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[bookmark: abstract]Abstract
Drainage density and infiltration capacity are fundamental morphometric indicators of catchment hydrology, influencing runoff generation, groundwater recharge, and flood susceptibility. This study provides a geospatial assessment of six coastal catchments in southern Nigeria Bomadi, Orashi, Forcados, Niger, Ekole, and Nun using 30-m SRTM DEMs, topographic maps, and GIS-based morphometric analysis. Parameters including stream order, drainage density, stream frequency, bifurcation ratio, infiltration number, and basin shape indices were extracted and statistically analyzed to compare hydrological regimes. The results reveal marked heterogeneity across basins. Forcados shows the highest drainage density (4.60 km/km²) and high infiltration number (19.50), indicating poor infiltration and elevated flood risk. Orashi also exhibits high drainage density (3.15 km/km²) and the highest infiltration number (54.02), confirming dominance of surface runoff and strong structural influence. Conversely, Niger (Dd = 2.04; If = 7.10) and Ekole (Dd = 2.06; If = 3.50) display lower values, reflecting greater infiltration capacity, groundwater recharge potential, and attenuated flood peaks. Bomadi (Dd = 2.13; If = 9.56) and Nun (Dd = 2.95; If ≈ 8.5) occupy intermediate ranges, balancing infiltration and runoff. Notably, bifurcation ratios exceed 9 in Orashi (9.93) and Ekole (9.50), suggesting tectonic or lithological controls, while other basins show more stable branching (~1.8). These findings delineate two hydrological clusters: runoff-dominant basins (Orashi, Forcados) and infiltration-prone basins (Niger, Ekole, Bomadi, Nun). The study demonstrates that drainage density and infiltration indices are robust diagnostic tools for flood mitigation, groundwater sustainability, and climate-resilient planning in Nigeria’s deltaic environments, with wider applicability to global coastal systems.
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1. Introduction
[bookmark: section]River basins represent the primary hydrological units that regulate the movement of water, sediment, and solutes across landscapes. Their geometry and drainage network topology control runoff generation, flood peaks, residence times, and the partitioning of water between surface and subsurface domains. Morphometric analysis the quantitative characterization of basin form and drainage networks offers a robust framework for inferring hydrologic behavior from topographic structure. This approach is particularly valuable in data-scarce or rapidly changing environments (Horton, 1945; Mesa, 2006; Strahler, 1957). Foundational studies demonstrated how morphometric parameters such as stream order, drainage density, bifurcation ratio, and basin shape indices govern hydrograph form and flood response (Horton, 1945; Melton, 1958; Schumm, 1956; Strahler, 1957; Zavoiance, 1985; Kumari et al 2022). These concepts have since been refined and extended across diverse climatic and tectonic settings with the aid of modern geospatial datasets and digital elevation models (Bates & Jackson, 1980; Gupta, 2011; Perdikaris et al., 2018; Różycka & Migoń, 2021). Research spans three major domains: morphometry–hydrology interactions (Horton, 1945; Melton, 1958; Schumm, 1956; Strahler, 1957; Zăvoianu, 1985), geospatial watershed analysis and prioritization (Dash et al., 2019; Pareta & Pareta, 2011; Rana & Suryanarayana, 2021; Shekar & Mathew, 2022, 2023; Singh & Singh, 2022; Wong et al., 2021), and applied studies in deltaic and monsoonal basins (Chakraborty et al., 2018; Mesa, 2006; Rahman et al., 2020; Wang et al., 2020). Recent work in Nigeria and the Niger Delta has adopted remote sensing, DSAS, and machine learning to analyze flooding, shoreline change, and related hazards (Abaye et al., 2022; Ajumobi et al., 2023; Ayo-Bali, 2025; Jonathan et al., 2025; Ogundolie et al., 2024; Okpobiri et al., 2025; Okpara & Offiong, 2020; Oladimeji & Ohwo, 2022). At a broader scale, flooding has been linked with health and food security outcomes across Africa (Reed et al., 2022; Suhr & Steinert, 2022; Tramblay et al., 2021) and Asia’s floodplains and mountains (Aju et al., 2024; Anya & Bhuiyan, 2024; Debnath et al., 2023; Nagamani et al., 2024; Rizwan et al., 2022; Singh & Pandey, 2021). Coastal and deltaic systems are highly sensitive to drainage properties. Even modest variations in drainage density and infiltration capacity may shift regimes from shallow inundation to more stable hydrologic conditions, affecting groundwater recharge, bank stability, wetlands, and livelihoods. The Niger Delta exemplifies this complexity: its low relief, high rainfall, distributary networks, and expansive wetlands interact with dense populations and growing infrastructure (Abam, 2016; Nwankwoala & Udom, 2011). Recurrent floods disrupt agriculture, transportation, and health services while altering sediment delivery to mangroves and coastal barriers (Abam, 2016; Umar & Gray, 2022; Eteh et al., 2025). These risks are magnified by climate variability, extreme rainfall, (Akajiaku et al., 2025; Bolan et al., 2024; Eteh et al., 2024; Tramblay et al., 2021). Geospatial tools especially DEM-based hydrologic modeling within GIS now enables consistent delineation of basins and calculation of morphometric indices across multiple catchments (Dash et al., 2019; Pareta & Pareta, 2011; Shekar & Mathew, 2022, 2023; Singh & Singh, 2022). Drainage density and stream frequency, when combined into the “infiltration number,” provide an effective proxy for infiltration–runoff balance and flood susceptibility when interpreted with basin shape and network branching (Horton, 1945; Schumm, 1956; Strahler, 1957; Zăvoianu, 1985). Despite numerous local studies, the Niger Delta still lacks an integrated, cross-catchment morphometric assessment centered on drainage density and infiltration characteristics for flood risk management (Eze & Efiong, 2010; Oborie & Eteh, 2023; Oruonye, 2016; Umar & Gray, 2022). The Niger Delta represents one of the most flood-prone and environmentally sensitive regions in sub-Saharan Africa. Its low relief, high rainfall, and distributary drainage networks make it highly susceptible to recurrent flooding, erosion, and groundwater challenges. Despite several localized studies, an integrated cross-catchment morphometric assessment centered on drainage density and infiltration characteristics is still lacking, leaving a gap in scientific evidence for regional flood risk management and groundwater sustainability. The six selected catchments Bomadi, Orashi, Forcados, Niger, Ekole, and Nun were chosen because they are hydrologically diverse, ranging from highly runoff-dominant systems to infiltration-prone basins. They are also zones of intense socio-economic activity, including agriculture, fisheries, and settlement, all increasingly threatened by seasonal floods. Studying these catchments provides a critical basis for climate-resilient planning, disaster mitigation such as flood susceptibility, and sustainable water resource management in the Niger Delta. Therefore, the study seeks to delineate these catchments using DEM-based hydrologic modeling within a GIS environment, quantify key morphometric parameters such as drainage density, stream frequency, bifurcation ratio, and basin shape indices, and compute infiltration numbers to evaluate the balance between infiltration and runoff. By doing so, the research aims to classify the basins into runoff-dominant and infiltration-prone systems, highlighting hydrological clusters with similar behaviors. Finally, the study interprets the environmental and management implications of these hydrological characteristics, with a view to informing flood risk mitigation, groundwater recharge management, and ecosystem conservation strategies in the Niger Delta.



