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ABSTRACT :

Morphometric analysis of a watershed greatly enhances the understanding of how drainage morphometry influences landforms, their characteristics and gully
development potential. This study sought to analysed morphometric of gullies in Amire Ukiriki watershed of Benue State, Nigeria, to inform erosion control
strategies focusing on determining the geometry of gully channels, analyzing watershed morphometric parameters, and examining their interrelationships. The
study employed field measurements, GIS, and remote sensing techniques to assess gully dimensions (length, depth, width, slope angle, cross-sectional area and
volume of material removed) on 15 selected gullies and Watershed parameters (linear, geometric, aerial and relief aspects of the River Amire Ukiriki Watershed)
were derived from Digital Elevation Models (DEMs) via GIS and remote sensing techniques. Pearson's Product Moment Correlation was employed to evaluate
relationships. Results revealed gullies with lengths ranging from 46—82m, depths of 3.6-10.6m, and cross-sectional areas of 30.24-268.18m?, with U-shaped forms
predominant (46.7%), indicating mature erosion stages. The watershed, classified as a 7th-order dendritic system exhibited mean bifurcation ratio (5.53), high
drainage density (3.83 km/km?), stream frequency (21.54 streams/km?), and an elongated shape (elongation ratio=0.44), suggesting prolonged runoff and erosion
susceptibility where geological structures control the basin’s shape. Strong positive correlations (1>0.895, p<0.01) were found between gully depth, width, cross-
sectional area, and soil volume removed (total 34,700.42m?), while gully length positively correlated with bifurcation ratio (r = 0.884). Watershed parameters such
as stream frequency, drainage density, bifurcation ratio, elevation and slope are closely interrelated and impact how water is distributed across the landscape, thereby
influencing erosion potential. These findings underscore the influence of drainage network complexity and slope on gully development. The study recommended
the need for implementation of integrated watershed management plan focusing on reducing peak runoff and enhancing infiltration, including vegetative

stabilization and structural interventions to mitigate erosion and enhance environmental sustainability in the study area.
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Introduction

Gully erosion is a major ecological problem in Nigeria, particularly in the north central region, including Benue state. Gully erosion is a serious form of
soil erosion with geometric attributes of length, depth and width not easily ameliorated by simple farming implements, and has the characteristics of a
large amount of sediment delivery in the watershed. During gully erosion development, a large amount of sediment is carried away, resulting in serious
soil and water loss. The sediment yield dominated by gullies accounts for 10~94% of the total sediment yield in the basin (Yang et al., 2021). Gully
erosion is a major cause of land degradation in many drought prone regions of the world, including Nigeria and accounts for a large portion of the total
soil loss at the catchment scale (Poesen et al., 2021). Geomorphic characterisation of gully channels is important for determining gully head expansion
rates and sediment budgets. The morphology of gully cross-sections (GCs) can be characterised by size parameters (average top and bottom width,
maximum and mean depth, and surface area (Li ez al., 2020) and proportionality parameters (e.g., the ratios of width to depth, average top width to
maximum depth, and bottom width to top width.

Furthermore, upslope morphologic parameters significantly influence the threshold of gully formation (Poesen et al, 2021). The morphological
characteristics of gullies not only support the law of erosion and sediment yield, but also include process of gully development and evolution (Zhao,
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2020). Research on gully morphology mainly includes the following aspects such as the relationship between the morphological parameters in terms of
gully area, length, depth, density and volume (Yang ez al., 2021). This also includes the form assumed by gullies, direction of gully development and, the
topographic and geomorphological characteristics of gully development at a drainage basin scale.

Morphometric analysis of drainage basin indicates the mathematical and geometrical analysis of land surface characteristics such as configuration, shape
and dimension (Bogale, 2021). Morphometry also involves the quantitative measurement and analysis of various parameters, such as elevation, slope,
and other attributes that define the shape and configuration of landforms (Patel, 2023). It provides valuable insights into the physical qualities of soil,
erosional features, and land processes. Notably, a comprehensive understanding of river drainage morphometry is particularly important in studying and
interpreting gully morphometric parameters.

The drainage or river basin is a fundamental component of the landscape where water and sediment collection and distribution occur. It is distinct from
other landscape elements such as “division” or “interfluves” (Shamkhi ez al, 2020). Morphometric analysis is successfully carried out by measuring the
linear, relief, aerial, and geometric properties of the drainage basin. Morphometry of a drainage basin provides insightful information and characteristics
of its geological, morphological, geomorphological, and hydrological processes as well as, the complex interrelationship between parameters (Kant et
al., 2022). 1t also provides information about the slope and relief characteristics, rock hardness or softness of the drainage basin. The morphometric
parameters and their complex interrelationship provide information about flooding potentials, sediment movement, erosion capability, surface runoff, and
infiltration of drainage basin (Sarkar ef al., 2020).

The watershed morphometric parameters reflect the hydrological behavior of the river basin and are useful in evaluating the hydrologic response of the
basin. There are relationships between watershed morphometric parameters and gully development potential. For instance, higher drainage density
indicates faster runoff and a more significant degree of channel abrasion for a given quantity of rainfall. Rivers and fluvial processes are the most dominant
geomorphic systems of earth’s surface responsible for morphometric changes in drainage basin or the watershed (Yang, 2021).

Understanding and analyzing these parameters can provide valuable insights into the behavior and characteristics of water flow within a basin.
Morphometric analysis holds significant importance in categorizing watersheds, providing quantitative data on the stream network, and facilitating
hydrological research. The stream network plays a crucial role in comprehending landform processes, physical soil characteristics, and the state of land
degradation (Collins et al., 2021). By considering the area, linear, and relief features of drainage basins, the morphometric analysis of the stream system
can be improved (Van-Oost et al., 2022). Thorough morphometric analysis of a catchment greatly enhances the understanding of how drainage
morphometry influences landforms and their characteristics. It provides valuable insights into the relationships between the drainage network and the
overall landscape, enabling researchers and land managers to make informed decisions regarding watershed management, land use planning, and
environmental conservation.

Remote Sensing (RS) approaches have emerged as powerful techniques for capturing and expressing various aspects of the current climate, structural
characteristics, geomorphology, and geology of watersheds (Shekar ez al., 2023). Moreso, Geographic Information System (GIS) applications have proven
to be highly effective, efficient, and well-suited for spatial analysis. GIS provides a robust platform for manipulating and retrieving large databases,
enabling the handling of complex problems in morphometric analysis. With the introduction of computer technology, GIS has undergone automation,
allowing for the management of massive datasets and the resolution of numerous intricate problems. Moreover, it facilitates data retrieval and querying
processes (Shekar and Mathew, 2023).

In the year 2022, there has been a surge of research focusing on morphometric analysis utilizing GIS and RS. These studies have explored various
applications of these technologies, highlighting their effectiveness in capturing, storing, analyzing and manipulating morphometric parameters. Examples
of such works include those conducted by Caleb ez al., (2020), Shekar and Mathew (2022), Kandekar et al., (2021), Sutradhar and Mondal (2022). The
combination of GIS and RS in morphometric analysis allows for the comprehensive assessment of watershed characteristics.

These technologies provide a wealth of spatial data, enabling researchers to analyze and interpret the complex interactions between landforms,
hydrological processes, and environmental factors. By leveraging the capabilities of GIS and RS, researchers can gain valuable insights into the
morphology and behavior of watersheds, supporting informed decision-making in various disciplines related to water resources, land management, and
environmental planning. Hence, studies of this nature cannot be overemphsised due to its importance in providing information needed to mitigate the
impact of gully erosion in Amire Ukiriki watershed for analyzing morphometric parameters and enhanced environmental sustainability.

Gully morphometry analysis in watersheds is a critical aspect of understanding erosion dynamics and landscape evolution. Various studies have explored
the relationships between gully morphology, watershed characteristics, and erosion processes. The key findings include: Gully dimensions (length, width,
depth, volume) are strongly influenced by watershed topography, soil properties, and hydrological processes. High drainage density, slope gradient, and
stream frequency increase gully formation risks.

Studies use morphometric indices such as bifurcation ratio, elongation ratio, and relief ratio to assess gully-prone areas. Satellite imagery and Digital
Elevation Models (DEMs) have improved gully mapping and morphometric analysis. GIS-based models, such as the Revised Universal Soil Loss
Equation (RUSLE) and Soil and Water Assessment Tool (SWAT), help in gully erosion prediction. Watershed hydrology plays a crucial role in gully
development, with peak runoff and flow accumulation accelerating gully incision. Sediment yield from gullies significantly contributes to downstream
sedimentation, impacting river systems and reservoirs. Changes in land cover (e.g., deforestation, agriculture expansion) influence gully evolution by
altering runoff and infiltration. Climate variability, especially extreme rainfall events, exacerbates gully headward erosion and lateral expansion.

