



Nutrient Enrichment and Eutrophication Potential of Agricultural Runoff in Otuoke, Bayelsa State

Abstract 
[bookmark: _GoBack]The present study assessed the extent of nutrient enrichment and eutrophication potential of the Otuoke River in Bayelsa State as influenced by agricultural runoff. Nine surface water samples were collected from three monitoring stations located upstream, midstream and downstream during the 2025 wet season and analysed according to the APHA (2017) standard method. Selected physicochemical parameters - pH, dissolved oxygen (DO), biological oxygen demand (BOD₅), nitrate, phosphate, ammonium and chlorophyll-a were determined using Hanna HI98194 multi-parameter probe and Shimadzu UV-1800 spectrophotometer. Results showed a decrease in DO, which reduced from 6.8 mg/L at the upstream site to 4.1 mg/L at the downstream site, with a concurrent increase in BOD₅, which increased from 2.8 to 5.4 mg/L, which implies organic enrichment occurred. MW of the nutrient concentrations showed downstream increases of: nitrate, ranging from 1.84–5.46 mg/L and phosphate, ranging from 0.45–1.22 mg/L. For ammonium, indicators of runoff and fertiliser also showed an increase from 0.31–0.68 mg/L. For chlorophyll-a concentration ranged from 8.4 to 23.5 µg/L, while the Secchi depth reduced from 1.8 to 0.7 m. The Trophic State Index (TSI) recorded values ranged from 45.2 to 67.5, which classified the river from mesotrophic to eutrophic. The study revealed that strong positive correlations between nutrient concentration and chlorophyll-a (r ≥ 0.88) indicate nutrient loading was the main control on algal productivity and consequently reduced oxygen levels of the Otuoke River. The study concluded that agricultural practices are significant contributors to the trophic status of the Otuoke River. 
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1.0 Introduction
The enrichment of nutrients and eutrophication are critical issues that are affecting aquatic ecosystems worldwide, particularly in the developing world, where agricultural intensification, human population growth, and weak enforcement of regulations are driving nutrient loading to aquatic ecosystems. Eutrophication is the process whereby higher concentrations of nitrogen (N) and phosphorus (P) stimulate algal productivity, leading to hypoxia, habitat alteration, and reduced aquatic biodiversity (Chapman, 1996; WHO, 2008). These two dynamics of eutrophication will have direct implications for water quality, fishery productivity, and stability of aquatic ecosystems, which will serve as an ecological and socio-economic issue. This is especially true in the tropics, including Nigeria's Niger Delta region, due to seasonal flooding and high annual precipitation patterns contributing to runoff laden with nutrients in addition to the agricultural practice of applying large doses of fertilisers rich in nitrates and phosphates to improve crop yields. 
The over-application of fertilisers is problematic in that crop yield improvements lead to nutrient loss through surface runoff and leaching in ephemeral streams into the nearest river, creek, or drainage system (Ma et al., 2016; Ekpe et al., 2025). Once nutrients are in waterways, they disrupt previously stable and natural nutrient balances, leading to increased algal productivity and decomposition processes that consume oxygen. This nutrient loading is only made worse by domestic effluents, livestock waste, and improper land management practices (Nriagu et al., 2016; Okpoji et al., 2025a).
Phosphorus is typically known as the limiting nutrient in freshwater ecosystems because even a slight increase can induce a rapid eutrophic response (Zhu & Ma, 2020). The United States Environmental Protection Agency (USEPA, 2015) suggests that total phosphorus concentrations below 0.1 mg/L can prevent ecological degradation, although tropical waters often reflect phosphorus concentrations well above this recommendation. Similar indicators of anthropogenic input can be seen when reflecting upon elevated nitrate and ammonium concentrations due to agricultural, organic waste or microbially mineralised nutrients (Ikpe et al., 2023; Dada et al., 2025). Each of these forms of nutrients promotes not only increased primary productivity but also increased frequency of harmful algal blooms or hypoxic events that may jeopardise aquatic life and water usability.  
The Niger Delta, as one of the world's largest wetland systems, apparently represents a unique and amenable environment for nutrient pollution and the chances of eutrophication. The hydrology of the region comprises and dynamic of interconnected rivers, creeks, and flood plains for nutrient accumulation and redistribution during the wet season (Nwilo & Badejo, 2005). Agricultural expansion, casual open defecation and poor waste management contribute to nutrient enrichment while oil activities provide further stress to already beleaguered aquatic ecosystems (Ugochukwu & Ertel, 2008; Nriagu et al., 2016). There have been multiple studies in the region describing symptoms of eutrophication such as algal blooms, fish kill events and anoxic conditions, providing evidence that a growing threat of loss of aquatic biodiversity and ecosystem function and services will accompany growing nutrient input (Ikpe et al., 2020; Dada et al., 2025).