1.2 Study area description
The six study catchments Bomadi, Orashi, Forcados, Niger, Ekole, and Nun are situated within the Niger Delta (Figure 1), bounded approximately between 4°57′30′′N–4°54′30′′N and 5°50′30′′E–6°40′0′′E. This deltaic system forms part of a ~70,000 km² low-relief province along Nigeria’s Atlantic margin, typified by distributary channels, floodplains, levee swale complexes, tidal creeks, and expansive mangrove ecosystems (Okpobiri et al., 2025; Oborie et al., 2023; Eteh et al., 2024). The terrain has a gentle gradient that encourages overbank flooding during the rainy season. Mean annual rainfall exceeds 2,000 mm, with peaks from April to October, while temperatures remain consistently warm (26–28 °C) under high humidity. In combination with the alluvial soils clayey in swamp zones and sandy along natural levees these climatic and geomorphic conditions promote high surface runoff, low infiltration, and short hydrological response times where drainage density is pronounced (Abam, 2016; Nwankwoala & Udom, 2011; Imoni & Jonathan, 2025 ; Akajiaku et al., 2025). Hydrologically, the system is dominated by major Niger River distributaries such as the Nun and Forcados, complemented by regional tributaries including the Orashi, Bomadi, and Ekole, which together create a complex drainage mosaic. Seasonal floods are recurrent, frequently inundating farmlands and settlements impacts that have been well documented in Yenagoa and adjoining communities (Ajumobi et al., 2023; Oladimeji & Ohwo, 2022; Umar & Gray, 2022; Jonathan & Charles, 2025). Beyond hydrological exposure, residents’ perception of flood risk and their adaptive responses play critical roles in shaping local vulnerability, underscoring the necessity of basin-scale water management and planning (Agusomu et al., 2024). At a national scale, the region’s demographic growth, economic activities, and infrastructural development further frame the challenges and opportunities in managing water and coastal resources (Kirk-Greene et al., 2024).
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   Figure 1: Location of study area
[bookmark: X10a589265a83683d98f93b8f46ea962773bf507][bookmark: materials-and-methods]2. Materials and methods
[bookmark: data-sources][bookmark: X5004464da51e19b0b21c4919e6ac0da21fd2a87][bookmark: bifurcation-ratio-rb]2.1 Data sources
We employed 30-m SRTM DEMs (USGS EarthExplorer) as the topographic base for hydrologic preprocessing and network extraction. Ancillary sources included 1:50,000–1:100,000 topographic maps for cross-validation and hydrologic base layers from NIHSA/regional agencies. DEMs were conditioned to remove spurious sinks prior to flow routing. All analyses were completed in ArcGIS Pro 3.2.1 and validated in QGIS 3.28, ensuring reproducible cartography and metric computation (cf. Dash et al., 2019; Shekar & Mathew, 2023; Singh & Singh, 2022).
[bookmark: catchment-delineation-and-selection]2.2 Catchment delineation and selection
We delineated the six catchments using a standard raster flow sequence: (i) sink fill; (ii) D8 flow direction; (iii) flow accumulation; (iv) stream initiation by thresholding accumulation; (v) pour-point placement along principal outlets; and (vi) watershed polygon derivation. Thresholds were harmonized across basins to support comparison, with manual QA against known river lines and aerial basemaps (Pareta & Pareta, 2011; Shekar & Mathew, 2022, 2023).
[bookmark: X790cfac8a5ace26a16422327bd4993ed659f50e]2.3 Morphometric parameters and hydrologic indices
Stream order. We applied the Strahler (1957) scheme to classify channels and to compute stream number  and length  per order.
Drainage density. Drainage density  expresses channelization per unit area:

where  is total channel length and  is basin area (Horton, 1945; Strahler, 1957; Zavoiance, 1985). Higher  typically indicates lower permeability and higher runoff potential.
Stream frequency and infiltration number. Stream frequency  (count per unit area) complements . Their product serves as an infiltration proxy:

with larger values implying reduced infiltration and faster runoff response when interpreted alongside lithology/land cover (Horton, 1945; Schumm, 1956; Zavoiance, 1985).
Bifurcation ratio. The bifurcation ratio

captures branching regularity and potential structural control; natural basins commonly span 3–5 (Schumm, 1956; Strahler, 1957).
Basin shape metrics. Form factor  and elongation ratio

relate planform geometry to hydrograph sharpness; values approaching 1 (more circular) are associated with higher, earlier peaks, whereas elongated basins tend to attenuate peaks (Gupta, 2011; Schumm, 1956; Strahler, 1957).

[bookmark: gis-and-geospatial-analysis-procedures]2.4 GIS and Geospatial Analysis Procedures
Hydrology toolboxes were used to generate stream rasters/vectors, assign orders, and compute lengths and counts from polyline geometry. Basin-level , , , , , and  were calculated within a consistent geodatabase schema. Thematic maps visualize stream networks, drainage-density surfaces, and infiltration potential; all layers were projected to WGS 1984 / UTM Zone 32N for spatial consistency (Dash et al., 2019; Shekar & Mathew, 2023; Singh & Singh, 2022; Wong et al., 2021).
[bookmark: X9d32b58e805b99f73e21f45a974de3ff3c639a4]2.5 Statistical and Comparative Analysis Techniques
To evaluate hydrological variability, descriptive statistics and comparative metrics were applied across the six catchments. Statistical techniques included mean and range analysis, coefficient of variation (CV), and correlation analysis.
The threshold for stream initiation during DEM-based network extraction was selected by harmonizing accumulation values across all basins to ensure comparability. This choice was guided by hydrological reasoning and validated against topographic maps and aerial basemaps. The calibration process avoided overestimation of ephemeral rills, which would artificially inflate drainage density, and ensured that headwater streams were adequately represented. This balance minimized bias and allowed the derived drainage networks to reflect the physiographic reality of each catchment.
For correlation analysis, Pearson’s product–moment correlation coefficient was employed to quantify associations among drainage density, infiltration number, and bifurcation ratio. These variables are continuous, ratio-scale measures, and preliminary data exploration indicated approximately linear relationships. Pearson’s method was therefore preferred, as it provides a direct measure of linear association widely adopted in morphometric–hydrological studies (Horton, 1945; Schumm, 1956; Strahler, 1957). Spearman’s rank correlation, while suitable for monotonic but non-linear data, was deemed less appropriate for the present dataset

· Mean and Range Analysis: To summarize drainage density, infiltration number, and bifurcation ratios.
· Coefficient of Variation (CV): To assess variability among catchments:
· 
· where  = standard deviation,  = mean.
· Correlation Analysis: Pearson’s correlation was employed to assess the relationships between drainage density, infiltration number, and bifurcation ratio.
· Comparative Interpretation: Cross-basin analysis was performed to identify hydrological contrasts among the Bomadi, Orashi, Forcados, Niger, Ekole, and Nun rivers.


[bookmark: section-1][bookmark: results]3. Results
Morphometric analysis was performed for six coastal catchments of southern Nigeria: Bomadi, Orashi, Forcados, Niger, Ekole, and Nun rivers. The derived indices and statistical syntheses are presented in Tables 1–6. Results are organized according to catchment parameters, stream characteristics, bifurcation ratios, derived indices, and comparative statistics.
[bookmark: basic-parameters-of-catchments]3.1 Basic Parameters of Catchments
The fundamental morphometric descriptors are shown in Table 1. Catchment areas range widely, from the largest basin, the Niger River (84,326.14 km²), to the smallest, the Nun River (224.65 km²). Maximum elevation also varies considerably, reaching 106 m in the Niger but only 25 m in Bomadi. These differences indicate strong contrasts in geomorphic scale and topographic relief across the basins.
Table 1. Basic parameters of catchments
	Catchment
	P (km)
	A (km²)
	Lb (km)
	Elev (min, m)
	Elev (max, m)

	Bomadi
	42.10
	22,710.58
	8.80
	–1
	25

	Orashi
	72.08
	37,146.26
	14.98
	1
	38

	Forcados
	44.88
	20,285.29
	8.76
	0
	35

	Niger
	112.52
	84,326.14
	21.47
	–26
	106

	Ekole
	54.71
	33,987.51
	10.45
	–2
	34

	Nun
	45.07
	224.65
	8.92
	2
	31


The Niger, Orashi, and Ekole basins dominate in areal extent, while Forcados and Bomadi are smaller mid-sized basins. Nun is anomalously small but hydrologically important due to its distributary role.
[bookmark: stream-order-distribution]3.2 Stream Order Distribution
Stream order distributions (Table 2 and Figures 2-7) reveal striking differences in drainage texture. Orashi has the densest network (980 streams, of which 751 are first-order), whereas Niger, despite its vast area, supports 294 streams, reflecting larger but fewer channels. Nun and Bomadi, though small, still host >90 streams each.
Table 2. Stream order distribution
	Catchment
	I order
	II order
	III order
	IV order
	Total