Most studies provide snapshots of gully morphometry rather than long-term monitoring, there is a need for time-series analysis to understand the
progression of gully development under different climatic and land-use conditions. Many morphometric studies do not incorporate hydrological modeling
to simulate runoff and sediment transport in watersheds. Coupling morphometric parameters with process-based models can improve predictions of gully
erosion risks. While land-use changes are acknowledged, there is limited research quantifying the direct human impact (e.g., road construction, mining)
on gully morphometry. More studies should assess how infrastructure development alters watershed hydrology and gully formation. Variations in data
sources, measurement techniques, and classification schemes create inconsistencies in gully morphometry research. Standardized protocols for gully
mapping and classification are needed for better comparisons across different watersheds. This clearly shows that there is dealt of literature in the aspect
of gully morphometry in the Amire Ukiriki watershed. This study therefore seeks to fill the gap that exists in literature.
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A. Problem Statement
Gully erosion is a serious environmental problem in different parts of the world, and it has been observed to pose significant risk to lives and properties
in Amire Ukiriki watershed of Benue State, Nigeria. It has caused the destruction of farmlands, roads, buildings, infrastructure and animal death in the
area; which rendered many households homeless, lost properties and made some of the roads impassable, thereby creating transportation challenges in
the area (Ahile, 2019).
Studies have been carried out by researchers in several watersheds in relation to the study of gully erosion and drainage basin morphometric analysis.
Bunmi et al. (2017) used DEM to analyze the morphometry of Asa and Oyun River Basins, North Central Nigeria focusing on quantifying morphometric
parameters of the basin and reported that the basin was highly dissected and circular in nature which allowed runoff to be quickly removed from the
watershed, thereby causing soil erosion downslope. Songu (2019) analysed morphometric parameters of the Kereke watershed in Benue State using GIS
data and techniques and reported that the basin had moderate drainage density and length of overland flow which were found to have impacted the
initiation of gully erosion in the area.
Aper and Hundu (2018) analysed Katsina-Ala watershed, using GIS data and techniques reported a strong influence of drainage dissection on fluvial
processes in the watershed. Adelalu er al., (2019) investigated river Donga to characterise the watershed and assess its impact on fluvial processes such
as soil erosion and flooding. They reported that the drainage basin was elongated and characterised with low runoff and longer duration of flow peaks,
with minimal positive feedbacks on gully initiation in the watershed. In spite of the importance of assessing gully morphometry and drainage basin
parameters, little or no attention has been given to study of gully morphometry in Amire Ukiriki watershed of Benue State, thereby creating paucity of
data in literature. Better still, the processes operating in the gully channels resulting to the adjustments of the gully morphological parameters in the
watershed which ought to be useful for gully control measures are also deficient in literature.
Moreover, the relationship between gully geometry and basin morphometric parameters of Amire Ukiriki which is helpful in understanding the dynamics
of basin control on gully initiation at a drainage basin scale is also lacking in literature. It is against this backdrop that this study sought to analyse gully
morphometry in Amire Ukiriki watershed with the purpose of providing information needed to bridge the observed gaps in literature and enhance gully

control and sustainable environmental management in the study area.

The following research questions were used to summarize the research problems.

i. What is the geometry of gully channels in Amire Ukiriki watershed?

ii. What is the nature of the morphometric parameters of Amire Ukiriki watershed?

iii. What is the nature of the relationship between gully geometry and Amire Ukiriki watershed parameters?

B. Objective
The aim of the study is to analyse gully morphometry in Amire Ukiriki watershed of Benue State, North Central Nigeria. The aim was achieved through
the following specific objectives to:

i. Determine the geometry of gully channels in Amire Ukiriki watershed.

ii. Analyse the morphometric parameters of Amire Ukiriki watershed.

iii. Examine the relationship between geometry of gully channels and Amire Ukiriki watershed parameters.

This research covers the entire river Amire Ukiriki watershed within Kwande and Ushongo Local Government Area of Benue State, North Central
Nigeria. It treats the aspect of geometry of Gully catchment (Gully length, top width, bed width, depth nature, cross sectional area, gully slope angle and
volume of material removed), Morphometric parameters of the watershed (stream order, stream number, stream length, stream length ratio (Rl),
bifurcation ratio (Rb), drainage pattern, watershed area, drainage density (Dd), form factor (Rf), relief ratio (Rh) and basin Relief). Also, the relationship
between dimensions of gully morphological parameters and Aamire Ukiriki watershed parameters were evaluated to ascertain the influence of the
watershed parameters on gully development in the area. The research was conducted during September, 2024 to February, 2025 in order to measure the
nature of morphological parameters of gullies in the catchment area.

This study on the analysis of gully morphometry in the Amire Ukiriki watershed of Benue State, North Central Nigeria, involves examining the physical
characteristics and behaviour of gullies in the study area. Gullies are channels or grooves that are formed by the erosion of the land surface, typically as
a result of water flow. By analyzing the morphometry of gullies, researchers can gain insights into the processes that contribute to their formation and
evolution, the extent of the environmental impacts caused by gully erosion, such as the loss of fertile topsoil, the destruction of habitats, and the
contamination of water sources as well as the factors that influence their behaviour over time.

The findings of the study would help identify areas that are at high risk of erosion. This information can be used to develop targeted conservation measures
to protect these areas and prevent further erosion. The study can also provide valuable insights for land-use planning, as gully erosion can make certain
areas unsuitable for agriculture or other land uses. By understanding the morphometry of gullies in the Amire Ukiriki watershed, this information can
then be used to develop strategies for mitigating these impacts and protecting the study area’s natural resources.

In addition, Gully morphometry helps in understanding the processes and factors contributing to gully erosion in the study area, the study will provides
baseline data on the physical characteristics of gullies, such as their shapes, and distribution, understanding how they influence surface runoff,
groundwater recharge, and sediment transport, which are crucial for water resource management and also improve the socio-economic well-being of local
communities.

Moreover, this research is also expected to contribute to the development of sustainable land management practices and erosion control measures tailored
to the specific conditions of the Amire Ukiriki watershed. Furthermore, the study will emphasize the need for integrated approaches that consider both
natural and anthropogenic factors in order to develop effective erosion control and mitigation strategies for sustainable land management in the watershed
and for future research on detailed morphological, geological and climatological investigation among others in the study area. Finally, the study will
provide useful information that will improve the depth of literature on the subject matter and future studies.
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Methodology

This section discusses the study area in terms of the location, climate, relief, drainage, rainfall, economic activities, population, soil, vegetation and land
use. It also describes the data sources, method of data collection and the techniques used for data analysis. In order to meet objectives of the study, the
methodology followed and the materials used are discussed in this chapter.
A. Study Area

The River Amire Ukiriki watershed extended to cover Kwande and Ushongo Local Government Area of Benue State, north central Nigeria. It is located
between Latitude 6°44°52>°N to 7°5°35°°N and Longitude 9°12°62’E to 9°22°31°’E. The River Basin is bounded to the North by Buruku and Katsina-ala
L.G.A, to the West by Mbayegh District (Ushongo) L.G.A, to the East by Ikov District and kwande L.G.A and to the South by Kwande L.G.A. River
Amire Ukiriki catchment is occupying a total land area of about 352.4422square kilometres. Figure 1 shows the map of the study area.
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Figure 1: Study Area

The study area experiences tropical wet and dry climate classified as tropical savannah climate (Aw) under the Koppen’s classification system. The
watershed experiences two major seasons; rainy and dry. The wet season extends from April to October, characterized by significant rainfall, with average
annual precipitation ranging between 100cm-200cm. The dry season spans from November to March, marked by minimal rainfall and lower humidity
levels. The seasonal rainfall distribution in the area is uni-modal with the highest rainfall occurring in August and September (Tarhemba, 2019).
Temperature of the area is generally high during the day throughout the year. Temperature fluctuations throughout the year are notable, with average
temperatures ranging from 23°C to 38°C. The hottest months are typically March and April, while the coolest temperatures are observed in July and
August. The relative humidity experienced in the area is higher during wet seasons and low during dry season. The study area receives abundant sunlight
due to its location in the tropics. This also influences the conventional type of rainfall experienced in the area. Figure 2 shows the drainage map of the
river Amire Ukiriki watershed.
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Figure 2: Drainage Map of River Amire Ukiriki Watershed
According to Ahile (2019), Amire Ukiriki watershed falls within the Ikyogen and Ushongo highland complex comprising ancient igneous, metamorphic
and sedimentary rocks. This is a complex unit where there are angular plains with deeply incised valleys and a high relief. These sediments have undergone
varying degrees of metamorphism and these sedimentary are underlined at variable depth by basement complex rocks. It is an area of basement complex
rocks comprises of granites, porphyritic granites, migmatites, diorites, pegmatites, gneisses and fluoride salt. The geology of the area warranted soil of
lithosols with thin layers of less than 10cm thick cover hard rocks that occur in the hilly terrain areas of steep slopes. These occur on the hills of Ushongo,
and Mata hills respectively. Sedimentary materials are also found in downhill sides in the low-lying areas as well as fadama soils, smaller rivers, which
develop in alluvial deposits of major streams flood plains of Amire Ukiriki, among others. The soil consists of various thin layers of sediments of different
texture or particles derived from varied parent materials (comprising an assortment of clays, sand, gravels, and pebbles). This is seen in the flood plains
of Umanor, Akenge, Uavande, Barazor, Uchor and Baa streams.
The study area lies within Ushongo and Kwande LGAs, the area is divided into two parts namely High areas and low land. Generally, the high terrain is
characterised by steep and deep valleys with the gradient gently rising towards the hills in the south, west and eastern side ranging from 400m-1500m
above sea level. The geology of the area is dominated by basement complex rocks, which are believed to have escaped the marine transgression of the
cretaceous glaciations (Ahile, 2019). The low land consists of mostly of sand and alluvium that made up of the flood plain. River Amire Ukiriki is one
of the promising tributaries of River katsina-ala in Benue State. This river transport rainwater with huge amounts of sediments through to river katsina-
ala. River Amire Ukiriki took its source from the Sankwara hills in Obudu, Cross River State. It flows northward direction to other parts of the area with
a volumetric flow remaining considerable even in the low water period. The tributary streams to the river catchment include Umanor, Akenge, Uavande,
Barazor, Uchor, Baa and many other small streams that traverse the area and drain into river Amire Ukiriki. This makes these area water resources
potential for socio-economic activities such as fishing, domestic purposes and irrigation agriculture.
The volume of water in this river and its tributaries is affected by the seasons with their full region obtained during the wet season, reaching their peaks
in the months of August and September which often results to periodic flash floods. The volume of water drops with the setting in of dry season often
leading to complete drying up of smaller streams. Surface draining is generally good and the flood plains found around the river form ideal sites for
Fadama farming together with the ponds created by rivers. Also, the permanent water table in many parts of the study area is very low, due to thick
overlying permeable sediments and the great depth to which weathering has reached. The drainage is deterministic of the cost of transportation and other
land use in the area (Ahile, 2019).
The soils in the study area are mainly oxisols and ultisols (tropical ferruginous), which vary over space concerning texture, drainage, gravel content, etc.
A typical profile is highly weathered with sandy surface layer overlying mottled clay subsoil. The varieties of soil types which vary from sandy to clay
with lateralized surface or extensive duricrust sediments of clay and fine grained of coarse loosed sands which occur in the valleys and low plains. These
soils because they develop on Precambrian rock which is known to be generally rich in clay, both the surface and in the sub-surface soil are generally
sticky (Ahile, 2019). Along the flood plains of River Amire Ukiriki and its tributaries are very fertile soil reach in marine sediments that encourage rice
cultivation. Lateritic ironstone is common everywhere except on the alluvium of the river flood plains. The soil of the area also varies significantly with
altitude and on slopes. The soil materials are alluvium leaving shallow soil on the upper slopes. Soil usually found in valleys or depressions are better
owing primarily to slope and water table. Thus, the pattern of soil distribution in this area shows a top sequence or catenaries’ effect and soil parent
materials. The agronomic significance of this subsoil crust is that it often produces a perched water table which is an important source of capillary water,
which keeps the surface moist long after the end of the rainy season (Ahile, 2019).
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The study area lies in the southern guinea savannah of Nigeria. Persistent clearance of the vegetation has led to re-growth of vegetation at various levels
of seral development and more importantly parklands with grasses ideal for animal grazing during their early growth. These succulent grasses can be cut
with machinery, dried and baled for dry season livestock feeding the grasses, however, grow very tall, coarse, and tough on maturity (Ahile, 2019). This
vegetation although constitutes of both natural and man-made plants, the chunk of it particularly trees are natural, the scattered trees are mainly of
economic value and include locust bean, shear butter, mango, silk cotton, African iron, Isoberlina, cashew, oil palm, oliveri, and gmelina. These trees
produce valuable fruits, wood, and fibers which can be utilized for small scale cottage industries. Forest trees such as mahogany, obeche, and iroko are
used as timbers. Other economic trees include African pear, bamboo, raffia palm, oranges and coconut (Ahile, 2019).