The Otuoke River in Bayelsa State illustrates these issues. It flows through a landscape dependent on agriculture, where fertiliser use, organic waste disposal, and periodic high-flow flood events impact its water chemistry. Although the river’s ecological and socio-economic importance to the surrounding communities has been established, limited studies have examined the river's nutrient dynamics and eutrophication status. It is critical to know the nutrient status of the river to develop management strategies for maintaining water quality and healthy aquatic ecosystem conditions. Therefore, this study was conducted to evaluate nutrient enrichment and potential for eutrophication in the Otuoke River to establish concentrations of key nutrients (nitrate, phosphate, and ammonium), measure algal productivity indicators (chlorophyll-a and Secchi depth), and then determine trophic status using the Carlson Trophic State Index (TSI). The findings of this work contribute scientific evidence that will support sustainable nutrient management, best practices in agriculture and monitoring of the quality of publicly-owned water in the Niger Delta.
2.0 Materials and Methods
2.1 Study Area
The research was carried out in Otuoke in the Ogbia Local Government Area of Bayelsa State, Nigeria, located in the central Niger Delta area at a latitude of 4°48′N and a longitude of 6°18′E. The Otuoke River is a tributary of the Nun River and runs through an agricultural setting, having freshwater swamp forest and riparian grasses. Subsistence agriculture, especially crops such as cassava, plantain and vegetables, is widely practised on the floodplains. Water and nutrient runoff caused by rainfall, coupled with low topography and extensive agriculture, sends pollutants into the river. The climate is classified as humid tropical, and the region has both a wet season (March–October) and a dry season (November–February). The average annual rainfall is between 2,500 and 3,000 mm, while the average temperature is between 26 °C and 30°C
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Figure 1: Map of the Study Area indicating Otuoke and the sample stations
2.2 Sampling Design and Collection
Three sampling stations were established along the river course to represent the upstream, midstream, and downstream sections. Sampling was carried out during the peak of the wet season (July–August 2025) to capture maximum nutrient runoff. At each station, triplicate surface water samples were collected at a depth of about 30 cm using pre-cleaned 1 L polyethene bottles. The bottles were rinsed with the river water before sampling to prevent contamination. Samples were stored in ice chests at 4 °C and transported to the laboratory within 24 hours. Field duplicates and blanks were collected to ensure quality control.
2.3 In-situ Measurement of Physicochemical Parameters
Temperature, pH, electrical conductivity (EC), and dissolved oxygen (DO) were measured in situ with a calibrated Hanna multiparameter probe (model HI98194). Daily calibration was conducted using standard buffers and conductivity solutions. Biological oxygen demand (BOD₅) was determined by the Winkler titrimetric method after dark incubation at 20 °C for five days in accordance with APHA (2017) procedures. Triplicate measurements were taken, and mean values were reported.
2.4 Laboratory Analysis of Nutrients
Nutrient parameters included nitrate (NO₃⁻), phosphate (PO₄³⁻), ammonium (NH₄⁺), total nitrogen (TN), and total phosphorus (TP), which were analysed according to standard methods published by APHA (2017). Nitrate was determined using the cadmium reduction method (APHA 4500-NO₃⁻ E) and read at 543 nm using a Shimadzu UV-1800 spectrophotometer. Phosphate was analysed through the ascorbic acid (molybdenum blue) method (APHA 4500-P E) and measured using a spectrophotometer at 880 nm. Ammonium was measured by the Nesslerisation method (APHA 4500-NH₃ B) and read at 425 nm. Total nitrogen and total phosphorus were measured using spectrophotometric detection following persulphate digestion. All reagents were analytical grade, and calibration standards were made from certified stock solutions. Triplicate measurements were conducted and expressed in milligrams per litre (mg L⁻¹).
2.5 Determination of Algal Productivity Indicators
Indicators of algal biomass were assessed by measuring chlorophyll-a concentration and water transparency. Chlorophyll-a was obtained according to the USEPA (2015) protocol using 90% acetone. Water samples (500 mL) were filtered using Whatman GF/C filters, and pigments were extracted in 90% acetone at 4 °C for 24 h. Absorbance was measured with a UV-Vis spectrophotometer at wavelengths of 664 nm and 750 nm, and chlorophyll-a concentrations were expressed in µg L⁻¹. Water transparency was evaluated using a 20 cm Secchi disc that was lowered into the river until it was no longer visible. The mean of three observations was used as the Secchi depth for that site. The Carlson Trophic State Index was calculated using chlorophyll-a and Secchi depth values to determine the trophic state of the river: oligotrophic (<40), mesotrophic (40–50), eutrophic (50–70), and hypereutrophic (>70).
2.6 Quality Assurance and Quality Control (QA/QC) 
Comprehensive QA/QC protocols were implemented for field and laboratory methodologies. Instruments were calibrated daily with certified standards. Reagent blanks, field blanks, and duplicates were included in all analytical batches. Reported replicate analyses were within ±5%, relative percent difference (RPD), and calibration curves were maintained, with a correlation coefficient (R²) of ≥0.995. The method detection limits (MDLs) were 0.01 mg L⁻¹ for nitrate, 0.005 mg L⁻¹ for phosphate, and 0.01 mg L⁻¹ for ammonium. Acid-washed glassware and deionised water were used to limit contamination. 
2.7 Statistical Analysis 
Descriptive statistics were calculated for all parameters (mean and standard deviation). Pearson correlation analysis was performed utilising SPSS version 25, in order to describe relationships between nutrients, chlorophyll-a, biological oxygen demand (BOD₅), and dissolved oxygen (DO). A statistical significance of p < 0.05 was used in the analysis. Results were interpreted against WHO (2008) and USEPA (2015) guidelines, and ecological thresholds for eutrophication were used to assess the Otuoke River's trophic status.

