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Abstract

:

The present study assessed the effects of human pressure on the surface water quality of the Ogbor Hill River, southern Nigeria. This river is among one of the important rivers in Southeast Nigeria for domestic, agricultural and industrial purposes. To assess the water quality, samples of water were collected monthly for eight months, and were preserved and transferred to the laboratory for further analysis. Electrical conductivity, pH, total dissolved solids, salinity, turbidity and temperature were determined in situ. Other parameters were determined in the laboratory using standard laboratory methods. The results revealed that the mean pH was acidic across the months with no significance difference (p > 0.05). Additionally, the mean total dissolved solids showed a significant difference (p < 0.05), with a higher value of 582.10 ± 83.41 in April and a lower value of 243.67 ± 40.62 in May. The highest mean conductivity of 1392.33 ± 156.18 was observed in April, and the lowest mean of 289.33 ± 97.37 in May. Dissolved oxygen indicated there was a significant difference among the study months (p < 0.05), with the highest mean concentration of 4.80 ± 0.37 in June and the least of 3.30 ± 0.20 in April. Biochemical oxygen demand, chloride and temperature all showed a significant difference (p < 0.05) across the sampling months. The mean concentration of Zn showed no significant difference among the study months. The mean concentration of Fe recorded showed the highest value of 2.68 ± 0.16 in April and the lowest mean of 1.96 ± 0.13 in July. Pb showed a higher concentration of 0.44 ± 0.33 in March and a lower mean of 0.033 ± 0.008 in July. A higher mean Cd of 0.052 ± 0.004 was observed in March and a lower mean of 0.023 ± 0.002 in December. Generally, the water parameters were elevated beyond the threshold for surface water, which was an indication that the river water was badly impacted due to human pressure and needed to be kept safe for human use. The present study revealed that most of the water quality parameters such as TDS, DO, BOD, pH, turbidity, and concentrations of the heavy metals Pb and Cd were higher in selected months, and further water management should be carried out while anthropogenic activities should be reduced around the river ecosystem.
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1. Introduction


Rivers represent a significant source of water used for human consumption, irrigation, aquaculture, hydroelectric power generation and other industrial purposes [1]. Conversely, river water remains one of the most threatened natural resources globally, due to anthropogenic impacts emanating from industrialisation and urbanisation, and unregulated use of agrochemicals such as inorganic fertilizers, herbicides and pesticides, which empty into the river ecosystem as runoffs, thereby causing impairment and distortion in the water quality [2]. For efficient and effective management of river resources, requisite information on the water quality of the river is needed, and this includes knowledge of physical, chemical and biological properties [3], and this is to ensure the river water is maintained below certain threshold levels, which will guarantee a healthy aquatic system for humans, plants and benthic organisms. However, understanding of the anthropogenic impacts on river water plays a pivotal role in sustainable management and remediation strategies of the river ecosystem [4,5].



All over the world, studies on anthropogenic disturbances are considered one of the top most areas that need attention by different researchers because of their link with climate change, rise in sea levels, water pollution and other negative environmental impacts [6]. Previous studies on influences of anthropogenic activities on river water have reported increased water pollution all round the world, despite the global demand for freshwater being projected to rise by 2050 to one-third, and industrial, agricultural and domestic discharges are considered key sources of waste causing environmental degradation, particularly in the aquatic ecosystem [7,8]. Moreover, there are reports of seventy thousand unidentified chemicals in circulation in the global market outside the three hundred thousand chemicals known and registered for use. Many of them contain toxic compounds, and hydrophilic, volatile and non-biodegradable elements like heavy metals, which enter into the aquatic environment as liquid discharges, solid wastes and gaseous emissions, causing unprecedented harm to humans and their environment [8,9,10].