The area is most widely developed as farm lands characterized by scattered matured trees and undergrowth of shrubs and grasses, ideal for animal grazing
during their early growth. The grasses however grow very tall, coarse and tough upon maturity; some of the species of grasses which are luxuriant such
as gamba grass, spear grass, and elephant grass. These grasses have the ability to regenerate during the rainy season (Tarhemba, 2019). Around the hilly
area, dense canopy vegetation occurs looking much like a tropical rainforest in terms of tree concentration and content. This heavy vegetation owes to
the high incidence of rainfall in the area. This thick vegetation cover coupled with the rough terrain of this area can be investigated into ascertaining the
infiltration level of this area (Tarhemba, 2019). This vegetation is of economic value to the dwellers in the area where the trees are used for fuel, raw
materials, food and medicinal purpose housing construction and as well as hunting. Some of the forests have the following characteristics, vegetal
diversity, ever green trees, dark and undergrowth interspersed with clearings, scanty litter (organic matter settling on the ground), presence of “strangler”
creepers, presence of “buttresses” (that is, large wigged ribs at the base of trunks) and spindly roots in trees living in often-flooded areas (Ahile, 2019).
Population constitutes a vital component of the resource and development potential of any community, the size, rate of growth, spatial distribution,
democratic structure and quality determine on the pattern of development. In 2006, the populations of Kwande and Ushongo local government areas were
248,697 and 188,341 peoples respectively. The figure increased to 359,000 and 277,100 (NPC, 2022). The figure is projected based on the 2006 population
figure to be 387,228 and 298,528 in 2025 (NPC, 2025). The dominant tribe is the Tiv speaking people who are mostly farmers while Igbo and Hausa are
business men. Table 1 shows the population size of Kwande and Ushongo LGAs with their projections. Source: National Population Commission (2006)
and Projection (2020, 2025).

Table 1: Population

LGA 2006 2020 Projection 2025 Projection
Kwande 248,697 359,000 387,228
Ushongo 188,341 277,100 298,528

Total 439,044 636,100 685,756

The study area is occupied by the Tiv people and hence the soil in the forest zone is most productive, the inhabitant here involves in agricultural activities,
which serve as a major source of food to the entire community and also in fishing because of the presence of river Amire Ukiriki. Agriculture practice is
the dominant in the study area; the people are almost totally dependent on the cultivation of land as a means of livelihood, the fact that about 80% of the
total populations of the study area make their living by farming (Ahile, 2019).
The type of agriculture practice in the area is dual in nature which means that the inhabitant practice both commercial and subsistence type of agriculture
where they cultivate crop on the large scale for consumption and for sale to enable them cater for the other aspect of living which include buying cloths,
payment of children’s fees, kitchen ingredients, bathing soap as well as paying medical bills where possible (Ahile, 2019). The people of the area cultivate
variety of crops some on the large scale and others on a relatively small scale. Some of the crops cultivated in the area on a large scale include; Ground
nut, tomatoes, pepper, maize, sweet potatoes, yam, guinea corn, millets, rice and cassava. On the small scale, the people of the area cultivate the following
crops on the small scale; Banana, plantain, greens, as well as some tree crops such as mangoes, orchard farm, Cashew nut and Pawpaw owing to the
fertile land and favourable climatic conditions (Ahile, 2019). The presence of both river and streams which most of the inhabitant involve in fishing and
hunting of animals in their nearby riparian forests as well as trading around road side.
In the study area, there are ideal markets that have their fixed days (5days) of operation that aid buying and selling of goods and services include Adikpo,
Akerior, Ushongo, Ikyogen, Chor, Manor, Sati, Abado market among others. Traders come from different places to patronize the market with variety of
goods, which is mostly patronized by the local communities. There are also road side shops that usually operate by the road side which people patronize
them on daily bases. They are usually not organised but operate in patches of isolate site, which is mostly patronize by travelers. The pattern of settlement
is a dispersed settlement that the people mostly settle in isolated homes while in the rural towns such as Adikpo, Akerior and Ushongo has nucleated
settlements. Those living within the hilly areas of Ushongo hill engaged in quarrying of granites rocks and selling to aim their living. The people live a
social life and they welcome every visitor at the community sometimes, offer a piece of land to people willing to settle temporary at the community
(Ahile, 2019).

B. Research Design
The research design adopted in this study is quantitative research method with emphasis on field measurements and use of GIS and remote sensing
techniques. In order to have general information about the morphometric parameters, a reconnaissance was conducted on the study area. Accordingly,
three major stages of the river Amire Ukiriki watershed (upper, middle and the lower course) were selected based on areas affected by gully erosion.

Data Types and Sources

i. To achieve objective one, data needed is information on dimensions of gully parameters such as gully length (m), gully depth (m), gully shoulder width
(m), slope angle (degree), gully bed width (m), shoulder width/depth ratio, shoulder width/bed width ratio, cross-sectional area (m?) and volume of
material removed by the gully catchment. The data was sourced from field measurements using survey equipment such as measuring tape, leveling staff
and ranging poles.
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ii. To achieve objective two, data required are quantitative information on morphometric parameters of Amire Ukiriki watershed such as local relief (m),
relief ratio, total stream length (km), basin area (km?), form factor, circularity ratio, elongation ratio, bifurcation ratio, basin length (m), basin slope
gradient (degree), drainage intensity, drainage density (km™"), drainage frequency and length of overland flow (km). This data was sourced from analyzing
satellite imageries of the study area using GIS techniques. The DEM imageries were downloaded from USGS Earth Explorer website.

iii. To achieve objective three, data needed is information on the relationship between geometry of gully channels contained in objective (i) and Amire
Ukiriki watershed parameters contained in objective (ii). The data was sourced from filed work, GIS techniques and the use of Pearson’s Product Moment
Correlation statistics.

The study sample comprises of 15 gullies selected among the 23 gullies in the watershed. Stratified sampling technique was considered to select 15 out
of the 23 gullies within the watershed, 7 gullies from Ushongo and 8 gullies from Kwande Local Government Areas. Purposive sampling technique was
then used to select four (4) gullies from each of the considered functional units of the catchment on the basis of the most intensive gullies identified during
reconnaissance making up the sum of fifteen (15) gullies in the study area. Field method design and systematic sampling procedure was therefore used
to collect data on the gully characteristics. The gully parameters like shoulder width, bed width, length, slope gradient, depth, and cross-sectional area
were measured from the field using required survey equipment along each of the selected gullies.

To achieve objective one, data was being collected as follows: Gully Length was measured using the linen tape and ranging poles, starting from the gully
head. It was measured at 20m interval. Another 20m stretch was taken from the ranging pole that marked the end of the first stretch, downstream the
gully, again at the most center. This process continued to the mouth of the gully. This was done to determine the length of the gully channel.

Bed width and shoulder width were measured at each of the sampled points. At each of these points, the tape was stretched across the gully bed and
shoulder to the opposite bank and readings in meters were obtained. The process was repeated at all the 15 sampled points. The bed and shoulder widths
are the major cross-sectional variables of the gully system and therefore, help to determine the width at the top and bottom of the gully.

To measure the Gully depth, the ranging poles and the linen tape were used. One of the poles was fixed at the deepest part of the gully bottom along the
same line where bed and shoulder widths were measured. The tape was stretched across the gully over the ranging pole. A third person standing near the
ranging pole on the gully bottom noted where it met the tape. The pole was removed and measured (from the ground up to the point where it met the
tape) and the reading recorded as the depth. The depth is essential in determining the extent to which the gully has been incised into the underlying
geological materials.

