


Assessment Of Infiltration Characteristics And Groundwater Recharge Potentials Under Different Land-Use Practices In A Tropical Watershed, A Case Study Of Otamiri-Nworie River, Imo State.
ABSTRACTS
This study evaluates soil infiltration capacity and groundwater recharge potential across four distinct land use types (Agricultural Land, Built-up Area, Forest Reserve, and Bare Soil) within the Otamiri-Nworie tropical watersheds in Owerri Municipal Imo State southeastern Nigeria. Infiltration measurements were conducted using a double-ring infiltrometer. Three empirical models (Horton, Philip, and Kostiakov) were fitted to the field data to evaluate their predictive accuracy. Groundwater recharge potential was estimated using a water balance approach. The results revealed that the Forest Reserve exhibited the highest steady-state infiltration rate (184.5 mm/hr), followed by Agricultural Land (112.3 mm/hr), Bare Soil (45.2 mm/hr), and Built-up Area (12.1 mm/hr). The Horton model provided the best fit for predicting infiltration rates across all land uses (R² > 0.94). Deforestation and rapid urbanization significantly impair soil hydraulic conductivity, reducing groundwater recharge potentials by up to 89.4% in built-up sectors. Sustainable land management practices, including permeable pavements and agroforestry, are urgently required to preserve the hydrological equilibrium of the watershed.
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1.0 INTRODUCTION
Water is a vital natural resource that needs to be protected from pollutants (WHO, 2017; EA 2019; Ahsan et al., 2023). Currently, only about 0.5% - 1.0% of the total available water resources can be regarded suitable for drinking (Kausley et al.,2019). The quality of water can be described in terms of physical, chemical and biological contaminants (Palansooriya et al., 2020). Furthermore,   water is one of the most indispensable natural resources on Earth and is fundamental to the survival of humans, animals, plants, and aquatic ecosystems. It serves numerous domestic, agricultural, industrial, recreational, and environmental functions. The quality of water determines its suitability for these various uses. Consequently, maintaining good water quality has become a major environmental and public health concern worldwide. 
Rapid urbanization, industrialization, agricultural intensification, and population growth have significantly increased the pollution of surface water resources globally. These activities introduce numerous contaminants into rivers through domestic sewage, industrial effluents, agricultural runoff, solid waste disposal, erosion, and stormwater drainage. Such contaminants adversely affect the physical, chemical, and microbiological characteristics of water, thereby reducing its suitability for human consumption and ecological sustainability (United Nations, 2024; WHO, 2022). Unfortunately, in many areas of the world, especially developing countries including Nigeria, it is difficult to obtain a steady source of pure water for drinking and agricultural uses.
Duruanyim et al., (2025) noted that, infiltration can be defined as a process by which water on the ground surface enters the soil. In addition, infiltration plays an important role in soil and water conservation as it determines the actual amount of runoff over the soil surface during irrigation and precipitation. Water infiltration is the process by which water on the soil surface enters the soil profile and moves downward through the unsaturated zone under the influence of gravity and capillary forces (Ferre and Warrick, 2023). It is one of the most fundamental hydrological processes because it governs the partitioning of rainfall into surface runoff, soil moisture storage, evapotranspiration, and groundwater recharge. Tropical watersheds in Nigeria and many developing countries have experienced increasing flooding; declining groundwater levels, erosion, and water scarcity largely attributed to poor land management practices. 
Tropical watersheds in Nigeria and many developing countries have experienced increasing flooding; declining groundwater levels, erosion, and water scarcity largely attributed to poor land management practices. Furthermore, groundwater is one of the world's most valuable freshwater resources, supplying drinking water, irrigation water, industrial water, and ecological flows. In many developing countries, including Nigeria, groundwater constitutes the primary source of potable water because of its relatively good quality and year-round availability (Bouwer, 2002). Groundwater recharge occurs when infiltrated water percolates through the impervious zone and reaches the water table, thereby replenishing aquifer storage. 
The infiltration process is influenced by numerous soil and environmental factors including soil texture, soil structure, bulk density, porosity, hydraulic conductivity, antecedent moisture content, vegetation cover, rainfall intensity, slope gradient, and land management practices (Huffman et al., 2013). Among these factors, land use has become one of the most important because human activities continuously modify the natural characteristics of the soil surface. 
Several mathematical models have been developed to describe infiltration processes under varying soil and climatic conditions. These models have been extensively used in watershed hydrology, irrigation engineering, and groundwater recharge studies (Mishra et al., 2003). Assessment of infiltration characteristics under different land-use systems provides valuable information for watershed planning, groundwater conservation, irrigation development, erosion control, and sustainable land management. Such information is particularly important in tropical environments where rainfall is intense and seasonal, making infiltration a key determinant of groundwater recharge and overall watershed health (Bouwer, 2002; Huffman et al., 2013). Therefore, evaluating infiltration characteristics and groundwater recharge potentials under different land-use practices is essential for understanding the impacts of land-use change on watershed hydrology and for developing appropriate strategies for sustainable water resources management. Understanding infiltration behavior under different land use systems is therefore essential for sustainable watershed planning. Hence, the research responds to the following challenges; how does infiltration vary under different land –use practices?, which land –use practice has the highest infiltration capacity? And how do soil physical properties influence infiltration characteristics. 
2.0	MATERIALS AND METHOD
2.1	Study Area 
The Otamiri-Nworie watershed is located between Latitudes 5°24'N and 5°33'N and Longitudes 6°58'E and 7°06'E. The climate is humid tropical, characterized by distinct wet (April to October) and dry (November to March) seasons. Mean annual rainfall ranges from 2,200 mm to 2,500 mm, with average temperatures hovering around 27°C (Obineche et al., 2023). The length of the river from its source to its confluence is 9.2 km and it runs approximately 5.0 km course through Owerri, the capital of Imo State in Nigeria (Udechukwu et al., 2025). The underlying geology is dominated by the Benin Formation (Coastal Plain Sands), which typically features highly permeable, sandy, and loamy coarse soils. Owerri is in the humid tropical realm that is characterized by both wet and dry seasons. The wet season starts in March and ends in October, while the dry season starts in November and ends in February (Onwuadiochi et al., 2021). The river empties into the Otamiri River at Nekede in Owerri West local government area (Nwosu et al., 2021; Iheagwam and  Ezenwaji, 2024) 
The average annual relative humidity in Imo State is 75% and the highest takes place during the rainy season, when it reaches a peak of about 90 per cent. The high temperature and humidity experienced in the state favours luxuriant plant growth, which produces ideally the climax vegetation of the tropical rain forest, primarily because the region falls within the tropical rain forest zone (Udokporo et al., 2015). As a result of this, the watershed is covered by depleted rain forest shrubs with thick under brushes, creeping vines and deep green vegetation resulting from heavy decay of plant droppings and foliage.