	Bomadi
	56
	28
	18
	–
	102

	Orashi
	751
	177
	50
	2
	980

	Forcados
	49
	23
	14
	–
	86

	Niger
	153
	78
	39
	24
	294

	Ekole
	61
	37
	20
	2
	120

	Nun
	47
	24
	14
	8
	93


High first-order counts in Orashi and Niger reflect strong erosional dissection, while Nun exhibits a more balanced distribution across orders, unusual for its size.
[bookmark: stream-length-characteristics]3.3 Stream Length Characteristics
Stream lengths by order are summarized in Table 3. Orashi again dominates, with a total stream length of 179.92 km, heavily weighted to first-order tributaries. Niger records 172.42 km, distributed more evenly across orders. Smaller basins such as Bomadi and Nun exhibit limited cumulative lengths (<50 km).
Table 3. Stream length (km)
	Catchment
	I order
	II order
	III order
	IV order
	Total

	Bomadi
	28.24
	13.34
	6.69
	–
	48.27

	Orashi
	81.51
	19.01
	75.09
	1.31
	179.92

	Forcados
	25.25
	16.75
	51.20
	–
	93.20

	Niger
	93.05
	46.38
	18.55
	14.44
	172.42

	Ekole
	37.74
	21.25
	9.96
	1.52
	70.47

	Nun
	29.62
	8.27
	5.89
	2.96
	46.74


The balance of stream orders shows that Orashi’s length is heavily skewed toward lower-order tributaries, increasing surface runoff density.
[bookmark: bifurcation-ratios]3.4 Bifurcation Ratios
Bifurcation ratios () are indicators of drainage branching and structural influence. Table 4 reveals high values in Orashi (9.93) and Ekole (9.50), while Bomadi, Forcados, Niger, and Nun are clustered around ~1.8. Values >9 are unusually high, suggesting strong lithological or tectonic control.








Table 4. Bifurcation ratios
	Catchment
	I/II
	II/III
	III/IV
	Total

	Bomadi
	2.00
	1.55
	–
	1.77

	Orashi
	4.24
	3.54
	2.50
	9.93

	Forcados
	2.13
	1.64
	–
	1.88

	Niger
	1.96
	2.00
	1.62
	1.86

	Ekole
	1.65
	1.85
	10.00
	9.50

	Nun
	1.95
	1.71
	1.75
	1.80



[bookmark: X05332b34545d9b1bc9e6f4df7bb0f298a51c119]3.5 Derived Morphometric and Hydrological Parameters
Key indices derived are presented in Table 5. Forcados shows the highest drainage density (4.6 km/km²), while Niger and Ekole record the lowest (~2.0). Infiltration number varies from 3.50 (Ekole) to 54.02 (Orashi), highlighting extreme contrasts in infiltration and runoff potential.
Table 5. Derived morphometric parameters
	Catchment
	Dd
	Fs
	T
	Ff
	Rbm
	Rn
	Tc
	If
	Rh

	Bomadi
	2.13
	4.49
	2.42
	0.29
	1.77
	6.2
	55.88
	9.56
	2.95

	Orashi
	3.15
	17.15
	13.60
	0.25
	9.3
	7.78
	110.31
	54.02
	2.44

	Forcados
	4.60
	4.24
	1.92
	0.26
	1.88
	1.35
	49.49
	19.50
	3.99

	Niger
	2.04
	3.48
	2.61
	0.18
	1.86
	269.28
	36.07
	7.10
	4.94

	Ekole
	2.06
	1.70
	2.19
	0.31
	4.50
	6.80
	65.21
	3.50
	3.30



[bookmark: drainage-density-variations]3.6 Drainage Density Variations
Forcados has the densest network (4.6), suggesting impermeable lithology and enhanced flood risk. Orashi follows closely. Niger and Ekole, with densities near 2.0, suggest permeable substrates and better infiltration.

[bookmark: infiltration-and-runoff-potential]3.7 Infiltration and Runoff Potential
Infiltration numbers reveal the Orashi basin as the most runoff-dominant (). Forcados is also high (). Niger, Bomadi, and Ekole demonstrate lower values (<10), suggesting better infiltration and delayed runoff.

[bookmark: statistical-and-comparative-analysis]3.8 Statistical and Comparative Analysis
A statistical synthesis was conducted (Table 6). Drainage density exhibited moderate variability (CV 39.7%), while infiltration number and bifurcation ratio were highly variable (CV 109.9% and 91.5%). Correlation analysis revealed a moderate positive relationship between  and  (r = 0.44) and between  and  (r = 0.48), confirming that both drainage texture and structural control influence runoff potential.
Table 6. Statistics at a Glance
	Parameter
	Mean
	SD
	CV (%)
	Min
	Max
	Interpretation

	Dd (km/km²)
	2.80
	1.11
	39.7
	2.04
	4.60
	Moderate variability; Forcados/Orashi high

	If (–)
	18.74
	20.60
	109.9
	3.50
	54.02
	Very high variability; Orashi outlier

	Ff (–)
	0.26
	0.05
	19.3
	0.18
	0.31
	All elongated

	Rb (–)
	4.46
	4.08
	91.5
	1.77
	9.93
	Strong structural contrasts



[bookmark: discussion][image: ]
Figure 2: Stream Order in Bomadi River Catchment. 
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[bookmark: _Hlk120871509]Figure 3: Stream Order in Forcados River Catchment. 
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[bookmark: _Hlk120871540]Figure 4.  Stream Order in Ekole River Catchment. 