Slope angles were measured using Abney level and leveling staff. Readings were taken at stretches of 20m interval. At each stretch, a reader stood in the
middle of the pole to take readings both ways, focusing on the line in the Abney level, through the sight at the marked point on the pole. The difference
in the two readings gave the angle of that particular stretch. The slope angle is insightful on the gradient along the gully side walls and the extent to which
it has influenced sub-aerial processes in the gully system.

The Shoulder width/bed Width Ratio was determined at all sampled points by dividing the values of the shoulder width by the bed width. The shoulder
width/bed width ratio is important for determining the adjustment between the two cross sectional variables (bed and shoulder width) with the prevailing
gully development mechanisms. Similarly, the Shoulder width/depth Ratio was determined at all sampled points by dividing the values of the shoulder
width by the depth of the gully system at those points. The shoulder width/depth ratio helps in determining the developmental dimension of the gully

system, in terms of widening and deepening in relation to the prevailing processes and mechanisms.
The Cross Sectional Area of the gully catchment was determined using a formula adopted by Ofomata (2000) in South Eastern Nigeria. The formula is
given as:
A=W X et ce et e e e v e e e EQRULL
Where, A = Cross Sectional Area (m?), w = shoulder width of the gully (m), d = depth of the gully (m).
The second objective was achieved by collecting data from satellite imageries using GIS techniques. Digital Elevation Model (DEM) was acquired

directly from the USGS Earth Explorer website (link: https://earthexplorer.usgs.gov/). DEM provides more advantages in topographic data delineation.
To achieve objective three, data in objective one and two above were used to generate a correlation matrix using Pearson’s Product Moment correlation
statistics. This was used to evaluate the nature and strength of the relationship between the two variables and inferences was made.

Data Processing and Analysis

Data obtained was coded for analysis using Statistical Package for Social Science (SPSS), Microsoft Excel 2010 and ArcGIS 10.7.1. The objectives of
the study were achieved as follow: the first objective was achieved through analysis using descriptive statistics (i.e. mean, standard deviation (S.D) and
coefficient of variation to ascertain variation in the data set and the results were presented using tables. Mean was determined using the formula in Eqn

2, where Y, x is the sum of all the observation and n is the number of observations.

Z ad Eqn 2

Standard deviation was determined using the formula:

g = N

e e EqM3.

Where x; is individual observation, u is the mean and N is the number of observations.

Coefticient of variation was determined by dividing mean by standard deviation and multiplying by 100 as thus: CV=SD/ux100

Where, CV is coefficient of variation, p, is mean SD, standard deviation.

The second objective was achieved using the Geographic Information System (GIS) Techniques. The watershed boundary of river Amire Ukiriki and the
stream network were automatically extracted from DEM using Hydrology tools of ArcMap 10.7.1 software. The morphometric parameters of linear,
geometric, basin texture (aerial), relief characteristics are processed using spatial analysis tools and calculated by predetermined mathematical formulas.
Automatic extraction techniques have been used for evaluating the morphometric parameters of the basin, that is, extraction of watershed boundary and
extraction of drainage network of River Amire Ukiriki watershed. The Digital elevation model is the first input for morphometric analysis. The tiles of
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the elevation raster (DEM) has been extracted using data management function of Arc-tool box in ArcGIS 10.7.1 and the generated data was transformed
from geographic coordinate system to projected coordinate system World Mercator. To ascertain compatibility, the catchment map of Nigeria, and
political map of the catchment area were georeferenced to WGS1984 World Mercator. The shape-file of the basin was extracted from the Nigeria political
catchment map through digitizing and was used to clip out the study area from the DEM to actual boundary limit and shape. The depression in the DEM
was filled using the fill tool and was used to create the flow direction grid of the Basin. Flow direction grid holds values in its cells that indicate the
direction of the steepest descent from each cell. This value determines the direction water will flow from each cell based on the underlying topography
of the landscape. The Flow Accumulation Grid was processed to create the Stream Definition Grid. A threshold of the volume of flow (number of
accumulating cells) that defines a stream in the project area was set. This helped in proper definition of the stream segments. The idea here is that the grid
cells that accumulate runoff from a specified number of cells are considered to be the stream (flow route) cells. Strahler’s system of classification
designates a segment with no tributaries as a first-order stream. Where two first-order stream segments join, they form a second-order stream segment
and so on. The sum of the length, and total number of the streams (linear aspect) were calculated with the help calculate geometry module of Arc GIS
10.7.1

The last objective was achieved using the inferential statistics such as Pearson's Product Moment Correlation Coefficient (PPMCC) analysis to examine
the strength of the linear relationship between dimensions of gully parameters and Amire Ukiriki morphometric parameters. The correlation coefficient
(r) is measured on a scale that varies from +1 through 0 to -1. When (1) is greater than zero, it indicates a positive relationship, while values less the zero
signify a negative relationship. A positive relationship indicates that when the value of one variable increases, the value of the other also tend to increase
while a negative relationship signifies that when the value of one variable increases, the value of the other variable tends to decrease. The Pearson's
product moment correlation coefficient was determined using the formula:

r= Z (Xi _E)(yi _ X) e e e e e EQMUAL

\/Z (i-2)°% G-y

Where r = correlation coefficient, x; = values of the x-variable in a sample, x = mean of the values of the x-variable, y; = values of the y-variable in a
sample, y = mean of the values of the y-variable.

Results and Discussion

This section presents the results obtained from the field and discussion with respects to the aim and objectives of the research work and linked with the
literature reviewed.
A.  Morphometry/Geometrical Parameters of Gully Catchments in Amire Ukiriki Watershed

In assessing the morphometric parameters of the gullies, field surveys measurements of gully morphology and hydraulic variables were carried out by
the researcher using Global Positioning System (GPS), measuring tape, ranging pole, among others. The results presented in Table 2, and Figure 3 were
obtained from river Amire Ukiriki watershed while Table 2 depicts the geographical coordinates of the fifteen (15) gullies locations within river Amire
Ukiriki watershed and figure 3 shows the distribution of gullies within the watershed. Table 3 shows the morphometric of gullies obtained from the
watershed based on the gully’s location. Table 3 presents the morphometric characteristics of gullies assessed across fifteen distinct locations in river
Amire Ukiriki watershed. The parameters evaluated include gully length (L), depth (D), bed width (BW), shoulder width (SW), slope angle (SA), derived
morphometric ratios, and calculated values for cross-sectional area and volume of soil material removed. The results reveal significant variability across

sites, indicating the complex nature of gully erosion processes.
Table 2: Coordinate Position of Gullies Locations within river Amire Ukiriki watershed

S/N Gully Locations Latitude (N) Longitude (E)
1 Tse Baka 7.088835°N 9.305156°E
2 Gbinde 7.039529°N 9.259631°E
3 Ikpa-Jov 7.029681°N 9.322678°E
4 Tyotsar 6.981287°N 9.323846°E
5 Genger 7.024031°N 9.289997°E
6 Abado 6.966238°N 9.345811°E
7 Ityov 6.977429°N 9.281666°E
8 Manor 6.926259°N 9.300976°E
9 Usambe 6.907614°N 9.265648°E
10 Kuhe 6.813918°N 9.329532°E
11 Ichol 6.862325°N 9.348197°E
12 Gbe 6.842557°N 9.293944°E
13 Ada 6.794146°N 9.284955°E
14 Koti 6.783341°N 9.258319°E
15 Acha 6.783111°N 9.324653°E

Based on the result in Table 3, the gully lengths varied from 46 m (Manor) to 82 m (Abado), with a mean length of 60.27 m, suggesting moderate spatial
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development. Gully depths ranged between 3.6 m (Ikpa-Jov) and 10.6 m (Tyotsar) with a mean of 5.43m (>2m), while bed widths spanned from 3.4 m
(Gbe) to 16.2 m (Tyotsar) with a mean of 5.82m (>3-5m), indicating significant variability geomorphological perspective showing active and advanced
erosion. Figure 4 further explain the dimension of gullies across the study area. With the gully length ranging between 46-82m and the cross-sectional
area ranging between 30.24-268.18m? Abado having the highest length of gully (82m) followed by Gbinde and Ityov (73m) and (73m) respectively.

