in Table 4. The
drainage networks in the Imo River Basin trans-
port water and sediments of the basin through a
single outlet (Imo River), which is marked as the
maximum order of the basin and conventional-
ly the highest order stream (6th order) available
in the basin considered as the order of the ba-
sin. Based on stream order, Imo River Basin was
graded as 6th order with an area of 2494.68 km?
and a perimeter of 746.72 km. Figure 4 presents
a map showing the basin’s stream order. The cu-
mulative number of streams in the basin is 1954.
The total length of the streams in various orders
is 2746.06 km.

Some of the morphometric parameters are
directly considered as soil erosion metrics and
thus are referred to as erosion risk assessment
parameters (Biswas et al. 1999). These include the

Table 4. Basic parameters of sub-watersheds (SW5s) in the Imo River Basin.

Sub-watershed ID Basin area | Basin perimeter | Basin length | No. of streams | Total stream length Ngivﬁtll(\)/[riln
[km?] [km] [-] [km] [m]
SW1 51.97 75.23 11.27 37 51.43 41 12
SW2 39.24 50.30 8.33 26 40.75 37 14
SW3 103.93 104.85 16.51 84 113.91 52 18
SW4 158.62 117.01 22.45 128 180.71 70 17
SW5 656.12 351.57 69.97 548 757.62 193 20
SW6 35.53 48.99 11.95 29 35.00 186 67
SW7 137.12 112.25 15.56 102 139.73 206 60
SW8 56.51 58.75 10.11 49 60.28 203 67
SW9 67.16 57.89 10.46 63 77.83 175 81
SW10 50.87 51.22 10.44 36 48.03 212 75
SW11 89.84 79.12 12.13 70 90.71 240 73
SW12 83.18 64.30 11.21 79 86.64 219 82
SW13 53.53 52.09 12.76 26 55.09 286 75
SW14 60.49 56.84 10.96 51 66.94 290 76
SW15 58.19 69.55 13.51 48 62.12 330 82
SW16 63.83 62.58 14.73 39 69.49 334 83
SW17 116.86 76.83 13.38 99 133.21 262 89
SW18 83.69 107.19 14.88 67 85.68 239 86
SW19 59.31 55.17 13.47 37 66.98 360 99
SW20 68.98 52.21 10.58 51 71.15 323 118
SW21 55.77 72.08 14.31 40 76.02 322 99
SW22 78.38 102.44 24.19 48 80.23 386 86
SW23 47.47 80.10 18.18 37 50.74 345 104
SW24 124.73 106.08 18.73 85 135.74 417 109
SW25 93.37 68.50 13.43 75 110.06 416 149
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Fig. 3. Sub-watershed map of Imo River Basin.

linear, shape and relief morphometric parameters
as shown in Table 5. Linear and relief morpho-
metric parameters have a direct/ positive associa-
tion with erodibility, i.e. the higher the values of
these parameters, the greater the erodibility in the
area and vice versa (Javed et al. 2009). In contrast,
shape morphometric parameters have an inverse
relation to erodibility i.e. the lower the values of
these parameters, the higher the erodibility in
the field of analysis and vice versa (Ratnam et al.
2005).

Analysis of linear morphometric parameters

These parameters include Drainage density
(Dd), Stream frequency (Fs), Mean Bifurcation
ratio (Rbm), and Drainage texture (Dt). A lower
Dd in any watershed implies a porous sub-sur-
face soil, strong vegetation-cover, low-relief and
vice-versa (Harlin, Wijeyawickrema 1985, Nag,
Chakraborty 2003, Prasad et al. 2008, Vaidya et
al. 2013, Farhan, Anaba 2016, Farhan et al. 2017,
Ali et al. 2018). A study by Asfaw and Workineh
(2019) on Gumara and Ribb watershed, Ethiopia,
shows a Dd of 0.26 km™ and 0.30 km™ which is

Fig. 4. Drainage map of Imo River Basin showing the
stream order.

low and implies that the basin experience high-
ly permeable sub-surface, low erosion exposure
and better groundwater potential. Similarly, in
the Imo River Basin, the lowest volume of Dd
was observed in SW10 (0.94 km™), which indi-
cates that this sub-watershed has a high degree of
porosity among the other SWs, or it has the high-
est tendency to resist erosion if only the drainage
parameter is taken as a metric for susceptibility
to erosion.