3.0 Results and Discussion 
3.1 Results
The physicochemical characteristics of surface water in the Otuoke River exhibited notable spatial variation across the three sampling stations (upstream, midstream, and downstream) (Table 1). Temperature values increased gradually from 27.2 °C upstream to 29.1 °C downstream, reflecting the influence of direct solar radiation and reduced vegetative cover at lower reaches. The pH ranged from 6.45 to 6.89, indicating slightly acidic to near-neutral conditions that fall within the permissible range (6.5–8.5) recommended by WHO (2008) for aquatic life. Electrical conductivity (EC) values rose from 112.5 µS cm⁻¹ upstream to 194.3 µS cm⁻¹ downstream, signifying increased ionic strength and the accumulation of dissolved solids likely derived from fertiliser residues and eroded soil materials transported by surface runoff.
Dissolved oxygen (DO) concentration decreased markedly from 6.8 mg L⁻¹ upstream to 4.1 mg L⁻¹ downstream, whereas biological oxygen demand (BOD₅) increased from 2.8 to 5.4 mg L⁻¹. These inverse trends indicate that organic matter decomposition and microbial respiration intensified downstream, leading to moderate oxygen depletion. BOD₅ values approaching 6 mg L⁻¹ suggest moderate organic pollution associated with nutrient and organic waste inflows from adjacent farmlands and settlements.
Table 1: Physicochemical parameters of surface water in Otuoke River (mean ± SD)
	Parameter
	Upstream
	Midstream
	Downstream
	WHO (2008) limit