The shortest gully length was captured in Manor (46m), Tse Baka (47m) and Koti (48m) respectively. This reflects differences in erosion intensity likely
governed by a combination of soil type, slope, vegetation cover, and land use practices, consistent with findings by Ahmed et al. (2022) and Eze & Okeke
(2021) who identify the primary causes of gully erosion as land use change, climatic factors, geology, soil properties, vegetation and human activities.
Tyotsar distinctly showed extreme gully development with the highest depth, bed width, and material removal (11,848.68 m?), marking it as a hotspot of

degradation.
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Figure 3: Watershed of River Amire Ukiriki Showing Locations of Sampled Gullies
Table 3: Morphometry of the Studied Gullies Based on Selected Locations.
S/N Gully Site | Gully Gully Bed Shoulder | Slope | Shoulder | Shoulder Cross Volume of Soil
Location | Length Depth Width Width Angle Width/ Width/ Sectional Material
(GL) (GD) (BW) (SW) (SA) Depth Bed Area Removed
(m) (m) (m) (m) 0% Ratio Ratio SWxD GLxGDxBW
(m’) (m*)
1 Tse Baka 47 5.3 4.8 12.3 5 232 2.56 65.19 1195.68
2 Gbinde 73 52 3.7 9.5 4 1.83 2.57 49.40 1404.52
3 Ikpa-Jov 56 3.6 4.5 8.4 4 233 1.87 30.24 907.20
4 Tyotsar 69 10.6 16.2 253 8 2.39 1.56 268.18 11848.68
5 Genger 52 4.7 6.4 12.7 4 2.70 1.98 59.69 1564.16
6 Abado 82 7.2 8.6 13.7 6 1.90 1.59 98.64 5077.44
7 Ityov 73 6.3 6.2 10.4 3 1.65 1.68 65.52 2851.38
8 Manor 46 4.3 6.4 14.6 4 3.40 2.28 62.78 1265.92
9 Usambe 70 44 3.8 9.5 5 2.16 2.50 41.80 1170.40
10 Kuhe 49 4.7 3.5 8.2 1 1.74 2.34 38.54 806.05
11 Ichol 67 52 42 9.2 5 1.77 2.19 47.84 1463.28
12 Gbe 55 5.1 3.4 9.3 1 1.82 2.74 47.43 953.70
13 Ada 62 4.9 4.3 9.6 2 1.96 2.23 47.04 1306.34
14 Koti 48 5.4 7.6 12.5 6 231 1.64 67.50 1969.92
15 Acha 55 4.5 3.7 11.6 5 2.58 1.64 52.20 915.75
Total 904 81.4 87.3 176.8 63 32.87 31.39 1041.99 34700.42
Mean 5.43 5.82 11.79 4.20 2.19 2.09 69.47 2313.36
S.D 1.66 3.29 4.23 1.90 0.46 0.41 57.28 2851.04
CV% 30.66 56.52 35.87 45.18 21.22 19.46 82.46 123.24

Key: GL = Gully Length, GD = Gully Depth, BW = Bed Width, SW = Shoulder Width, SA = Slope Angle, 0°= Degree,
SD = Standard Deviation, CV% = Coefficient of variation.
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Figure 4: Gully Length and Cross-Sectional Area
The high standard deviation (SD = 3.29 for BW and 2851.04 for soil material removed) and coefficients of variation (CV% = 56.52% for BW; 123.24%
for volume) confirm the heterogeneity of gully erosion across the landscape. The findings align with Nugroho ez al. (2023), who emphasize that variability
in geomorphic and hydrologic factors plays a dominant role in erosion patterns. These patterns also confirm and the findings from Zhou et al. (2022) and
Ogbonna et al. (2021), who documented similar spatial heterogeneity in gully development due to topography, lithology, and anthropogenic influences.
The high standard deviations and coefficients of variation (CV %), especially in material removed (CV = 123.24%), confirm the non-uniform and site-
specific nature of gully development. This supports the assertion by Nasiri et al. (2021) that gully evolution is often driven by a mix of climatic,
geomorphic, and land-use factors. Additionally, Chauhan et al. (2020), put it that the depth and width of gullies are closely linked to rainfall intensity and
land disturbance, which accelerate subsurface flow and head cut migration. The substantial volume of material removed, exceeding 34,700 m?, aligns
with the work of Hou et al. (2023), who showed that gully heads are dominant sediment sources in severely degraded catchments.
B. Morphometric Ratios and Implications

The shoulder width-to-depth ratio (SW/D) and shoulder width-to-bed width ratio (SW/BW) provide insight into gully cross-sectional shape and stability.
A higher SW/D ratio often suggests mature or stabilized gullies with lateral expansion, whereas lower ratios are indicative of active incision. The mean
SW/D ratio of 2.19 and SW/BW ratio of 2.09 (Table 3) reflect intermediate development stages, consistent with Billi and Dramis (2021) who described
transitional gully systems as those undergoing both vertical and lateral erosion. It also indicates that, on average, gullies are relatively wide compared to
their depth, suggesting semi-stable or laterally expanding systems as described by Mensah and Appiah (2020). Zhao et al. (2023) found similar
morphometric profiles in loess regions of China, where intermediate ratios were associated with moderate erosion risk and evolving gully morphology.
Sites like Manor (SW/D = 3.40) exhibited wide, shallow profiles, potentially indicating mature or stabilized channels, while Kuhe (SW/D = 1.74) reflected
an active erosive phase, supporting the theory proposed by Nyssen ez a/. (2020) that evolving gullies tend to deepen faster before widening. Table 4 shows
the Gully Form and Magnitudes.

Table 4: Gull Form and Magnitude

S/N Gully Site Location Gully Form Magnitude
1 Tse Baka V and U Shape Large

2 Gbinde V Shape Medium
3 Ikpa-Jov V and U Shape Small

4 Tyotsar U Shape Large

5 Genger U Shape Large

6 Abado U Shape Large

7 Ityov U Shape Large

8 Manor U Shape Medium
9 Usambe V Shape Small
10 Kuhe V Shape Small
11 Ichol V Shape Medium
12 Gbe V Shape Small
13 Ada U Shape Medium
14 Koti U Shape Large
15 Acha V Shape Large

From the results presented in the Table 4, and appendix (7) it was observed that gullies in the study area are characterised with U-shape, V-shape or V
and U-shape cross sections, majority of gullies in the study area were U-shaped gullies. Explicitly, a total of 7 gullies in the study area were U-shaped
gullies which indicates more mature erosion, where both vertical and lateral erosion have occurred, implying more matured degradation usually in wider
valleys or areas with gentler slopes. Moreso, the results Table 4 revealed the presence of V-shaped gullies which generally signify active incision with
minimal lateral erosion, often found in areas with high relief and poor vegetation cover, leading to deep, narrow cuts. Mixed profiles (V and U), as
observed in Tse Baka and Ikpa-Jov, may indicate transitional phases, affected by temporal and spatial variability in rainfall and land use.

This discovery is in line with the work of Amare et al. (2022), who report that, gully cross-sections are shaped by underlying soil structure, slope gradient,
vegetation, and land use. Tyotsar through Manor predominantly exhibit U-shaped profiles, supporting the idea of sustained erosional activity and possible
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anthropogenic influences (e.g., farming, overgrazing). U-shaped gullies often result from prolonged erosion processes, while V-shapes may indicate
recent, aggressive channel incision. V-shaped gullies generally signify active incision with minimal lateral erosion, often found in areas with high relief
and poor vegetation cover, leading to deep, narrow cuts. V-shapes at sites like Gbinde, Usambe, Kuhe, Ichol, Gbe, and Acha point to younger, actively
deepening gullies. As supported by Nyssen et al. (2020), the shape of gully cross-sections is heavily influenced by slope gradient, soil cohesiveness, and

human disturbances such as deforestation and overgrazing. U-shaped gullies often develop in clay-rich soils where sidewall collapse increases lateral
widening.

Similarly, the data present in (Table 4) shows that the magnitude of gullies found are small, medium or large gullies. It can be observed that from the
entire gully sites covered in the study area, a total of seven (7) large gullies were recorded (e.g., Tse Baka, Tyotsar, Genger, Abado, Ityov, Koti, and
Acha) are characterized by significant length, width, and depth. These indicate advanced degradation and greater environmental risk, including land loss
and sediment yield. The largest gully is found in Tyotsar shoulder width of 25.3m, depth of 10.6m, bed width of 16.2m. Medium gullies (e.g., Gbinde,
Manor, Ichol, and Ada) show moderate dimensions and possibly transitional states while Small magnitude gullies (e.g., Ikpa-Jov, Usambe, Kuhe, and
Gbe) are more recent or occur in areas with protective vegetation or lower runoff intensity. As Chen ef al. (2021) emphasize, large gully magnitudes are
commonly linked to high-intensity rainfall events, bare soil exposure, and poor watershed management. Their presence signals a tipping point in soil
erosion that must be addressed through mechanical and vegetative stabilization measures.

Table 5 presents data on the frequency and percentage distribution of gullies by magnitude and form, based on a total of 15 observed gullies. The result
revealed that over half of the gullies with 53.3% representing 8 gullies are large while 26.70% representing 4 gullies are medium and 20.00% representing
3 gullies are small indicating dominance erosional features in the area. Smaller gullies are less frequent.

Table S: Frequency and Percentage Distribution of Gullies by Magnitude and Form

Magnitude Frequency Percentage (%) Gully Form Frequency Percentage (%)
Large 8 53.30% V Shape 6 40.00%
Medium 4 26.70% U Shape 7 46.70%