The Fs has an inverse correlation with poros-
ity and a positive correlation to watershed relief
(Montgomery, Dietrich 1992). High Fs indicates
that there is rocky terrain in the watershed and
low infiltration ability which correlates to fur-
ther erosion and vice versa (Altaf et al. 2014). In
the Imo River Basin, the Fs ranges from 0.49 km™
for SW13 to 0.95 km™ for SW12. Based on the Fs,
these results indicate that SW12 has the least in-
filtration capacity and hence, the highest suscep-
tibility to erosion while SW13 has the least ero-
sion susceptibility in terms of Fs only. The Rbm
is a measure of the terrain’s structural complexi-
ty and porosity and is thus negatively associated
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Table 5. Linear, shape and relief parameters of sub-watersheds (SWs) in the Imo River Basin and its prelimi-
nary ranking with respect to soil erodibility.

Sub-
water-
shed

Linear parameters

Shape parameters

Relief parameters

Dd

Fs

Rbm

Dt

Re

Rec

Rf

Cc

Rh

Rn

SW1

0.99 (23)

0.71 (18)

557 (2)

0.49 (23)

0.72 (14)

0.12 (5)

0.41 (14)

297 21

0.003 (22)

0.029 (24

SW2

1.04 (16)

0.66 (21)

450 (7)

0.20 (14)

057 (19)

2.28 (12

0.003 (21)

0.024 (25

SW3

0.81 (9)

3.96 (17)

(
052 (21)
0.80 (13)

(
0.85 (19)
0.70 (13)

0.12 (6)

0.38 (13)

34 (23

0.002 (25)

0.037 (23

SW4

110 (9
1.14 (6

0.81 (10)

470 (6)

1.09 (5)

0.63 (7)

0.15 (10)

0.32 (7)

)
)
2.92 (20)
2.64 (16)

53 (22)

0.002 (24)

0.060 (22

SW5

)
)
1.16 (4)

0.84 (6)

4.80 (4)

1.56 (1)

0.07 (1)

3.90 (25)

173 (12)

0.003 (23)

0.200 (12

SWé

0.99 (24)

0.82 (8)

4.80 (5)

0.59 (19)

0.19 (13)

2.34 (13)

119 (20)

0.010 (18)

0.117 (20

SW7

1.02 (21)

0.74 (15)

448 (8)

091 (8)

0.14 (8)

2.72 (18)

146 (16)

0.009 (19)

SW8

0.87 (3)

0.83 (11)

2.22(10)

136 (19)

0.014 (11)

0145(7

SW9

0.94 (2)

1.09 (6)

2.01 (3)

94 (21)

0.009 (20)

SW10

0.71 (19)

0.70 (14)

2.04 (8)

137 (17)

SW11

0.78 (14)

0.89 (10)

237 (14)

167

0.014 (10)

SW12

0.95 (1)

1.23 (3)

2.00 (2)

(

(
0.013 (13)

(

(

0.012 (16)

SW13

0.49 (25)

0.50 (22)

0.65 (10)

0.33 (10)

2.02 (6)

(

(14)
137 (18)
211 (10)

0.017 (7)

)
)
)
)
)
)
0.149 (16)
)
)
)
)
)
)

SW14

0.84 (5)

447 (9)

0.90 (9)

0.80 (16)

0.50 (16)

2.08 (9)

0.020 (2)

SW15

0.82 (7)

431 (13)

0.69 (15)

0.64 (8)

0.32 (8)

2.59 (15)

0.018 (5)

SW16

0.61 (24)

445 (11)

0.62 (18)

0.61 (6)

0.29 (6)

2.22 (11)

0.017 (6)

SW17

0.85 (4)

345 (23)

1.29 (2)

0.91 (24)

0.65 (24)

2.02 (5)

0.013 (14)

SW18

0.80

5.20 (3)

0.63 (17)

0.70 (12)

0.09 (2)

0.38 (12)

3.33 (24)

0.010 (17)

SW19

3.75 (19)

0.67 (1

0.65 (9)

0.25 (19)

0.33 (9)

2.04 (7)

0.019 (4)

0.295 (5)

SW20

1.03 (17)

4.47 (10)

0.89 (23)

0.32 (25)

0.62 (23)