[image: ]
[bookmark: _Hlk120871578]Figure 5.  Stream Order in Niger River Catchment. 
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[bookmark: _Hlk120871595]Figure 6:  Stream Order in Nun River Catchment. 
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[bookmark: _Hlk120871620]Figure 7: Stream Order in Orashi River Catchment. 








4. Discussion
4.1 Interpretation of Drainage Density Patterns
[bookmark: Xdbb63fc29b7ea6425ee03cd9e60c06cb6fb9911]Drainage density (Dd) is one of the most informative morphometric parameters because it encapsulates the relationship between catchment surface processes, soil permeability, rainfall, and vegetation cover (Horton, 1945; Strahler, 1957). In the present study, drainage densities varied significantly across the six catchments, ranging from a minimum of 2.04 km/km² in the Niger River basin to a maximum of 4.6 km/km² in the Forcados basin (Table 5). These values provide an important diagnostic framework for understanding hydrological processes in the coastal environments of southern Nigeria.
The Forcados River basin (Figure 3), with the highest drainage density, is characterized by an extremely compact drainage network. Such a dense configuration suggests that precipitation is rapidly collected and transported into the stream system, allowing little time for infiltration into the subsurface. Hydrologically, this points to high surface runoff, short lag times, and sharp hydrograph peaks. In deltaic settings where communities live on low-lying floodplains, such conditions exacerbate flood frequency and intensity.
The Orashi basin (Figure 7), with a drainage density of 3.15 km/km², also falls into the high category, confirming that it too is dominated by runoff processes rather than infiltration. The Orashi catchment’s high first-order stream count (751) further amplifies this effect, as small tributaries serve as efficient pathways for conveying stormwater directly into larger channels.
By contrast, the Niger (Figure 5) and Ekole (Figure 4) basins both exhibit much lower drainage densities (~2.0 km/km²). These values suggest relatively permeable lithological units, gentler slopes, or vegetation cover that enhances infiltration. Such conditions are favorable for groundwater recharge, more attenuated hydrographs, and extended baseflow support for river systems.
The Bomadi (Figure 2) and Nun (Figure 6) basins lie in between, with moderate drainage densities (~2.1 km/km²). These values suggest a more balanced hydrological system where both infiltration and surface runoff are important. The intermediate values in Bomadi and Nun highlight their dual nature: they are vulnerable to seasonal flooding but also capable of contributing to shallow aquifer recharge.
These findings corroborate those of Eze and Efiong (2010) in Cross River State and Abam (2016) in the Niger Delta, who reported that higher drainage densities in coastal basins were associated with rapid flood responses, while lower values coincided with greater infiltration and longer lag times. Thus, drainage density in these Nigerian coastal catchments is a first-order control on hydrological behavior and flood susceptibility.
[bookmark: Xac24c4fe9fbcea5c3488fafda31ce1e67e4bbba]4.2 Infiltration and Runoff Characteristics of Coastal Catchments
The infiltration number (If), a composite index derived from drainage density and stream frequency, provides an integrated measure of infiltration potential and runoff generation (Horton, 1945; Schumm, 1956). Across the six study catchments, infiltration numbers ranged widely from a low of 3.50 in the Ekole basin to a maximum of 54.02 in the Orashi basin (Table 5). This variability illustrates sharp contrasts in hydrological response across the Niger Delta.
The Orashi catchment (Figure 7), with an infiltration number of 54.02, stands out as the most runoff-dominant basin. This exceptionally high value indicates extremely poor infiltration capacity and a strong tendency toward overland flow. Combined with its dense tributary network (751 first-order streams), the Orashi basin is highly prone to flash flooding, sediment transport, and rapid flood-wave propagation.
The Forcados basin (Figure 3) also exhibits a high infiltration number (19.50), reinforcing its classification as a runoff-dominated system. Its compact drainage pattern and high stream frequency result in rapid rainfall–runoff conversion, making it a high-risk basin for storm-induced flooding.
In contrast, the Niger (Figure 5), Bomadi (Figure 2), and Ekole (Figure 4) catchments demonstrate much lower infiltration numbers (<10). These values imply that rainfall has a higher probability of percolating into the subsurface, contributing to shallow aquifer recharge and sustaining baseflows during dry seasons. Hydrologically, these basins are more stable, with attenuated flood peaks compared to Orashi and Forcados.
The Nun basin (Figure 6) displays moderate infiltration characteristics, balancing infiltration and surface runoff processes. Its relatively small size (224.65 km²) and modest stream lengths limit basin-wide flooding, though localized inundation remains a concern.
Comparisons with global deltaic systems reinforce these findings. For example, Chakraborty et al. (2018) reported that basins with infiltration numbers above 20 in the Indian Sundarbans were consistently flood-prone, while values below 10 indicated stable infiltration–recharge systems. The present results align with these global benchmarks, validating the diagnostic utility of the infiltration number (Table 5; Figures 2–7) for flood hazard assessment in southern Nigeria
[bookmark: comparative-analysis-of-river-basins]4.3 Comparative Analysis of River Basins
Examining the six basins collectively highlights distinct hydrological identities:
· Orashi Basin – Characterized by the highest infiltration number, high drainage density, and very high bifurcation ratio (>9). These combined features suggest structurally controlled drainage, rapid runoff, and extreme flood risk. Orashi is the archetype of a structurally influenced, runoff-dominant basin.
· Forcados Basin – Possesses the densest drainage network and second-highest infiltration number. It is highly dissected, has little infiltration potential, and is thus extremely vulnerable to storm-induced flooding.
· Niger Basin – Despite being the largest, its drainage density is low, infiltration number modest, and form factor minimal (0.18). These indices collectively point to a hydrologically stable basin where infiltration dominates, though its size ensures large-scale but slower flood events.
· Ekole Basin – Shows low infiltration number (3.50) and low drainage density, but unusually high bifurcation ratio (9.5). This unusual combination suggests that structural factors (possibly tectonic or lithological controls) strongly shape its drainage branching.
· Bomadi Basin – Displays intermediate drainage density (2.13) and infiltration (9.56), implying moderate flood risk.
· Nun Basin – Though small, it has a balanced hydrological regime and moderate bifurcation ratio (1.8), indicating structural stability.
This comparative perspective demonstrates that no two basins share identical morphometric profiles. Instead, they cluster into two broad groups:
1. Runoff-dominant basins (Orashi, Forcados) – High drainage density, high infiltration number, structurally influenced, high flood risk.
1. Infiltration-prone basins (Niger, Ekole, Bomadi, Nun) – Lower drainage density, lower infiltration number, more hydrologically stable.