Small 3 20.00% V& U Shape 2 13.30%

Total 15 100% Total 15 100%

The results also reveal that out of fifteen gullies, 6 gullies representing 40% are V-shape form while 7 gullies representing 46.70% are U-shape and 2
gullies representing 13.30% are Combined V and U shapes show variability, appearing as both small and large, likely depending on the stage of
development or local slope/soil conditions. The U-shaped gullies are slightly more common than V-shaped ones. The presence of gullies with combined
characteristics (V & U) suggests variability in erosional processes or development stages likely influenced by environmental or land-use factors. U-
shaped gullies tend to be larger, while V-shaped gullies tend to be smaller or medium in magnitude, which aligns with their typically narrower and incised
form.
The slope angle (SA) is a crucial geomorphic parameter that influences both the initiation and evolution of gullies. In Table 3, the SA across 15 sites
ranges from 1° to 8°, with a mean of 4.2° and a coeftficient of variation (CV %) of 45.18%, indicating moderate variability among sites. Tyotsar, with a
slope angle of 8°, corresponds to the highest values in gully depth (10.6 m), bed width (16.2m), and material removed (11,848.68 m?). This supports the
observation by Wang et al. (2023) that steeper gully profiles tend to exhibit greater erosive power and sediment yield. Kuhe and Gbe, with the lowest
slope angles (1°), exhibit relatively minimal material removal and cross-sectional areas, indicating subdued erosive activity, consistent with Bashir et al.
(2021), who found that low-angle gullies tend to stabilize faster due to slower flow velocities and vegetation establishment. Sidorchuk (1999) proposed
that slope influences whether gullies develop V-shaped or U-shaped cross-sections. Steep slopes often lead to V-shaped profiles due to dominant vertical
erosion.
Recent studies have underscored the relationship between slope angle and gully morphology. Omar et al. (2024) emphasized that thresholds exist beyond
which slope increases have diminishing or even destabilizing effects due to slope failure or sediment choking. According to studies by Poesen et al.
(2022) and Valentin ez al. (2019), steep slopes increase the velocity of surface runoff, promoting the detachment and transport of soil particles, thus
accelerating gully formation. Also, Ayele et al. (2015) found that most gullies initiate on slopes greater than 15°, correlating with high runoff energy and
weak soil cohesion While Frankl et al. (2021) observed in Northern Ethiopia that steeper slopes correlate with deeper and narrower gullies due to vertical
incision dominance. In contrast, Castillo and Gomez (2016) in Spain showed that gentle slopes (5-10°) often lead to wider gullies with more lateral
expansion.
Cross-sectional area and estimated volume of soil loss (LxDxBW) provide a quantitative basis for evaluating the severity of gully degradation. The
highest cross-sectional area was captured in Tyotsar with (268.18 m?) followed by Abado (98.64 m?), Koti (67.50 m?) and Ityov (65.52 m?) respectively
with a mean of 69.47m? SD of 57.28 and CV of 82.46% (Figure 4.2), Tyotsar, Abado, Ityov and Koti were among the most degraded. The total estimated
soil loss from all gullies was 34,700.42m> (Table 11), a catastrophic volume (>10,000m?), volume, implying extensive land degradation and potential
threat to nearby infrastructure or farmland. These values serve as empirical evidence of geomorphic change, reinforcing calls for integrated watershed
management, as emphasized by Okoroafor ez al., (2023) and (UNCCD) (2022). The cross-sectional area and volume of removed soil provide a quantitative
basis for evaluating the severity of gully degradation. This pattern aligns with Oke and Adeoye (2021), who emphasized the critical role of gully
morphology in predicting sediment yield and potential impacts on agricultural productivity. Chen et al., (2023) also reported that cross-sectional area can
act as a proxy for hydrological disturbance in semi-arid zones, where gully formation is a major contributor to land degradation. The mean material loss
per site was 2,313.36 m?, underscoring the environmental and socio-economic threat posed by unchecked gully expansion. As highlighted by Egboka and
Nwankwor (2022), such massive soil displacement contributes not only to land loss but also to increased downstream sedimentation and infrastructure
vulnerability. Research by Okoroafor et al. (2023), UNCCD (2022), and Chen et al. (2023) emphasized the use of gully morphology as a predictor of
environmental impact which strongly supports the need for integrated watershed management, gully control structures, and soil conservation practices.
C. Morphometric Parameters of Amire Ukiriki Watershed
According to the form and texture of the streams, the drainage pattern of the study area is dendritic pattern where the tributaries are joined to the main
stream (River Amire Ukiriki) at an acute angle as shown in figure 5. This is the most common drainage pattern which resembles the twigs of the tree.



International Journal of Advance Research Publication and Reviews, Vol 3, Issue 9, September (2026), Page — 68-89 79

Subsurface geology, surface structure, slope, local topography, and terrain condition affects the formation and shape of drainage pattern in the watershed.
Tassew et al, (2023), Wang et al, (2023), Hammouda and Mahmoud (2023). Figure 5 show the drainage pattern and stream order of River Amire Ukiriki
Watershed.

The linear aspects of the River Amire Ukiriki Watershed were quantitatively evaluated using the formulas in the Arc GIS 10.7.1, the result of the linear
features of the watershed analysed in this research is shown in table 6. The Stream Order (U) of River Amire Ukiriki watershed is identified using
Strahler's (1952) ordering scheme and the result shows a classified seven-order watershed. From Table 14 above, a total number of 24061 streams joined
the 7% order stream in which 19178 streams are 1st order, 4084 streams belong to the 2nd order, 603 streams fall under the 3rd order, 165 streams belong
to the 4" order, 23 streams occupies the 5" order, 8 streams belong to the 6" order and the major trunk wish is River Amire Ukiriki a 7th order stream.
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Figure 5: Stream Order of River Amire Ukiriki Watershed
The presence of a large amount of stream segments indicates that the basin is largely dominated by erosional processes (Tassew, 2023). The presence of
higher amounts of lower-order streams in a river basin generates more water flow (Mahala, 2019) and by implication the large number of lower-order
streams in the Amire Ukiriki watershed indicates its potential to be affected by flash floods during excessive rainfall. The lower-order streams are more
dominated in the hilly areas in the watershed figure 5. The Total Stream Length (Lu) of the Amire Ukiriki watershed is 4264.3 1km. The length of the 1st
order is 3754.39km, while 2nd streams occupied a total of 289.23km, 3rd order streams have 99.25km, 4" order stream have 34.81km, the 5™ order stream
have 28.33km while the 6 order stream have 18.46km and the 7th order have a total length of 39.83km as indicated in (Table 14).

Table 6: Linear Parameters of River Amire Ukiriki Watershed

Basin Stream Stream Number Stream Mean Stream Stream Bifurcation Mean
Order (Nu) Length Length Length ratio (Rb) Bifurcation
(Lu) (km) (Lsm) (km) ratio (RI) ratio
1 19178 3754.39 0.20 - 4.70 5.53
River Amire 2nd 4084 289.23 0.07 0.08 6.77
Ukiriki 3rd 603 99.25 0.16 0.34 3.65
Watershed 4th 165 34.81 0.21 0.35 7.17
5t 23 28.33 1.23 0.81 2.88
6h 8 18.46 231 0.65 8.00
7t 1 39.83 39.83 2.16 -
Total 7 Orders 24062 4264.31

This is in conformity with the Horton’s (1945) law of stream number which states that the numbers of streams of different orders in a given drainage
basin tend closely to approximate an inverse geometric series. The steep slope in the high elevated areas in the Amire Ukiriki watershed produces
numerous streams of lower order with short length. Stream length decreases with increasing stream order (Fig.5) and the lower order streams typically
have high stream length. Longer streams in higher orders (particularly the 7th order) indicate increased channel efficiency and maturity, which aligns
with Chaitanya et al. (2023) who argue that stream length is not only a function of order but also of lithological resistance and slope. The number is



International Journal of Advance Research Publication and Reviews, Vol 3, Issue 9, September (2026), Page — 68-89 80

inversely correlated with stream order in a drainage basin (Horton, 1945). It is an indication that with the increment stream order, stream frequency tends
to decrease. Figure 6 illustrates the correlation between stream order, stream number and stream length in the Amire Ukiriki watershed.

The Mean Stream Length (Lsm) of the watershed ranges from 0.20 km to 39.83km (Table 6). Mean stream length has a significant correlation with size
and other inherent characteristics of stream networks. The surface of the watershed also has an influence on mean stream length (Strahler, 1964).

25000

=—&— Number of Stream (Nu) —f— Stream Length (km)
20000
15000

10000

5000

1 2 3 4 5
STREAM ORDER

[e)}
~

Figure 6: Interrelationship between stream order, stream number and stream length.
The low Lsm indicates higher runoff and high erosion in the basin area (Kumar, 2023). Furthermore, the Stream Length Ratio (Ri) of River Amire Ukiriki
is found to be between 0.08 and 2.16, indicating a youthful stage of landscape development which is in agreement with the finding of Moges and Bhole
(2015) that high variation in stream length ratio indicates the late youthful stage of the landscape development. These irregularities are often attributed to
heterogeneous lithology, geological controls, and anthropogenic modifications such as land use change (Kumar et al., 2020).
The Bifurcation Ratio (Rb) for the studied watershed ranges from 2.88 to 8.00 with a mean bifurcation ratio (Rbm) of 5.53 indicates an elongated basin
where geological structures significantly control the basin’s shape, resulting in a high degree of branching complexity and its coarse nature of the
watershed. The Bifurcation ratio of individual orders varies between 3 and 5 as in table 1. However, Rb values tend to be higher in the 2™ order, 4" order
and 6™ order streams indicating accelerated erosion in the corresponding areas (Verstappen, 1983). Such high Rb values can also be linked to slope
variation and basin asymmetry, indicating potential zones of structural complexity or steep terrain where stream branching is forced rather than freely
developed.
Table 7 shows the aerial parameters of River Amire Ukiriki Watershed that were computed and generated from the ArcGIS 10.7.1 environment. It also
shows that river Amire Ukiriki watershed occupies an area of 1116.87km? and its length is 43.25km with a very high stream frequency of 21.54 stream/
km? indicating a high level of hydrological activities (See Table 2).