1.79 (1)

(
0.019 (3)

0.211 (11)

SW21

1.36 (1)

(12)
0.62 (22)
0.74 (16)
0.72 (17)

414 (14)

0.589 (5)

0.14 (7)

0.27 (5)

2.74 (19)

0.016 (9)

SW22

1.02 (20)

0.61 (23)

6.44 (1)

0.41 (1)

0.09 (4)

0.13 (1)

3.29 (22)

0.012 (15)

SW23

1.07 (12)

0.78 (13)

3.75 (20)

043 (3)

0.09 (3)

0.14 (3)

3.30 (23)

0.013 (12)

SW24

1.09 (11)

0.68 (20)

4.03 (15)

0.67 (11)

0.14 (9)

0.36 (11)

2.70 (17)

0.016 (8)

SW25

118 (2)

0.80 (11)

3.91 (18)

0.81 (17)

0.25 (22)

0.52 (17)

2.01 (4)

0.020 (1)

Preliminary ranks are shown in brackets.
Dd - drainage density; Fs - stream frequency; Rbm - mean bifurcation ratio; Dt - drainage texture; Cc - compactness
coefficient; Re - elongation ratio; Re - circulatory ratio; Rf - form factor; H - total basin relief; Rh - relief ratio; Rn -

ruggedness number.

with the watershed’s porosity. High Rbm sug-
gests early hydrographic optimum with capac-
ity for flood events during heavy rains leading
to the deterioration of the soil surface (Howard
1990). Rbm’s connection to an area’s suscepti-
bility to erosion is the same as that conveyed by
Dd and Fs. Hence in this instance, the classifica-
tion was the same as in the case of Dd and Fs. In
the Imo River Basin, the Rbm ranges from 3.11
for SW11 to 6.44 for SW22. SW22 has the high-
est susceptibility to erosion in the study area
according to Rbm results. The final linear mor-
phometric parameter is the Drainage texture (Dt)
that is strongly affected by the infiltration abil-
ity (Horton 1945). Low-infiltration regions will
produce higher Dt and thus result in more ero-
sion. The sub-watershed with the highest value
of Dt in the Imo River Basin is SW5 (1.56 km™),

indicating that it is the most susceptible to ero-
sion due to a low infiltration rate. The sub-water-
shed with the lowest Dt is SW23 (0.46 km™), and
this suggests that it is less vulnerable to erosion
based on the study of the drainage texture.

Analysis of shape morphometric parameters

The basin shape mainly regulates the rate at
which the water is delivered to the secondary
channel. These parameters include Elongation
ratio (Re), Circulatory ratio (Rc), Form factor
(Rf) and Compactness coefficient (Cc). In gen-
eral, the Re ranges from 0.6 to 1.0 and is corre-
lated with climate and geology (Schumm 1956,
Strahler 1964). Re values close to 1.0 are transmit-
ted to very low relief areas, while those values of
0.6-0.8 are correlated with high relief and steep



154

PETER C. NWILO ET AL.

slopes on the ground (Dar et al. 2013). The study
found that SW12 with the highest Re (0.92) was
the least susceptible to erosion and, in compari-
son, SW22 with the lowest Re (0.41) was the most
susceptible to erosion. The Rc is influenced pri-
marily by characteristics such as stream length
and frequency, geological structures, climate, re-
lief, and gradient of the basin (Miller 1953). Rc
values range from 0 (in line) to 1 (in one circle).
In a related study of the SWs of the Shivganga
River Basin India by Kadam et al. (2019), a low
Rc (i.e. 0.19) indicated rapid discharge from the
sub-watershed and consequently, a higher sus-
ceptibility to erosion (Kadam et al. 2019). Higher
values reflect more basin-shaped circularity and
vice-versa. The sub-watershed SW5 in the Imo
River Basin with the lowest amount of Rc (0.07)
indicates the highest vulnerability to erosion
with Rc as the only criterion.