2.2	Organic nature and type of soil
Imo State is dominated by sandy soil with little percentages of clay, loam and silt. The area is acidic with pH of between 4.67-5.6 for upper and lower layers and 5.0-5.6 at the crest and valley bottom and lower at mid-slope (Njoku et al., 2011). The watershed also in addition has low organic carbon ranging between 0.676-3.764 mg/kg for upper soil layer, 5.34-4.27 mg/kg for lower soil layer and lower at the mid-slope, low nitrogen concentration range of 0.008-0.068% and 0.018-0.048% for upper and lower soil layers (Nnaji et al., 2011).
2.3	Hydrogeology and groundwater development
The study area is drained by two rivers, namely the Otamiri and Nworie. The Otamiri River has maximum average flow of 10.7 m3/s in the rainy season, (September - October) and a minimum average flow of about 3.4 m3/s in the dry season (November - February). The total annual discharge of the Otamiri is about 1.7 x 108 m3, and 22% of this (3.74 x l07 m3) comes from direct runoff from rainwater and constitutes the safe yield of the river (Egboka and Uma, 1985). The depth to groundwater varies from 15m - 35m in parts of the Owerri urban area. (Duruanyim et al., 2025)
The materials used in carrying out this research work encompass equipment and containing vessels. The following materials used include; Thermometer, Turbid meter (Model: HANNA, LP-2000), pH Meter (Model: Mettler Toledo MP 220, England), Electrical Conductivity meter (Model: HANNA, HI8733), Atomic Absorption Spectrophotometer (Model: Buck scientific-200A/210), double ring infiltrometer.