	Temperature (°C)
	27.2 ± 0.4
	28.4 ± 0.3
	29.1 ± 0.2
	–

	pH
	6.45 ± 0.11
	6.72 ± 0.08
	6.89 ± 0.10
	6.5–8.5

	EC (µS cm⁻¹)
	112.5 ± 5.6
	156.8 ± 8.2
	194.3 ± 9.1
	1000

	DO (mg L⁻¹)
	6.8 ± 0.3
	5.2 ± 0.2
	4.1 ± 0.4
	≥5

	BOD₅ (mg L⁻¹)
	2.8 ± 0.2
	3.9 ± 0.3
	5.4 ± 0.5
	6


Nutrient concentrations increased progressively downstream (Table 2). Nitrate (NO₃⁻) concentrations ranged from 1.84 mg L⁻¹ upstream to 5.46 mg L⁻¹ downstream, while phosphate (PO₄³⁻) increased from 0.45 to 1.22 mg L⁻¹. Ammonium (NH₄⁺) levels varied between 0.31 and 0.68 mg L⁻¹, exceeding the recommended threshold of 0.5 mg L⁻¹ at the lower reach. Total nitrogen (TN) and total phosphorus (TP) similarly rose from 1.95 to 5.71 mg L⁻¹ and 0.51 to 1.18 mg L⁻¹, respectively. These increasing trends reflect nutrient enrichment through agricultural runoff, soil erosion, and possible domestic discharges. Although the measured nitrate and phosphate values were below WHO drinking-water limits, they exceeded ecological thresholds typically associated with eutrophic conditions (TP > 0.1 mg L⁻¹, NO₃⁻ > 1 mg L⁻¹).
Table 2: Nutrient concentrations in surface water (mg L⁻¹)
	Parameter
	Upstream
	Midstream
	Downstream
	Guideline limit

	Nitrate (NO₃⁻)
	1.84 ± 0.20
	3.21 ± 0.30
	5.46 ± 0.40
	50 (WHO, 2008)

	Phosphate (PO₄³⁻)
	0.45 ± 0.05
	0.79 ± 0.08
	1.22 ± 0.10
	0.10 (USEPA, 2015 ecological)

	Ammonium (NH₄⁺)
	0.31 ± 0.03
	0.47 ± 0.05
	0.68 ± 0.06
	0.50 (WHO, 2008)

	Total N (TN)
	1.95 ± 0.20
	3.42 ± 0.30
	5.71 ± 0.40
	–

	Total P (TP)
	0.51 ± 0.06
	0.84 ± 0.07
	1.18 ± 0.09
	–


Algal productivity indicators corroborated the nutrient data (Table 3). Chlorophyll-a, an index of phytoplankton biomass, increased sharply from 8.4 µg L⁻¹ upstream to 23.5 µg L⁻¹ downstream, exceeding the oligotrophic benchmark of ≤10 µg L⁻¹ (USEPA, 2015). Secchi depth declined from 1.8 m to 0.7 m, indicating reduced transparency and higher turbidity from phytoplankton proliferation. Calculated Carlson’s Trophic State Index (TSI) values ranged from 45.2 (mesotrophic) to 67.5 (eutrophic), confirming a downstream shift toward eutrophic status driven by nutrient enrichment and organic loading.
Table 3: Algal productivity indicators
	Parameter
	Upstream
	Midstream
	Downstream
	Standard (USEPA 2015)

	Chlorophyll-a (µg L⁻¹)
	8.4 ± 0.6
	14.9 ± 1.2
	23.5 ± 1.8
	≤10 (oligotrophic)

	Secchi depth (m)
	1.8 ± 0.1
	1.2 ± 0.1
	0.7 ± 0.1
	≥1.0

	TSI
	45.2
	56.8
	67.5
	<50 (mesotrophic)