The challenges of elevated heavy metals in an aquatic environment have also been reported to affect various ecological properties of river water across the globe [11,12]. Heavy metals are known as pollutants due to their eminent toxicity, bioaccumulation, tenacity and non-biodegradable nature when they are found in aquatic environments [13]. The rate of heavy metal enrichment in surface water has drastically increased in recent times due to increases in anthropogenic activities. Theses metals can enter the aquatic environment via untreated wastewater, effluent discharges from mechanic work, boat making, metallurgy, pesticidal and fungicidal sprays, debris of corroded materials and petroleum exploration. When these potentially toxic elements gain entrance into the aquatic ecosystem, they undergo both physical and chemical changes and, in some cases, enter the food chain through bioaccumulation and biomagnification in some aquatic species [14]. The availability of heavy metals within surface water like rivers can be detrimental to human health when they are eventually absorbed and accumulated in fish tissues, and later consumed by humans [15]. According to Gad et al. [16], heavy metals in their elevated state are poisonous even though some of them are essential for life in living organisms.



Apart from heavy metals, such as Cd, Cu, Cr, Fe, Mn, Ni and Pb, which are regarded as major indicators of water quality, physicochemical parameters like DO, BOD, TDS, EC and pH are also considered essential markers for determining the suitability of river water for both aquatic life and domestic use [16,17]. Thus, the elevation of these physical and chemical parameters beyond the threshold of quantification impacts the water quality negatively and leads to serious health hazards for drinking water used within the local area, with regional implications [18,19,20]. The physicochemical properties of an aquatic system also influence the diversity and abundance of living organisms, and any negative impacts on these parameters will have inimical effects [21,22]. Consequently, the degradation in physicochemical parameters impacts the water quality negatively, leading to water-borne diseases such as diarrhoea, dysentery and jaundice, particularly in developing countries like Nigeria where a good number of people in rural communities depend on the river water for their livelihood.



In Nigeria and some other parts of the world, it is notable that people live close to the river because of the well-being and health benefits they derive [2,23], and one such river is the Ogbor Hill River in southern Nigeria. The Ogbor Hill River is a freshwater river of significant importance that provides drinking water for many communities around the watercourse and harbours flora and fauna biodiversity to maintain ecological balance and support livelihoods. Meanwhile, different researchers have reported the water quality of the Ogbor river to be moderately good [24,25,26]. With the recent proliferation of industrial activities, and commercial and infrastructural development around the Ogbor Hill River, there is need to evaluate the impacts of anthropogenic disturbance in the river water quality of Ogbor using indicators and markers like physicochemical and heavy metal parameters.



Therefore, a study on the anthropogenic impacts on physicochemical and heavy metal concentrations of the Ogbor Hill River was necessitated due to a paucity of recent data to this effect. The study aimed to assess the impacts of human pressure on the suitability of the Ogbor Hill River water for domestic and agricultural use by comparing the physicochemical and heavy metal parameters with the standard limit imposed for drinking water by the World Health Organization (WHO). Data obtained from the study will provide background information to the government and water management authority to plan water treatment and remediation strategies of the river ecosystem.




2. Materials and Methods


2.1. Study Area


The present study was carried out in the Ogbor River in the commercial city of Aba, Southeast Nigeria (Figure 1). The area lies between longitudes 7°15 to 7°40 east and latitude 5°05 to 5°30 north. The city of Aba has a population of over 1,277,300 people and covers an area of 72 km2. The Ogbor Hill River is located within the city of Aba, a beehive of many small and multinational industries, playing host to the popular Ariaria international market and other marketing activities. The area is prominently known for its abattoir businesses, sand mining, mechanic workshops, electrical and battery recharges, shoe making, oil milling, paper production and other manufacturing activities. With this array of anthropogenic activities going on within the city of Aba, the area has experienced indiscriminate waste generation that empties as runoff into the Ogbor Hill River and, as a result, the river has become an aquatic ecosystem of great research interest because of its usefulness to city dwellers. Sampling hotpots were carefully selected within the Ogbor Hill River to have a good representation of spatial variability of quality indicators of water quality monitoring, and this was based on different activities around the hotpots.