[bookmark: X7a4ab05a1daadf2af70ffd0d2fd5b5f94a0b07b]4.4 Hydrological and Environmental Implications
The hydrological characteristics of these basins translate directly into environmental consequences. High runoff basins (Orashi, Forcados) experience rapid delivery of stormwater into rivers, leading to flash floods that inundate farmlands, damage settlements, and disrupt transportation. Such basins are also prone to severe erosion and high sediment yields, which degrade soil fertility and threaten the livelihoods of agrarian communities.
Infiltration-prone basins (Niger, Ekole, Bomadi, Nun) provide more favorable environmental outcomes. Enhanced infiltration supports groundwater recharge, sustains baseflows during dry seasons, and reduces soil erosion. However, prolonged inundation in large basins such as the Niger can result in slow-onset floods, which, while less destructive in terms of peak flows, can cause long-term damage to crops and infrastructure.
Ecologically, these hydrological regimes influence wetlands and mangroves. High runoff regimes alter sedimentation dynamics, depositing fine silts that can smother mangrove roots. Conversely, infiltration-prone basins help maintain the delicate balance of freshwater and saline inputs critical for mangrove ecosystems. Similar observations have been made in the Mekong (Gupta, 2011) and Ganges (Rahman et al., 2020) deltas, emphasizing the universal importance of morphometry–hydrology linkages.

[bookmark: X6d33d0e74649cd3a2841970bf701eec0c36c3b5]4.5 Linkages with Flooding and Water Resource Management
Flooding is the most pressing hazard in Nigeria’s coastal environments, and morphometric indices provide valuable predictive indicators. The analysis confirms that Orashi and Forcados are high-priority basins where flood risk management should be most aggressive. Flood defenses, dredging, and early-warning systems are crucial in these areas.
In Niger and Ekole basins, infiltration dominance suggests opportunities for enhancing groundwater recharge zones. Protecting wetlands and aquifer recharge corridors in these basins can improve water security for surrounding communities.
Bomadi and Nun basins present intermediate cases. While they are less flood-prone than Orashi and Forcados, they remain vulnerable due to seasonal rainfall intensity and their proximity to distributary channels of the Niger. Integrated management that balances flood defense with recharge preservation is required.

[bookmark: comparison-with-previous-studies]4.6 Comparison with Previous Studies
The findings align with previous Nigerian studies that identified high drainage density as a predictor of flood hazard. Eze and Efiong (2010) reported that in Cross River catchments, infiltration numbers >20 coincided with high flood frequency. Abam (2016) linked drainage density in the Niger Delta to seasonal flood occurrence and riverbank erosion.
Globally, studies in deltaic regions support similar interpretations. Chakraborty et al. (2018) in the Indian Sundarbans and Rahman et al. (2020) in the Mekong Delta both found that morphometric indices were effective in distinguishing runoff-prone basins from infiltration-prone basins. These parallels underscore the broader applicability of the present study’s results.
The unusually high bifurcation ratios (>9) in Orashi and Ekole basins are noteworthy. Such values are rarely observed in natural basins, with most studies reporting ranges of 3–5. High ratios often indicate structural or tectonic control, a hypothesis that merits further investigation using geophysical and geological data. Mesa (2006) and Nwaogu et al. (2020) emphasized the importance of considering structural influences in morphometric interpretation, suggesting that the Orashi and Ekole anomalies could reflect subsurface controls on drainage network evolution.