Correlation analysis (Table 3) revealed strong positive relationships between nutrients and biological indicators. Nitrate (r = 0.91) and phosphate (r = 0.88) were highly correlated with chlorophyll-a, demonstrating that increased nutrient availability directly enhanced algal biomass. BOD₅ also showed positive correlations with nitrate (r = 0.83) and chlorophyll-a (r = 0.84), while DO exhibited a significant negative correlation with both parameters (r = –0.88 to –0.92), indicating oxygen depletion linked to high biological activity.
Table 4: Correlation matrix of selected water-quality parameters
	Parameter pairs
	r - value
	Relationship

	NO₃⁻ – PO₄³⁻
	0.89
	Strong positive

	NO₃⁻ – Chl-a
	0.91
	Strong positive

	PO₄³⁻ – Chl-a
	0.88
	Strong positive

	BOD₅ – NO₃⁻
	0.83
	Positive

	BOD₅ – Chl-a
	0.84
	Positive

	DO – Chl-a
	–0.88
	Strong negative

	DO – BOD₅
	–0.92
	Strong negative


 
3.2 Discussion
This research's results suggest that the Otuoke River experiences substantial nutrient enrichment and ongoing eutrophication, mainly from agricultural runoff and associated organic materials. The differing physicochemical and nutrient factors reflect the growing influence of human activities downstream, mirroring trends seen in lowland tropical rivers affected by agricultural and domestic activities (Dada et al., 2025; Ekpe et al., 2025). The temperature values of 27.2 – 29.1 °C reflect the usual range found in tropical aquatic systems and support increased metabolic activity of microbes and biogeochemical processes such as nitrification and mineralisation of organic matter (Chapman, 1996). Warm temperatures promote biochemical oxygen demand and nutrient turnover processes, thereby catalysing indirect eutrophication processes. The pH measured between 6.45 – 6.89 reflects soft acidic to neutral water, favourable for aquatic life and nutrient bioavailability. The observed slight acidification is attributed to microbial decomposition of organic residues and the consequent production of carbonic acids, as noted by Ikpe et al. (2023) in the Qua Iboe River. Electrical conductivity overall progressively increased moving downstream (112.5 – 194.3 µS cm⁻¹), reflecting greater quantities of dissolved ions, largely as a result of fertiliser residues, eroded soil particles, and leachates from organic matter and sediment. An increase in EC downstream has previously been associated with runoff and sediment–nutrient dynamics, an observation noted within agricultural watersheds (Nienie et al., 2017; Ma et al., 2016). Such ionic enrichment serves as an indicator of diffuse nutrient pollution rather than point-source discharges.
The inverse association between dissolved oxygen (DO) and biological oxygen demand (BOD₅) also supports the notion of organic enrichment resulting in eutrophic stress. DO decreased from 6.8 mg L⁻¹ upstream to 4.1 mg L⁻¹ downstream, whereas BOD₅ increased from 2.8 mg L⁻¹ to 5.4 mg L⁻¹, indicating increased microbial respiration from decomposing organic matter. Waters with BOD₅>3 mg L⁻¹ are considered moderately polluted (APHA, 2017). This finding is similar to Dada et al. (2025), who similarly reported oxygen depletion from nutrient enrichment in the Douglas Creek system. Degradation of dissolved oxygen can have negative impacts on aquatic biodiversity, fish production, and benthic community composition. Nutrient enrichment in the Otuoke River was apparent with downstream accumulation of nitrate (1.84–5.46 mg L⁻¹), phosphate (0.45–1.22 mg L⁻¹), and ammonium (0.31–0.68 mg L⁻¹). Although nitrate levels were below the WHO (2008) drinking-water guideline of 50 mg L⁻¹, they exceeded ecological thresholds (>1 mg L⁻¹) associated with algal blooms (USEPA, 2015). Phosphate concentrations far exceeded the 0.10 mg L⁻¹ ecological criterion, demonstrating substantial enrichment. Elevated levels of ammonium at the lower reach (>0.5 mg L⁻¹) are a clear indicator of continued decomposition, and likely nitrogenous organic matter from fertilisers and livestock waste, which can contribute to eutrophication. These observations agree with the results of Ekpe et al. (2025) and Nienie et al. (2017), who identified agricultural leachates and sewage inflows as major nutrient sources in the Niger Delta rivers.