Table 7: Areal Parameters of River Amire Ukiriki Watershed

S/No Areal Parameters Values

1 Basin area 1116.87km?
2 Basin Length 43.25km

3 Stream Frequency (Fs) 21.54 Stream/km?
4 Drainage Density (Dd) 3.83km/km’
5 Drainage Intensity (Di) 5.64 km/km?
6 Constant of Channel Maintenance (C) 0.26

7 Form factor (Rf) 0.6

8 Circularity ratio (Rc) 0.68

9 Elongation ratio (Re) 0.44

10 Length of overland flow (Lof) 0.13

11 Shape Index (Sb) 1.67

12 Infiltration Number (In) 82.5

13 Shape factor (Sf) 1.68

A higher stream frequency value corresponds to more surface runoff, resistive subsurface material, and sparse vegetation (Obi ez al., 2002). Furthermore,
drainage density of the study watershed is found to be 3.83km/km? indicating a fine texture while the streams are still relatively closely spaced, Fine-
textured watersheds may occur in regions with moderately steep slopes and a moderately developed drainage network with weak and impermeable
underlying

materials and scarce flora (Nautiyal, 1994). Imperatively, Climatic characteristics, vegetation coverage, rock and soil types, rainfall intensity, infiltration
capacity, relief, run-off intensity, permeability terrain, slope has played vital role in controlling the drainage frequency and density (Figure 7).
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Also, the drainage intensity of the River Amire Ukiriki watershed is 5.64 km/km? indicating highly efficient and well-developed drainage network with
high surface runoff, highly vulnerable to flash floods and soil erosion, but slightly vulnerable to riverine floods (Das, et al., 2021). High denudation
process is active in the study area and the terrain affects the streams and erosional process (Das, ef al, 2021, Ganie, 2022).
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Figure 7: Drainage Density of River Amire Ukiriki Watershed
Drainage intensity varies spatially over the study area occurring either following the drainage line or along the areas with high elevation and steep slope.
Moreso, the form factor for River Amire Ukiriki watershed is 0.6 which is in line with Gopinath ef al. (2016) who opined that, a perfectly elongated basin
has a form factor value of less than 0.75 indicating the basin is elongated in shape and have lower peak flows for longer duration.
Flood flows of such elongated basin are easier to manage than those of the circular basin (Altaf, Meraj; and Romsho, 2013). The circularity ratio of the
basin under examination is found to be 0.68, According to Miller (1953), this value indicates there is a control of geologic material on stream development,
and the watershed is elongated. In addition, the high, medium and low value of the Circularity ratio represents the youth, middle and old stages of stream
development, respectively. The elongation ratio of the river is 0.44 which indicates that the watershed is elongated. Notably, a circular basin is more
efficient in the discharge of runoff than an elongated basin (Singh and Singh, 1997).
Constant channel maintenance(C) is 0.26 indicating a higher potential for erosion and sediment movement, more erodible channels are the most vulnerable
to erosion. Length of overland flow is 0.13 indicating lower distance runoff in the study area. The length of overland flow is affected by underlying
geological, structural control, rock hardness, relief, water permeability and infiltration, erosional capacity, climatic condition, and vegetation pattern
(Horton, 1945 Schumm, (1956). The high Lg value indicates that the rainwater had to travel a relatively longer distance before getting concentrated into
stream channels (Chitra et al., 2011).
Infiltration Number of 82.5 is significantly high, suggesting low infiltration capacity, high runoff, and potential flood hazards consistent with findings of
Das and Sarkar (2024) in basaltic terrains. Finally, the study further revealed a shape factor of 1.68 indicating that the elongated shape of the basin tends
to have a higher susceptibility to runoff and erosion. The relief parameters of River Amire Ukiriki Watershed were computed in ArcGIS 10.7.1 software
and the findings are presented in Table 8.

Table 8: Relief Parameters of River Amire Ukiriki Watershed

S/No Relief Parameters Values
1 Basin relief 545m
2 Max Elevation 655m
3 Min Elevation 110m
4 Relief ratio (Rr) 0.015
5 Dissection index 0.83

6 Ruggedness number (Rn) 2.08

It also indicates that the highest relief in the study area is calculated to be 655m while the lowest relief is 110m above mean sea level. Thus, mean basin
relief is discovered to be 545m above sea level. According to Thomas et al, (2010), rivers within the plateau-plain front generally have lower relief
whereas; mountain-plain front rivers have high basin relief as also observed in the study area. The result also revealed that the relief ratio of the study
basin is found to be 0.015. The low value of relief ratio in the study area indicates a high relief and high slope.
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Figure 8: Slope Pattern of River Amire Ukiriki Watershed

This result is in line with the findings of Pareta and Pareta (2010) that areas with low to moderate relief and slope are characterised by moderate values
of relief ratios which are mainly due to resistant basement complex rocks of the basin and low degree of slope. The result in figure 8 also shows that the
index value of the study river is found to be 0.83 which indicates that the river is dissected and encourage vertical erosion. The Ruggedness Number of
the basin is observed to be 2.08 which indicate that the watershed is steep and well-drained indicating vulnerable to significant runoff and erosion, and
may require special management practices to control soil loss, sedimentation or flooding.

D. Relationship Between Gully Morphometric/Geometrical Parameters and Watershed Parameters
The results of correlation matrix in table 9, revealed reveal intricate relationships between gully parameters and the morphometric characteristics of the
drainage basin. The results show that there is strong positive relationship between gully length and Bifurcation Ratio (Rb) (r = 0.884). This suggests that
areas with a higher degree of branching in the stream network are associated with longer gullies. Bifurcation ratio reflects the complexity of the drainage
network, and its influence on gully length likely relates to enhanced runoff concentration. Gully length shows a negative correlation with stream number
(Nu) (-0.557) and stream length (SL) (-0.592) indicating that areas with more streams or longer streams tend to have shorter gullies, possibly because
water is more evenly distributed and less likely to concentrate and erode a single channel. Also, a moderate correlation with drainage density (Dd) (0.435)
and drainage intensity (Di) (0.548) suggesting that denser and more active drainage systems can affect gully length to some extent, though the relationship
is not as strong as with Rb.
The result also shows that, gully depth and bed width (r = 0.895), gully depth and cross-sectional area (r = 0.943), gully depth and volume of soil material
removed (r = 0.965), bed width and shoulder width (r =0 .946), bed width and cross-sectional area (r = 0.953), bed width and volume of soil material
removed (r = 0.953), shoulder width and cross-sectional area (r = 0.953), shoulder width and volume of soil material removed (r = 0.900), cross-sectional
area and material removed (r = 0.980) shows a very strong positive correlations and statistically significant (p < 0.01).
These very high correlations suggest that as gully depth, bed width, and shoulder width increase, the cross-sectional area and material removed also
increase significantly. The gully geometry (depth and width) is tightly linked with the volume of material eroded. Depth is tightly linked with all other
dimensions and erosion volume. As gullies deepen, they also widen and remove more soil.

Table 9: Pearson Correlation Coefficients between Various Gully Morphometric/Geometrical Parameters and Watershed Parameters
GL |GD BW |SW |SA |ICSA VMRNu |SL |Rb [Fs IDd  Di  |Slope [Elev |[Lof |CCM [In St
GL |1
GD |.476 |1
BW _[.248 |895™
SW__[L111 [838"].946™ |1
SA  |.282 571" 695|701 |1
CSA |[.284 1.943™1.953™ 19537 648™ |1
VMR 435 1965™].953™[900™ |641" |.980™" |1
Nu |-.557 |-.211 |.332 |.137 [-.011 |-.195 |-.324 |1
SL  [F.592 |-.184 |-.281 |.097 |017 |.164 |-.289 990" |1
Rb  [.884" |697 |476 (439 [642 |523 |603 [.149 |.187 |1
Fs -.517 |.338 |-.442 1243 1..062 |.273 |.400 |.896""|.835" |-.147 |1
DA [.548 272 [286 [094 |.093 |122 |254 |.722 |.654 |212 932" |1
Di -.508 |.210 316 F.115 067 |-.148 |-.277 1935™|.890™ |-.077 985" }.908™ |1

—
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Slope |.051 |.015 [109 080 |.243 |-.046 |.007 |.596 |-.528 [250 |.849" |983™ |.821°[1
Elev [-.524 |.251 [.223 [.047 |166 |.076 |-.197 622 |555 |-.226 865" |.986"" 839" |.997™ |1
Lof |.405 [232 [201 [240 |358 |266 [276 |-.287 [.392 |575 [045 [.253 |.014 |-344 ]340 |1
CCM |[-.429 |.264 |.282 |-.152 187 |.184 |.256 [770" | 751 [.040 [837" [.820" |862" |.774" |.816" [000 [1
In -.487 |-.586 |-.534 |.562 |-.761°}-.547 L.577 |113 |143 |.902"].064 034 |010 [081 |.114 |.707 |.137 |1
St [-.306 1277 |486 [458 1499 1370 |365 1023 |149 |.180 |-.259 213 |-.134 |.177 |-.156 |-.439 135 |-.135 |1
*. Correlation is significant at the 0.05 level (2-tailed).
**, Correlation is significant at the 0.01 level (2-tailed).

Key: GL = Gully Length, GD = Gully Depth, BW = Bed Width, SW = Shoulder Width, SA = Slope Angle, CSA=Cross Section Area, VMR = Volume
of Soil Material Removed, Nu = Stream Number, SL = Stream Length, Rb = Bifurcation ratio, Fs = Stream Frequency, Dd = Drainage Density, Di =
Drainage Intensity, Slope, Elev = Elevation, Lof = Length of overland flow, CCM = Constant of Channel Maintenance, In = Infiltration Number, Sf =
Shape factor.

By implication, the internal geometry of gullies is highly interdependent and largely shaped by slope conditions and erosion intensity. The volume of soil
material removed (VMR) shows a moderate positive correlation with bifurcation ratio (Rb) (0.603) and drainage intensity (Di) (0.254) indicating that a
denser drainage network and more intense drainage systems may lead to more runoff, which can erode and remove more material. However, the
relationship is not strongly significant, suggesting that VMR is also influenced by soil type, land cover, and rainfall. VMR also shows a negative
correlation with stream number (-0.324) and stream length (-0.289) implying that more distributed runoff (many streams) may reduce the concentration
of flow and thus reduce the volume of material removed by gullies.

Stream Number (Nu) shows a strong positive correlation with stream length (SL) (0.990), stream frequency (Fs) (0.896) and drainage density (Dd)
(0.935). This suggests that as the number of streams increases, the total stream length also tends to increase and higher frequency and denser networks
have more streams leading to higher drainage density. Drainage Density (Dd) also shows a strong positive correlation with stream frequency (Fs) (0.985)
suggesting that areas with high drainage density tend to have a higher number of streams, slope (0.983), indicating that as slope increases, drainage
density tends to increase strongly suggesting Steeper slopes facilitate gravity-driven processes, such as runoff and erosion, which contribute to the
development of drainage networks implying drainage density is a strong control on hydrological and erosional response while strongly negative with
drainage intensity (Di) (-0.908) suggesting that areas with high drainage densities have more efficient drainage network leading to lower drainage
intensity.