2.4	Field Data Collection and Sampling
Four specific land use types were selected within the Otamiri – Nworie River watershed in Owerri Municipal:
· Agricultural Land (AL): Continuously cultivated cassava and maize plots around the study area
· Built-up Area (BA): Residential zones featuring compacted soils adjacent to paved structures.
· Forest Reserve (FR): Relatively undisturbed secondary forest vegetation.
· Bare Soil (BS): Cleared land lacking vegetation cover, exposed to rainfall impact.
Field infiltration tests were conducted at three replicate points per land use type using a standard double-ring infiltrometer (inner ring diameter 30 cm, outer ring diameter 50 cm). Rings were driven 15 cm deep into the soil. Water levels were maintained at a constant head, and measurements were recorded at intervals of 5, 10, 15, 30, 45, 60, 90, and 120 minutes until a steady-state condition was achieved. Core soil samples (0–30 cm depth) were simultaneously collected to determine bulk density, porosity, and particle size distribution.
2.5	Determination of Soil Physical Properties
Soil moisture content 
Soil samples from the different depths of the four treatments were taken at random locations within the study area and a soil core sampler were oven-dried at 105°C for 24 hours to determine the soil moisture content gravimetrically (ASABE Standards, 2008). The gravimetric moisture content was calculated as the mass of moisture in the soil sample divided by the mass of the dry soil multiplied by 100 (Aikins and Afuakwa, 2012)
MC = 			1
Bulk Density 
Soil bulk density in the three depths was determined using the core method. The core samples were randomly taken using a stainless steel core sampler. The collected soil cores were trimmed to the exact volume of the cylinder and oven-dried at 105OC for 24 hours. Precautions were taken to avoid causing compaction in the core. 
The bulk density was determined from the ratio of the mass of dry soil per unit volume of soil cores (Aikins and Afuakwa, 2012; Agbai et al., 2022).
Bulk density 	       			2
Total porosity
The total porosity was calculated from the values of the bulk density and an assumed particle density of 2.65 g/cm3, using the following equation as noted by (Aikins and Afuakwa, 2012)
TP = 1- ) x 100                                                  	 3
Saturated hydraulic conductivity (Ksat)
Constant head approach as described by (Tuffour et al., 2014 and Agbai et al., 2022) was used to determine the saturated hydraulic conductivity (Ksat) in the laboratory. After being carefully trimmed to the size of the core ring, the undisturbed soil core was secured with a piece of muslin cloth held with a rubber band on both ends to prevent the soil from spilling while allowing water passage. Water percolation tests were performed after the samples were soaked for 24 hours. The volume of water that passed through the soil sample was measured and recorded until a constant average was achieved. The Ksat was calculated as;
Ksat = Q x                                                            		 4
Where, Q is water volume, K=Hydraulic conductivity, L= soil column length, T= time, A= cross sectional area, H = hydraulic head
2.6	Hydrological Modeling
Three mathematical models were fitted to the field-measured cumulative infiltration data:
Horton’s Model
Duruanyim et al., (2025) describes the basic behaviour of inﬁltration as shown by the equation.
						5		
Where,
 is infiltration capacity at time t, is initial infiltration rate,  is steady-state infiltration rate, and k is a decay constant 
Determination of parameters for the Philip’s model
The Philips model as posited by Duruanyim et al., (2025) is given by the equation below as   
							6		
Where,
 = cumulative infiltration
 S = soil sorptivity(Lt-1/2), a function of initial and final soil water content, θ1 and θn
Ca or A = Constant that depends on both soil properties and on θ1 and θn (transmissivity parameter)
t = the elapsed time
To determine Sorptivity(S), value of soil dryness (Ф - θ0) for each site was used against soil type on the chart in Figure 1.
Where Ф = final moisture content of the soil
θ0 = Initial moisture content of the soil

Determination of Kostiakov’s Model:
The empirical basis of one of the leading methods proposed by Kostiakov’s (Sonaje and Waikar 2009) is, 
= atb								7
Where, 
a and b are empirical constants determined via logarithmic regression.
t = opportunity time
Model accuracy was validated using the Coefficient of Determination (R²) and Root Mean Square Error (RMSE)
Groundwater Recharge Estimation
Potential groundwater recharge (R) was estimated using a simplified water balance equation applied to the upper zone:
                                       			8
Where,
P is annual precipitation (2,350 mm used as baseline), ET is evapotranspiration, RO is surface runoff calculated via the Soil Conservation Service Curve Number (SCS-CN) method modified for local infiltration dynamics, and ΔS is the change in soil moisture storage (assumed negligible over an annual cycle).