In this way, the Rf has an inverse correlation to
erosion; the lowest Rf values are most susceptible
to erosion. The Rf values are within the range of
0.1-0.8 (Horton 1932). High-shaped basins have
high peak flows of shorter length whereas elon-
gated drainage basins with low-shaped influ-
ences have lower peak flows of longer duration
(Singh, Singh 2011, Farhan, Anaba 2016, Asfaw,
Workineh. 2019). The results of the Rf derived
from the SWs of the Imo River Basin differ from
the minimum (0.13) for SW22 up to the maxi-
mum (0.66) for SW12. Thus, the Rf analysis plac-
es SW22 as being most susceptible to erosion. A
watershed’s Cc is directly related to the potential
for watershed penetration. Therefore, the rating
adopted was identical to that adopted by Rf. The
lowest Cc was recorded for SW20 with a value of
1.79, which means that it has the minimum ab-
sorption potential and thus the highest erosion
sensitivity. The highest was noticed in SW5 with
a value of 3.90 implying that it has the highest
capacity for infiltration.

Analysis of relief morphometric parameters

These parameters include Total Basin relief
(H), Relief ratio (Rh), and Ruggedness number
(Rn). The Total Basin relief (H) is the difference
in altitude of the highest and lowest point of a
basin valley floor. A strong correlation exists
between the hydrological characteristics and a
drainage basin’s H (Schumm 1956). The H is an

indicator of a drainage basin’s total slope, as well
as the ferocity of the erosion processes function-
ing on the basin slopes. In this case, the ranking
system implemented was equivalent to the one
implemented in the case of D, Fs and Rbm, since
they all infuse the same erosive traits in any
landscape. The lowest basin relief (i.e. 0.57) in
a study conducted by Altaf et al. (2014) on the
Rembiara Watershed, India was identified in
one of the SWs, indicating its low steepness and
hence low susceptibility to erosion. Similarly,
the lowest value of H in the Imo River Basin was
observed in SW2 (23 m) which demonstrated its
low slope and therefore low risk to erosion. H's
highest value was identified in SW24 (308 m),
which is due to its high steepness and therefore
higher sensitivity to erosion. The next parameter
is the Rh that is specifically linked to the slope of
the streams and the surface of the earth; which
influences the hydrological processes and the
watershed’s erosion. The Rh basin has a direct
correlation with the watershed’s erodibility. In
the Imo River Basin, the largest rate of Rh was
in SW25 (0.020) and its lowest is for SW3 (0.002).
Based on this analysis, SW25 is the most vulner-
able to erosion compared with other SWs. The
final parameter, Rn, is used to compute stream
flood potential (Patton, Baker 1976). It symbolises
the geometrical characteristics of the sub-basins
of the Imo River Basin. Rn has a direct relation-
ship with erodibility so that the erodibility also
increases with increasing values of that param-
eter. The lowest value of Rn was observed for
SW2 (0.024) which indicates that it has the lowest
susceptibility to erosion. The highest value of Rn
was obtained for SW24 (0.335) which means that
it has the greatest susceptibility to erosion. In a
study of the Dhidhessa River Basin in Ethiopia
by Kabite and Gessesse (2018) the Rn of 3.1 in-
dicated rough topography and susceptibility to
soil erosion. Similarly, Kumar and Joshi (2016)
derived an Rn value of 0.78 in another watershed
and this was interpreted as having a steep slope
and soil erosion susceptibility in the region.

Morphometry analysis-based erodibility
prioritisation using WSA approach

After allocating ranks to the morphomet-
ric erosion potential parameters with respect to
the relationship with erodibility, the correlation
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matrix was constructed using Pearson’s prod-
uct-moment correlation (r). Several parameters
are very highly correlated with each other, and
this high level of interdependence is observed
between parameters in similar categories (i.e. lin-
ear, shape or relief). However, there is a strong
negative correlation (r = -0.96) between two
shape parameters, the Cc and Rc, and also a
strong positive correlation (r = 0.99) between two
relief parameters, total basin relief (H) and Rn.
The Fw of the parameters were calculated using
the WSA approach (Table 6). The correlation ma-
trix showed that the Rbm has a negative correla-
tion with most of the morphometric parameters
except the Cc which have a positive correlation
(0.53). The Re has a strong positive correlation
with Rc and Rf and a strong negative correlation

with Cc (-0.70). Also, Fs has the highest correla-
tion with drainage texture (0.63).