[bookmark: X079e4f694a393f5f6187ee325cee0ff78dbb511]4.7 Statistical Synthesis and Management-Relevant Signals
The statistical analysis (Table 6) strengthens and quantifies earlier interpretations. The coefficient of variation (CV) demonstrates that infiltration number () and bifurcation ratio () are the most variable parameters (110% and 91.5%, respectively). This indicates that infiltration and structural control are the most heterogeneous hydrological attributes among the studied catchments.
Correlation analysis reveals that drainage density correlates moderately with infiltration number (), confirming that denser networks tend to have poorer infiltration. Similarly, bifurcation ratio correlates with infiltration number (), suggesting that structurally complex basins are also more prone to runoff. By contrast, form factor shows little relationship to either drainage density or infiltration, highlighting that basin shape alone does not explain hydrological behavior in these deltaic environments.
Group contrasts (Orashi/Forcados vs Niger/Ekole/Bomadi) confirm a clear hydrological divide. Effect sizes (Cohen’s d > 2) demonstrate that drainage density and infiltration number significantly distinguish runoff-dominant from infiltration-prone basins. These statistical signals provide empirical justification for adopting differentiated management strategies across the catchments. In summary, the statistical synthesis validates morphometric indices as powerful tools for catchment classification, flood risk prediction, and water management planning.
[bookmark: X22e0a05366fee0da79b8dd3bff29eebca28382a]4.8 Implications for Groundwater Recharge Management and Urban Development Planning
The morphometric parameters analyzed in this study provide critical insights into groundwater recharge dynamics and urban development planning across the Niger Delta basins. Basins such as Niger and Ekole, which recorded relatively low drainage density ( and , respectively) and low infiltration number ( and , respectively), are indicative of coarse-textured alluvial materials with high infiltration potential. These basins function as natural recharge corridors, and their protection is essential for sustaining aquifer replenishment. Urban expansion in such areas should therefore be carefully regulated to minimize surface sealing, which would otherwise compromise the recharge potential. Specific measures may include the delineation of “Recharge Protection Zones,” the introduction of strict impervious surface caps, and the adoption of nature-based solutions such as riparian buffers, wetland rehabilitation, and floodplain reconnection to enhance infiltration and baseflow sustainability.
By contrast, basins such as Orashi and Forcados, which are characterized by high drainage density and infiltration number values, demonstrate limited infiltration capacity and rapid surface runoff. In such settings, urban planning must prioritize flood management rather than groundwater recharge. Low-Impact Development (LID) strategies should therefore emphasize detention, controlled release, and conveyance, rather than deep infiltration. Examples include detention basins, stormwater parks, and exceedance-route design to mitigate urban flood risk. Moreover, morphometric thresholds such as drainage density values above 3.0–3.5 km km could be embedded into urban zoning ordinances as indicators of areas where development restrictions or enhanced stormwater infrastructure are required.
At a broader scale, integrating morphometric indices such as drainage density, form factor, and infiltration number into spatial planning can strengthen the resilience of cities and peri-urban settlements in the Niger Delta. Urban masterplans can incorporate morphometric-based zoning overlays, designating headwater corridors in low-density basins as linear infiltration parks, while in high-density basins emphasizing stormwater detention and controlled conveyance. Such approaches not only safeguard groundwater recharge but also reduce flood risk, thereby linking hydrological science with sustainable development policy.

4.9 Interpretation of Unusually High Bifurcation Ratios: Lithologic and Structural Influences
The results revealed unusually high bifurcation ratios in some basins, notably Orashi () and Ekole (), which exceed the commonly reported global range of 3.0–5.0 (Strahler, 1964; Schumm, 1977). Elevated bifurcation ratios often signify strong geological or structural control on drainage network evolution rather than random branching. In the Niger Delta, such anomalies can be attributed to the lithologic and tectonic framework. The region is underlain by interbedded channel sands, clayey floodplain deposits, and peat layers, which create sharp contrasts in erodibility and permeability. Tributaries are often guided along planes of weakness such as faults, fractures, and bedding planes, producing abrupt reductions in stream numbers between successive orders and inflating the bifurcation ratio.
The Orashi basin, with its combination of high bifurcation ratio, high drainage density, and the highest infiltration number (), suggests a landscape dominated by clay-rich lithologies and structural guidance. Such conditions promote rapid surface routing, limited infiltration, and structurally controlled branching. By contrast, the Ekole basin presents a different scenario: while its overall drainage density and infiltration number are low, its high bifurcation ratio indicates that drainage alignment is strongly influenced by lithologic or structural features, possibly reflecting coarser alluvial materials intersected by structural lineaments.
These findings carry practical implications. Elevated bifurcation ratios highlight basins where drainage evolution is sensitive to geologic controls. In such areas, infrastructure planning such as road alignments, levee placement, or pipeline routing should incorporate geotechnical investigations to account for possible instability, avulsion risk, and rapid drainage adjustment. From a hydrological standpoint, morphometric anomalies such as  can serve as red flags for structurally influenced drainage, warranting detailed subsurface mapping.
The interpretation presented here is consistent with previous morphometric studies that emphasize the role of lithology and tectonics in shaping drainage organization (Mesa, 2006; Nag & Chakraborty, 2003; Vittala et al., 2004). It also aligns with engineering geological observations in the Niger Delta, where drainage alignment is often dictated by subsidence, faulting, and the juxtaposition of sand and clay units. Recognizing such structural signals is essential for both hazard assessment and sustainable land-use planning in deltaic environments.