3.0	RESULTS AND DISCUSSION
The physical characteristics of the soil across the selected land use types are summarized in Table 1.
Table 1: Soil Physical Properties across Land Use Practices
	Land Use Type
	Sand (%)
	Silt (%)
	Clay (%)
	Textural Class
	Bulk Density (g/cm³)
	Porosity (%)

	Forest Reserve (FR)
	78.4
	12.2
	9.4
	Sandy Loam
	1.28
	51.7

	Agricultural Land (AL)
	76.1
	13.5
	10.4
	Sandy Loam
	1.42
	46.4

	Bare Soil (BS)
	79.0
	11.0
	10.0
	Sandy Loam
	1.55
	41.5

	Built-up Area (BA)
	74.8
	13.2
	12.0
	Sandy Clay Loam
	1.68
	36.6



Heavy soil compaction is evident in the Built-up Area, indicated by a high bulk density (1.68 g/cm³) and lower total porosity (36.6%), which restricts downward water movement, Similar observations have been reported by Gregory et al. (2006), who noted that urbanization substantially alters soil structure, reducing infiltration capacity and increasing surface runoff. Forest reserve recorded the lowest bulk density (1.28 g/cm3), indicating minimal soil compaction. Consequently, forest reserve exhibited the highest porosity (51.7%) and it has sandy loam as its textual class which improves soil aggregation and improves soil pore continuity, thereby enhancing infiltration and groundwater recharge (Brady and Weil, 2017).
Agricultural land showed intermediate characteristics because repeated tillage and agricultural machinery slightly increased soil compaction while reducing organic matter over time (Lal and Shukla, 2004). However, bare soil recorded the highest percentage of sand composition during the research. The soils are predominantly sandy loams.
3.1	 Infiltration Characteristics
The measured initial (f₀) and steady-state (fc) infiltration rates varied significantly across the land use practices (Table 2).
Table 2: Measured Field Infiltration Rates
	Land Use Type
	Initial Infiltration Rate, f₀ (mm/hr)
	Steady-State Infiltration Rate, fc (mm/hr)
	Time to Steady State (min)

	Forest Reserve (FR)
	420.5
	184.5
	60

	Agricultural Land (AL)
	295.0
	112.3
	75

	Bare Soil (BS)
	140.2
	45.2
	90

	Built-up Area (BA)
	48.6
	12.1
	45


Infiltration rates decreased progressively with increasing infiltration time across all land use types, reflecting the typical infiltration behaviour described by Duruanyim et al.(2025). The Forest Reserve displayed the highest infiltration capacity due to abundant macro-pores created by root channels and organic matter (Bonell and Bruijnzeel, 2005). In same the same vein agricultural land showed moderate infiltration rates due to soil disturbance arising from cultivation practices, while Built-up Area (12.1 mm/hr), exhibited the lowest infiltration rates because impervious surfaces and soil compaction restricted water entry into the soil profile as well as a severe reduction in steady-state infiltration caused by artificial surface sealing and heavy mechanical compaction of exposed surfaces. Similar findings have been reported by Dunne and Leopold (1978), Rawls et al. (1993), and Beven (2012), who concluded that infiltration decreases significantly with increasing urban development.
Table 3: Hydraulic Conductivity
	Land Use
	Mean Hydraulic Conductivity (cm/hr)

	Forest Reserve (FR)
	9.64

	Agricultural Land (AL)
	7.73

	Bare soil
	5.78

	Built-up Area
	2.07



Hydraulic conductivity exhibited the same trend as infiltration. Forest reserve soils possessed the highest saturated hydraulic conductivity (9.64 cm hr⁻¹), indicating greater pore connectivity and improved soil structure. Built-up Area soils exhibited the lowest conductivity because compaction reduced effective pore spaces required for water transmission. According to Hillel (2004), saturated hydraulic conductivity is directly controlled by pore size distribution, soil texture, aggregation, and structural stability. The observed relationship confirms findings by Reynolds et al. (2002), who reported that hydraulic conductivity declines substantially as soil compaction increases.
3.2	Groundwater Recharge Potential
 The values and outcome of the groundwater recharge potentials is as shown in table 4.
Table 4: Summarizes groundwater recharge estimation
	Land Use
	Annual Recharge (mm)
	Recharge Coefficient