In the WSA approach, the sum of correlation
is the summation of the columns (Table 6) for Dd,
Fs, Rbm, Dt, Re, Rc, Rf, Cc, H, Rh, Rn as:

Sum of correlation for Rn = [0.38 + (—0.29) +
(=0.07) + (-0.07) + (-0.35) + 0.05 + (-0.34) +
0.00 +0.99 + 0.80 + 1.00] = 2.10

Further, the grand total obtained from the sum
of correlations (14.71) was used for calculating the
final weight of each morphometric parameter us-
ing Eq. (1). This was used in the final prioritisa-
tion ranking. By assigning those weights to each
parameter, a model was formulated to assess the
priority. For example, the final weight of Rn is the

Table 6. Pearson correlation matrix of sub-watershed morphometric parameters.

Parameter Dd Fs Rbm Dt Re Rc Rf Cc H Rh Rn
Dd 1.00 0.16 -0.14 0.28 -0.14 -0.05 -0.14 0.05 0.22 0.13 0.38
(0.44) (0.51) (0.17) (0.52) (0.82) (0.51) (0.80) (0.29) (0.55) (0.06)
Fs 0.16 1.00 -0.11 0.63** 0.35 0.04 0.39 -0.01 -0.33 -0.20 -0.29
(0.44) (0.61) (0.00) (0.08) (0.87) (0.06) (0.98) (0.11) (0.34) (0.15)
Rbm -0.14 -0.11 1.00 -0.22 | -0.42* | -0.51** | -0.41* | 0.53** | -0.04 -0.32 -0.07
(0.51) (0.61) (0.28) (0.04) (0.01) (0.04) (0.01) (0.84) (0.12) (0.76)
Dt 0.28 0.63** | —-0.22 1.00 0.33 0.21 0.38 -0.08 -0.10 -0.13 -0.07
(0.17) (0.00) (0.28) (0.11) (0.31) (0.06) (0.71) (0.63) (0.53) (0.75)
Re -0.14 0.35 —-0.42* 0.33 1.00 0.67** | 0.99** | -0.70** | -0.35 0.11 -0.35
(0.52) (0.08) (0.04) (0.11) (0.00) (0.00) (0.00) (0.09) (0.59) (0.09)
Rc -0.05 0.04 | -051* | 0.21 0.67** 1.00 0.66** | =0.96** | 0.06 0.52*%* 0.05
(0.82) (0.87) (0.01) (0.31) (0.00) (0.00) (0.00) (0.79) (0.01) (0.83)
Rf -0.14 0.39 -0.41* 0.38 0.99** | 0.66** 1.00 | —0.68** | —0.33 0.10 -0.34
(0.51) (0.06) (0.04) (0.06) (0.00) (0.00) (0.00) (0.11) (0.63) (0.10)
Cc 0.05 -0.01 0.53** | -0.08 | —-0.70** | =0.96** | —0.68** | 1.00 -0.01 | -0.51* 0.00
(0.80) (0.98) (0.01) (0.71) (0.00) (0.00) (0.00) (0.98) (0.01) (0.99)
H 0.22 -0.33 -0.04 -0.10 -0.35 0.06 -0.33 -0.01 1.00 0.81** | 0.99**
(0.29) (0.11) (0.84) (0.63) (0.09) (0.79) (0.11) (0.98) (0.00) (0.00)
Rh 0.13 -0.20 -0.32 -0.13 0.11 0.52%* 0.10 -0.51* | 0.81** 1.00 0.80**
(0.55) (0.34) (0.12) (0.53) (0.59) (0.01) (0.63) (0.01) (0.00) (0.00)
Rn 0.38 -0.29 -0.07 -0.07 -0.35 0.05 -0.34 0.00 0.99** | 0.80** 1.00
(0.06) (0.15) (0.76) (0.75) (0.09) (0.83) (0.10) (0.99) (0.00) (0.00)
Sum of 1.76 1.63 -0.71 222 1.50 1.69 1.63 -1.35 1.92 2.31 2.10
correlation
Grand 14.71 14.71 14.71 14.71 14.71 14.71 14.71 14.71 14.71 14.71 14.71
total
Final 0.120 0.111 | -0.048 | 0.151 0.102 0.115 0.111 | -0.092 | 0.130 0.157 0.143
weights

Significance (2-tailed) are shown in brackets.
** - correlation is significant at the 0.01 level (2-tailed).
* - correlation is significant at the 0.05 level (2-tailed).