Elevation shows a very strong positive correlations with slope (0.997), drainage intensity (0.839), stream frequency (0.865), constant of channel
maintenance (0.816) suggesting that as elevation increases, slope, drainage intensity, stream frequency and the constant of channel maintenance tends to
increase due to increased runoff and erosion at higher elevations, formation of more streams and rivers at higher elevations ad might indicate that higher
elevations require more maintenance to sustain channels. Elevation plays a significant role in shaping drainage-related variables, such as drainage
intensity, stream frequency. While elevation show an extremely strong negative correlation with drainage density (-0.986) indicating that as elevation
increases, drainage density tends to decrease strongly implying that as higher elevations significantly influence drainage density in the study area
especially in matured terrains. Slope is a central factor influencing both gully dimensions and drainage properties, acting as a control for erosion potential
and flow velocity.

Summary and Recommendations

This section succinctly gives a summary of the entire study and makes recommendations accordingly, and issues suggestions based upon the outcomes
of the research findings for better decision making as the case maybe.

A. Summary
Gully erosion is a very serious environmental issue in the region leading to land degradation, loss of farmland, and infrastructure damage. Gullies are
caused by a variety of factors, including heavy rainfall, flooding, landslides, agricultural activities, deforestation, overgrazing construction among others.
At a watershed/catchment scale, slope gradient and slope aspect as well as altitude/elevation are the key factors for the formation of these gullies. The
rapid development of remote sensing and spatial information processing techniques enables a quantitative evaluation for the contribution of these factors
to gully erosion.
The study analyzed gully morphometry in the Amire Ukiriki watershed of Benue State, North Central Nigeria, focusing on the geometry of gully channels,
morphometric parameters of the watershed, and the relationship between gully geometry and Amire Ukiriki watershed characteristics. The research
employed field measurements, GIS, and remote sensing techniques to assess gully dimensions (length, depth, width, slope angle, cross-sectional area and
volume of soil material removed) and watershed morphometry (stream order, drainage density, bifurcation ratio, among others).
The data needed for the study were information on dimensions of gully parameters and quantitative information on morphometric parameters of Amire
Ukiriki watershed including linear, arial and relief were sourced from analyzing satellite imageries of the study area using GIS techniques. The results of
dimensions of gully parameters and information on morphometric parameters of Amire Ukiriki watershed were subject to simple descriptive statistics of
tables, mean, standard deviation and coefficient of variation to ascertain variation in the data set and inferential statistics of Pearson's Product Moment
Correlation Coefficient analysis to examine the strength of the linear relationship between dimensions of gully parameters and Amire Ukiriki
morphometric parameters.
The study revealed significant variability in gully dimensions, with U-shaped gullies dominating, indicating mature erosion. The watershed exhibited a
dendritic drainage pattern, high stream frequency, and elongated shape, contributing to erosion susceptibility.

B. Major Findings
Gullies varied in length (46—82 m), depth (3.6-10.6 m), and cross-sectional area (30.24-268.18 m?). U-shaped gullies were predominant, suggesting
advanced erosion stages. High volumes of material loss (up to 11,848.68 m® per gully) were recorded, with Tyotsar being the most degraded. The total
estimated volume of materials removed from all gullies was 34,700.42m?>, a significant volume, implying extensive land degradation and potential threat
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to nearby infrastructure or farmland. These values serve as empirical evidence of geomorphic change, reinforcing calls for integrated watershed
management. The mean material loss per site was 2,313.36 m?, underscoring the environmental and socio-economic threat posed by unchecked gully
expansion.
The drainage pattern is dendritic composed of 24062 streams where most of the streams are lower orders. The River Amire Ukiriki watershed is
categorized as 7th-order system. The length of the lower-order streams is higher than higher-order streams. High drainage density (3.83 km/km?) and
stream frequency (21.54 streams/km?) indicated intense hydrological activity and erosion risk. The elongated shape (elongation ratio = 0.44) and low
circularity ratio (0.68) suggested structural control over drainage and prolonged runoff. The mean bifurcation ratio of (5.53) indicates an elongated basin
where geological structures significantly control the basin’s shape, resulting in a high degree of branching complexity and its coarse nature of the
watershed.
Also, the drainage intensity of the watershed (5.64 km/km?) indicating highly efficient and well-developed drainage network with high surface runoff,
highly vulnerable to flash floods and soil erosion, but slightly vulnerable to riverine floods. And the Infiltration Number of 82.5 is significantly high,
suggesting low infiltration capacity, high runoff, and potential flood hazards and gully erosion. Finally, The Ruggedness Number of the watershed (2.08)
reviewing a steep and well-drained indicating vulnerable to significant runoff and erosion, and may require special management practices to control soil
loss, sedimentation or flooding.
The relationship between gully and watershed parameters reveals that, gully length shows a strong positive correlation with bifurcation ratio (Rb) (r =
0.884), higher branching in drainage networks leads to longer gullies due to increased runoff concentration but negative correlation with stream number
(nu) (-0.557) and stream length (SL) (-0.592) implying more streams distribute water, reducing concentrated erosion and shortening gullies and moderate
positive correlation with drainage density (Dd) (0.435) and drainage intensity (Di) (0.548) suggesting denser drainage systems moderately influence gully
length.
Gully Geometry shows a very strong positive correlations (r > 0.895, p <0.01) between gully depth, bed width, shoulder width, cross-sectional area, and
volume of soil material removed implying that gully expansion (deepening/widening) directly increases erosion volume while slope and erosion intensity
shape gully morphology. Gully depth, width, and volume are controlled more by local terrain features, especially slope and slope angle. Gully length is
influenced more by the overall structure of the drainage basin, especially stream bifurcation.
Stream number (Nu) strongly correlates with stream length (SL) (0.990), stream frequency (Fs) (0.896), and drainage density (Dd) (0.935 implying that
more streams increase total length and drainage density. Drainage density (Dd) strongly correlates with stream frequency (Fs) (0.985) and Slope (0.983)
suggesting steeper slopes intensify drainage density. Elevation Strong positive correlations with slope (0.997), drainage intensity (0.839), stream
frequency (0.865), and constant of channel maintenance (0.816) suggesting higher elevations increase runoff, stream formation, and channel maintenance
needs. Elevation inversely affects drainage density but enhances stream formation and erosion intensity at higher altitudes. Morphometric parameters
such as stream frequency, drainage density, and bifurcation ratio are closely interrelated and impact how water is distributed across the landscape, thereby
influencing erosion potential.

C. Contribution to Knowledge
1. The study provides detailed field-based and GIS-supported measurements of gully dimensions in the Amire Ukiriki watershed, making the work an
important reference point for understanding erosion dynamics.
2. The research delineates the Amire Ukiriki watershed as a 7th-order dendritic system with high drainage density, stream frequency and an elongated
shape, highlighting its susceptibility to prolonged runoff and erosion influenced by geological structures. This adds to the understanding of how linear,
areal, and relief aspects interact to control fluvial processes in elongated basins.
3. It demonstrates how watershed parameters influence erosion potential and water distribution, filling gaps in literature on the interplay between gully
geometry and basin-scale morphometrics.
4. By integrating field measurements with GIS and remote sensing (e.g., DEM-derived parameters), the study exemplifies a robust, replicable approach
for assessing erosion in data-poor areas, enhancing tools for hydrological and geomorphological analysis.
5. It recommends an integrated watershed management strategy that contributes to sustainable land-use planning, erosion mitigation, and environmental

policy in erosion-prone regions.
D. Recommendations

1.  There should be implementation of vegetative stabilization (agro forestry, grass planting) and structural interventions (channelization, check dams,
terraces) in high-risk areas.

Promotion of sustainable land-use practices, such as contour farming and reduced tillage, to minimize runoff.

Development of a comprehensive watershed management plan focusing on reducing peak runoff and enhancing infiltration.

Prioritization areas with high drainage density and stream frequency for targeted conservation efforts.

Strengthening policies on land-use planning and enforcement of soil conservation practices.

AN U Sl O

Raising awareness among local communities about gully erosion risks and mitigation strategies.

E. Suggestions for Further Research
Based on the limitations identified in the studies such as challenges with field measurements due to rough terrain, financial limitations knowledge gaps
in literature specific to the Amire Ukiriki watershed and the need for more detailed investigations, the following suggestions for future research are
proposed. To conduct long-term monitoring of gully evolution and sediment yield, investigate the role of climate change in altering rainfall patterns and
erosion dynamics, detailed Investigation into the geological structures, soil properties and their interactions with morphometric parameters in greater
depth, examine the role of human activities, such as land use changes, agricultural practices, deforestation and urbanization, in exacerbating gully erosion.
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Conclusion

The study highlights the severe impact of gully erosion in the Amire Ukiriki watershed, driven by geomorphic, climatic, and anthropogenic factors. The
dendritic drainage network and elongated basin shape exacerbate erosion, while U-shaped gullies indicate long-term degradation. The values of Amire
Ukiriki watershed parameters revealed that the basin is at youthful stage of landscape development and hence, erosion and sediment yield processes are
expected to be high. Gully erosion depends on drainage network structure (bifurcation ratio, stream number, and drainage density), slope, and elevation.
Concentrated flow (high bifurcation ratio, low stream number) increases gully length and erosion, while dispersed flow (high stream number, stream
length) reduces it. Steeper slopes and higher elevations intensify drainage activity. Soil loss is highest where gullies deepen and widen, emphasizing the
need for erosion control in such areas. The findings underscore the need for integrated watershed management to mitigate erosion and protect livelihoods.
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