	Forest Reserve 
	581
	0.254

	Agricultural Land 
	482
	0.211

	Bare soil
	354
	0.155

	Built-up Area
	171
	0.075



Groundwater recharge varied considerably among the four land use practices. Forest reserve generated the highest recharge (581 mm), representing approximately 25.4% of annual rainfall. The high recharge is associated with greater infiltration capacity, reduced runoff, and extensive root channels that facilitate deep percolation.
Built-up land produced the lowest recharge (171 mm), despite receiving the same annual rainfall. Impervious surfaces, paved roads, and compacted soils substantially limited infiltration and promoted surface runoff. This finding corroborates the studies of Scanlon et al. (2002), who observed that urbanization significantly reduces groundwater recharge in many watersheds.
Grassland and cropland exhibited intermediate recharge values due to moderate infiltration capacities.
3.3	 Evaluation of Infiltration Models
The empirical models showed varying levels of precision when replicating the field measurements (Table 5).
Table 5: Model Performance and Statistical Validation
	Land Use
	Horton (R²)
	Horton (RMSE)
	Philip (R²)
	Philip (RMSE)
	Kostiakov (R²)
	Kostiakov (RMSE)

	FR
	0.97
	4.21
	0.89
	11.50
	0.91
	8.92

	AL
	0.95
	5.80
	0.86
	14.22
	0.88
	10.15

	BS
	0.94
	3.12
	0.84
	9.65
	0.89
	7.43

	BA
	0.96
	1.85
	0.79
	6.10
	0.82
	4.90


FR= Forest reserve, AL= Agricultural land, BS= Bare soil, BA = Built-up Area

Horton’s model consistently outperformed the Philip and Kostiakov equations across all evaluated zones. It achieved the highest coefficients of determination (R² = 0.94 to 0.97) and the lowest root mean square errors, demonstrating its suitability for simulating hydrological responses in this tropical watershed environment.
3.4	  Groundwater Recharge Potentials
Using the water balance configurations, potential annual groundwater recharge rates were quantified for each zone (Table 6).
Table 6: Annual Water Balance Components and Recharge Potential
	Land 
Use Type
	Annual Rainfall (mm)
	Estimated ET (mm)
	Calculated Runoff (mm)
	Recharge Potential (mm/yr)
	Recharge Efficiency (%)

	Forest Reserve
	2,350
	1,150
	220
	980
	41.7%

	Agricultural Land
	2,350
	1,020
	510
	820
	34.9%

	Bare Soil
	2,350
	950
	940
	460
	19.6%

	Built-up Area
	2,350
	820
	1,280
	250
	10.6%



The Forest Reserve converted 41.7% of annual rainfall into groundwater recharge. In sharp contrast, the Built-up Area converted the majority of precipitation into surface runoff (1,280 mm), leaving only 250 mm (10.6%) for deep percolation. This represents an estimated 89.4% loss in recharge capacity when pristine forest systems are heavily urbanized without mitigation.
The results clearly demonstrate that land use exerts a major influence on watershed hydrology. Forest ecosystems promote high infiltration, low runoff, enhanced groundwater recharge, and improved soil physical properties. Conversely, urban development reduces infiltration due to soil sealing and compaction, thereby increasing surface runoff and decreasing groundwater recharge.
These findings agree with Bronstert et al. (2002), Beven (2012), and FAO (2021), who emphasized that sustainable land management practices are essential for improving infiltration, mitigating floods, and maintaining groundwater resources in tropical watersheds.
4.0	CONCLUSION AND RECOMMENDATION
Conclusion
This study demonstrated that land use practices significantly influence soil infiltration characteristics and groundwater recharge potential within the Otamiri–Nworie tropical watershed. Forest reserve areas exhibited the highest infiltration rates, hydraulic conductivity, and groundwater recharge due to their low soil compaction, high porosity, and well-developed soil structure, whereas built-up areas recorded the lowest values because of impervious surfaces and severe soil compaction. Agricultural land showed moderate infiltration and recharge characteristics, while bare soil performed better than built-up areas but remained inferior to forested land. Among the evaluated infiltration models, the Horton model provided the best prediction of field infiltration data across all land-use types, with the highest coefficients of determination and the lowest prediction errors. Overall, the findings confirm that increasing urbanization and vegetation loss substantially reduce groundwater recharge and increase surface runoff, emphasizing the need for sustainable land-use planning, watershed conservation, and infiltration-enhancing management practices to maintain groundwater resources and hydrological balance in tropical watersheds

Recommendations
To mitigate these negative hydrological shifts, the following recommendation are made; establishment of strict conservation perimeters around the remaining forst tracts along the riparian corridors of the Otamiri and Nworie Rivers, encourage urban farmers to practice agroforstry to sustain soil organic matter contents, in addition to the promotion of afforestation and watershed restoration to enhance infiltration and groundwater recharge. Finally, famers should be encouraged on conservation practices such as reduced tillage, cover cropping, and residue retention as well as restricting uncontrolled urban expansion. 
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