Dd - drainage density; Fs - stream frequency; Rbm - mean bifurcation ratio; Dt - drainage texture; Cc - compactness
coefficient; Re - elongation ratio; Rc - circulatory ratio; Rf - form factor; H - total basin relief; Rh - relief ratio; Rn -

ruggedness number.
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sum of correlation i.e. 2.10 divided by the grand
total of 14.71 (Table 6). The resulting value (0.143),
was used for the calculation of the Cpc, and further
used in the SWs’ prioritisation and final ranking.

Similarly, the Cpc for SW1 was calculated as
follows:

Cpc for SW1 = (0.120 x 23) + (0.111 x 18) +

(-0.048 x 2) + (0.151 x 23) + (0.102 x 14) +

(0.115 x 5) + (0.111 x 14) + (—0.092 x 21) +
(0.130 x 24) + (0.157 x 22) + (0.143 x 24) =19.78

In addition, the Cpc values of the 25 SWs in the
Imo River Basin were calculated using the WSA
method, and prioritization ranking allocation was
incorporated as presented in Table 7. The first pri-
ority (1) was given to sub-watershed 5 with a Cpc
value of 6.25, with the second priority (2) being
sub-watershed 21, with a Cpc value of 7.51. The
Imo River Basin’s SWs were further classified into
four (4) priority groups based on natural breaks
(Jenks method) of the Cpc values - very high pri-
ority (6.25-8.52) covering 1035.64 km? or 41.51%

Table 7. Watershed prioritisation and final ranking
for erosion susceptibility.

Sub-watershed | Compound param- WSA final
ID eter constant value ranking
SW1 19.78 24
SW2 21.77 25
SW3 15.06 17
SW4 13.25 12
SW5 6.25 1
SW6 15.84 19
SW7 15.89 20
SW8 14.48 15
SW9 16.40 21
SW10 17.56 23
SW11 14.45 14
SW12 16.91 22
SW13 14.90 16
SW14 9.74 7
SW15 8.13 5
SW16 10.50 10
SW17 13.04 11
SW18 13.39 13
SW19 10.10 8
SW20 15.53 18
SW21 7.51 2
SW22 10.24 9
SW23 8.52 6
SW24 7.98 4
SW25 7.80 3

of the basin area (2494.68 km?), high priority
(8.52-10.50) covering 262.01 km? or 10.50% of the
basin area, medium priority (10.50-17.56) cover-
ing 1105.82 km? or 44.33% of the basin area and
low priority (17.56-21.77) covering 91.21 km? or
3.66% of the basin area. Of the 25 SW5s in the Imo
River Basin, ‘SW5, SW21, SW25, SW24, SW15, and
SW23’ fall in very high priority; ‘SW14, SW19,
SW22, and SW16’ fall in high priority; ‘SW17,
SW4, SW18, SW11, SW8, SW13, SW3, SW20, SW6,
SW7, SW9, SW12 and SW10’ fall in medium pri-
ority; whereas ‘'SW1 and SW2’ fall in the low pri-
ority category. The highest priority suggests a
greater degree of erosion exists in the sub-water-
shed and is a potential area for soil conservation
measures to be implemented. Figure 5 shows the
final erosion susceptibility map of the study area
based on the Cpc values.

These results show an improved accuracy in
prioritising sub-basins than other methods such
as the multi-criteria evaluation approach (Altaf
et al. 2014, Alvarado et al. 2016, Vollmer et al.
2016), compound factor analysis (Patel et al. 2012,
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Fig. 5. Erosion susceptibility map of the study area
based on Cpc value. Cpc, compound parameter
constant.
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Mohammed et al. 2018) and compound parameter
technique (Hlaing et al. 2008, Rawat et al. 2014).
In the past, governmental intervention ef-
forts were initiated in some of these communi-
ties to arrest the spate of erosion. For example,
gully sites at Umueshi, Amanato and Ntueke in
the very high susceptibility area were within the
zones marked for rehabilitation by the Imo State
Nigeria Erosion and Watershed Management
Project (IMO-NEWMAP) in 2014. One of the
objectives of IMO-NEWMAP was to reduce the
longer-term erosion vulnerability of the commu-
nities. In recent media reports on gully erosion
in South-East Nigeria, the Isiokpo, Okpulu and
Obidioukwu communities of Ideato North Local
Government Area (LGA) of Imo State within
the very high erosion susceptibility area have
received a lot of attention. Residents of these
three communities fled their homes on the 1st of
September 2018, amid significant gully erosion
after heavy rainfall (Channels Television 2018).
Chiemelu et al. (2013) also described the Okigwe
upland, which falls within the highly susceptible
region, as a trouble spot for gully erosion.
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Fig. 6. Overlay of validation points on the erosion
susceptibility map.