The elevated total nitrogen (TN = 1.95–5.71 mg L⁻¹) and total phosphorus (TP = 0.51–1.18 mg L⁻¹) concentrations confirm the river's nutrient-rich status. An average TN/TP ratio of about 5:1 indicates phosphorus limitation; however, both nutrients are available at concentrations likely to support eutrophic conditions (Chapman, 1996). This low ratio also suggests that modest additional phosphorus inputs would exacerbate algal blooms. Ratios such as this have also been observed in sediment-dominated tropical streams where P-release under anoxic conditions sustains eutrophic cycling (Ekwere et al., 2025). Chlorophyll-a concentrations (8.4–23.5 µg L⁻¹) increased downstream with nutrient concentrations, indicating nutrient-stimulated primary productivity. Carlson’s (1977) threshold of 20 µg L⁻¹ for eutrophic conditions was reached. Similarly, the Trophic State Index (TSI = 45.2–67.5) confirmed that the Otuoke River lies in the mesotrophic to eutrophic class. Other studies have also documented transitions to eutrophic states in other Niger Delta rivers receiving nutrient loads from farmlands and settlements (Ikpe et al., 2020; Okpoji et al., 2025a). Secchi depth declined from 1.8 m to 0.7 m, confirming decreased transparency and increased turbidity due to an algal bloom and suspended particulate matter.
Correlation analysis further confirms the relationship between nutrient enrichment and eutrophication. Strong positive correlations between nitrate, phosphate, and chlorophyll-a (r ≥ 0.88) illustrate that the availability of nutrients directly drives the accumulation of algal biomass. In contrast, the strong negative correlation between DO and BOD₅ (r = -0.92) indicates oxygen stress due to excessive biological activity and microbial decay. These patterns are indicative of a eutrophic system experiencing oxygen depletion due to excessive loading of organic materials (Ma et al., 2016; Nriagu et al., 2016). The study affirms that agricultural land use within close proximity to Otuoke really impacts water quality in a riverine setting. The effect of excess fertiliser application, together with surface runoff and waste management, has compounded both detrimental nutrient accumulation and resultant biological productivity, leading to the transition toward eutrophic conditions. 
The impacts of this trophic transfer pose ecological threats, including hypoxia, reduced biodiversity, and habitat loss, to the point that fisheries and the surrounding community livelihoods could be depleted. Furthermore, alga proliferation could also be sustained in systemic situations as a result of internal loading process mechanisms. Under low oxygen conditions, phosphorus bound to metal oxides in the sediment can be remobilised into the water column above, providing additional opportunity for algal growth even in low conditions of surface inputs (Ekwere et al., 2025). Feedback loops such as these constitute complexity in a potential remediation and imply an integrated watershed management approach that considers both control of nutrient sources along the process to restore habitat.
Conclusion
The findings of this study suggest that agricultural activities near the community of Otuoke have played an ongoing role in nutrient enrichment and the resulting eutrophication of the Otuoke River (Note that there is also information in the TSI that must be considered). The increases in nitrate, phosphate, and ammonium concentrations downstream, along with rising chlorophyll-a levels and decreasing dissolved oxygen, indicate a strong influence of agriculture and organic waste on the water quality of the Otuoke River. The Trophic State Index (TSI) values calculated characterise the river as mesotrophic to eutrophic (indicating moderate to high biological productivity and declining ecological health), while the association of nutrients, chlorophyll-a, and BOD5 values clearly shows that the primary cause of the eutrophication is nutrient loading into the river system. Based on these findings, sustainable agriculture practices within the catchment should be studied, including proper fertiliser use, timing of application, and vegetative buffer strips to reduce nutrient inflow. Regular water-quality monitoring should be conducted to assess seasonal changes and detect any emerging eutrophic conditions. Public awareness and community involvement in watershed management are also essential to protect the river from degradation.
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