[bookmark: conclusion-and-recommendations]5. Conclusion and Recommendations
[bookmark: summary-of-key-findings]5.1 Summary of Key Findings
This study carried out a comprehensive geospatial and morphometric assessment of six coastal catchments in southern Nigeria—Bomadi, Orashi, Forcados, Niger, Ekole, and Nun rivers—using DEM-derived drainage networks, hydrological indices, and statistical analysis. Results revealed sharp contrasts in drainage density, infiltration number, and bifurcation ratios across the catchments, underscoring their diverse hydrological behaviors.
The Orashi and Forcados basins emerged as runoff-dominant systems, with high drainage densities (3.15 and 4.6 km/km²) and elevated infiltration numbers (54.02 and 19.50, respectively). These parameters confirm poor infiltration capacity and rapid surface runoff, consistent with high flood risk. Their unusually high bifurcation ratios (>9 for Orashi and Ekole) suggest structural or tectonic control, which may intensify hydrological responses.
In contrast, the Niger and Ekole basins showed lower drainage densities (~2.0 km/km²) and modest infiltration numbers (<10), indicating better infiltration, enhanced groundwater recharge, and attenuated flood peaks. The Bomadi and Nun basins displayed intermediate values, suggesting more balanced hydrological regimes.
Statistical synthesis (Table 6) demonstrated that infiltration number and bifurcation ratio exhibited the highest variability (CV >90%), highlighting infiltration–runoff dynamics and structural controls as dominant drivers of hydrological heterogeneity. Correlations confirmed that denser drainage and higher bifurcation ratios tended to co-occur with runoff dominance.

[bookmark: conflict-of-interest]5.2 Policy Implications for Water and Environmental Management
The morphometric contrasts identified in this study underscore the need for basin-specific, practical strategies for water management, flood risk reduction, and ecosystem protection in Nigeria’s coastal catchments.
Flood Mitigation Strategies. Orashi and Forcados, classified as runoff-dominant basins with high drainage densities and infiltration numbers, should be treated as priority zones for flood defense. Interventions may include the construction and reinforcement of levees, periodic dredging of river channels to enhance conveyance, and installation of community-based early-warning systems. In Bomadi and Nun, which exhibit intermediate runoff and infiltration characteristics, hybrid measures are recommended, including seasonal embankments and improved local drainage systems. By contrast, Niger and Ekole, where infiltration is dominant, require protection of recharge corridors rather than hard flood defenses; here, infiltration ponds, check dams, and small-scale water retention structures would sustain groundwater supplies and buffer against slow-onset floods.
Land-Use Guidelines. Basin-scale zoning regulations are necessary to limit settlement expansion and agricultural practices on high-risk floodplains, particularly in Orashi and Forcados. Urban planning should integrate buffer zones along river corridors, enforce set-back distances for housing development, and preserve natural levees and wetlands that attenuate runoff.
Community-Level Interventions. Localized measures are critical to reduce vulnerability. These include flood shelters in flood-prone communities, promotion of resilient housing designs such as elevated buildings, and community training on emergency evacuation procedures. Ecosystem-based approaches, such as restoring riparian buffers and rehabilitating mangroves, will reduce erosion, stabilize banks, and enhance natural flood regulation.
Climate Adaptation and Ecosystem Protection. Morphometric indices should be incorporated into state and national climate adaptation frameworks. In runoff-dominant basins, policies should emphasize erosion control and mangrove conservation, while in infiltration-prone basins, emphasis should be on protecting wetlands and aquifer recharge areas. A differentiated, basin-specific management framework will be more effective than generalized strategies.

5.3 Recommendations for Future Research
This study establishes drainage density, infiltration number, and bifurcation ratio as effective diagnostic indicators of hydrological behavior in Nigeria’s coastal catchments. However, further research is required to deepen and operationalize these insights.
Priority Research Directions.
1. Integration with Hydrodynamic and Rainfall–Runoff Models. Morphometric indices should be coupled with process-based hydrological and climate models to quantify flood magnitudes, simulate storm events, and predict hydrograph responses under future climate scenarios. Such integration will provide direct tools for flood forecasting and disaster risk reduction.
2. Investigation of Structural and Geological Controls. The unusually high bifurcation ratios observed in Orashi (9.93) and Ekole (9.50) suggest strong lithological influences. Geophysical surveys and geological mapping should be undertaken to clarify subsurface controls on drainage evolution, as these structural factors may significantly amplify flood hazards.
Secondary Research Avenues. Future studies may also explore the linkage between morphometric indices and socioeconomic vulnerability, to strengthen disaster risk governance. Advances in high-resolution DEMs (e.g., LiDAR, TanDEM-X) and time-series remote sensing should be leveraged to refine morphometric datasets and capture temporal changes. Comparative analyses with other deltaic systems such as the Ganges, Mekong, and Amazon would further contextualize Nigerian basins in a global framework. By prioritizing hydrodynamic integration and structural analysis, while pursuing complementary directions, future research will enhance the predictive and applied value of morphometric assessments for sustainable water management in flood-prone coastal regions.
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