Model performance evaluation

The validation points are overlaid on the ero-
sion susceptibility map in Figure 6. The ROC
curve plot shown in Figure 7 has the false-posi-
tive rate on the X-axis and the true-positive rate
on the Y-axis. The AUC value computed is 0.810
which implies a prediction accuracy of 81% of the
morphometry-based model.

AUC=0.81

Sensitivity

T T
00 02 04 06 08 10
1 - Specificity

Fig. 7. The ROC technique validation result. ROC,
receiver operating characteristics.

Conclusions

This study successfully classified the Imo
River Basin in South-East Nigeria into priority
zones based on susceptibility to soil erosion, us-
ing a modified geomorphometric prioritisation
approach. Soil erosion is a serious environmen-
tal problem in the Imo River Basin. Identifying
the susceptibility to erosion is a critical meas-
ure for ensuring adequate preparedness. This
study presents a simple methodology and low-
cost strategy for mapping erosion susceptibility
on a sub-watershed basis within the Imo River
Basin. Several parameters are very highly corre-
lated with each other, and this high level of in-
terdependence is observed between parameters
in similar categories (i.e. linear, shape or relief).
However, there is a strong negative correlation
(r =-0.96) between two shape parameters, the Cc
and Rc. Based on the analysis of linear, shape and
relief morphometric parameters, this study has
shown the varying levels of erosion susceptibility
in the Imo River Basin. For example, in terms of
the linear morphometric parameters, the lowest
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volume of Dd which was observed in SW10 in-
dicates a high degree of porosity and a high ten-
dency to resist erosion. Similarly, the high Fs in
SW12 which suggests a low soil infiltration puts
it at a higher risk of erosion. In terms of the shape
parameters, SW22 and SW 5 which had the low-
est Re and lowest Rc were also deemed very sus-
ceptible to erosion. The minimum absorption po-
tential of SW20 is related to its low Cc, and thus
makes it highly susceptible to erosion. Analysis
of the relief morphometric parameters showed
that SW2 had the lowest total basin relief which
implies a low-level relief and low susceptibility
to erosion. The Rn which has a relationship with
stream flood potential was also computed. SW2
had the lowest Rn thus indicating a low suscepti-
bility to erosion.

The detection of vulnerable areas is a criterion
for the design and execution of appropriate soil
and water conservation management practices in
the Imo River Basin. The results from this study
show that 41.51% (1035.64 km?) of the total area
(2494.68 km?) falls under the very-high priori-
ty group i.e. areas that are highly susceptible to
erosion, 10.50% (262.01 km?) falls under the high
erosion susceptibility class, 44.33% (1105.82 km?)
in the medium susceptibility class and 3.66%
(91.21 km?) in the low erosion susceptibility class.
The prediction accuracy of the erosion suscep-
tibility result was determined as 81% using the
ROC curve technique. These SWs need to be
taken up immediately by decision-makers and
soil and water managers to enforce conservation
measures for preventing further erosion.

Soil erosion can be mitigated by adopting sus-
tainable l]and management practices such as tree
planting, zero or reduced tillage, stone bunds,
enclosures, terracing and check dams. Also, pol-
icy incentives should be provided to encourage
the adoption of these practices. This will lead to
reduced soil loss and additional household in-
comes thereby improving livelihoods. Future re-
search priorities should include: sub-surface flow
erosion processes, prediction models, application
of geographic data and assessment tools in soil
erosion control, and issues regarding the adop-
tion of conservation strategies by farmers and
individuals. Further research directions include
the evaluation of the disparities in the adaptive
capacity and resilience of the inhabitants within
the river basin to erosion and other ecological

disasters. This current study demonstrates that
morphometric analysis applied to satellite im-
agery is a timely and cost-effective approach for
providing useful information that can help deci-
sion-makers develop more sustainable and envi-
ronmentally friendly strategies for soil and water
conservation.
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