The Ogbor Hill River is a tributary of the Imo River located in the city of Aba, Abia State, Nigeria. The river flows from the Ngwa rural territories of Aba down to Opobo, and empties alongside its creeks into the Atlantic Ocean through Ikot Abasi (Figure 1). The area is situated within the humid tropical climate, with an average yearly precipitation of 2285 mm, with March to November being the wet season, and the dry season from November through to early March, with characteristic higher temperatures and windy weather. The study location is part of the Niger Delta Basin underlain by the Benin formation from the Miocene to the recent age, and the formation is made up of friable fine-to-coarse-grain sand with minor intercalations of clay and gravel [24].




2.2. Sample Collection


Water samples for the assessment of physicochemical characteristics were collected in a 1-litre plastic bottle and kept in an ice chest until analysis within 24 h. A 75 mL amber bottle was used to provide a suitable place for future determination of dissolved oxygen (DO), and the samples collected were fixed onsite using Winkler 1 and 2. Five drops of conc. H2SO4 acid was added to the sample to dissolve the precipitate formed, while another 75 mL amber bottle was used to collect water samples for the determination of biochemical oxygen demand (BOD). For determination of heavy metal levels, a 120 mL glass bottle was used to collect water samples, 5 drops of conc. HNO3 was then added to the samples for preservation before the analysis. Sample collection was done for 8 months (December 2019 to July 2020), being four months of dry and four months of rainy seasons.




2.3. Sample Analysis


Water samples were analysed in situ for electrical conductivity (EC) and total dissolved solids (TDS) using a handheld Hanna portable conductivity meter using the conductometry analytical method. Water temperature was analysed with a mercury-in-glass thermometer using the temperature probe analytical method, pH was analysed with an electric digital pH meter (Jenway ltd model 350 pH meter) using the pH probe analytical method, and water turbidity was analysed with a turbidity meter (Turner designs Aqua fluor 8000-001) using the turbidimetry method [27]. All other in situ measurements were done using the previous methods provided by Okey-Wokeh et al. [28]. Heavy metal parameters (Cd, Cu, Cr, Fe, Mn, Ni, Pb and Zn) were analysed with the use of a Perkin Elmer 300 Spectrophotometer (AA), and the instrument was calibrated according to the manufacturer’s standard using standards and blanks. However, the analytical calibration curve was set up according to the calibration solution standard (Merck, Germany) at the appropriate wavelength and concentration for each metal. The analysis of heavy metals and physicochemical parameters such as DO, total hardness (TH), BOD, chloride and HCO3− were measured in the laboratory using conventional analytical techniques outlined by APHA [29].




2.4. Quality Control and Quality Assurance


Quality control and assurance were applied throughout the experimental process. First, the equipment used for sampling was washed with water and laboratory-graded detergent and, thereafter, rinsed with methanol and allowed to dry. The equipment used on-site was calibrated according to the manufacturer’s standard, and system verification was carried out to ensure the calibration range was not less than three linear concentration points. Repeated analyses of the samples were performed against spectrochemical grade BDH reference metal solutions that were globally recognised in order to ensure accurate instrument reading and accuracy of the analytical technique. The samples were examined for the content of heavy metals (Cd, Cr, Ni, Mn, Ni, Zn, Fe and Pb) using a Perkin Elmer Spectrophotometer (AA) 300.




2.5. Statistical Analysis


Data of physicochemical and heavy metal levels obtained in this study were statistically analysed using a one-way analysis of variance (ANOVA) to determine any significant difference at the 95% interval across the sampling months.





3. Results and Discussion


The results of physical and chemical parameters obtained from the Ogbor River water samples for eight months, as shown in Table 1, revealed there was a higher mean value of pH observed in June (6.73 ± 0.55), while the least mean value (6.06 ± 0.23) was observed in April, this being the onset of the rainy season in southern Nigeria. The concentration of water pH showed no significant difference (p ˃ 0.05) across the sampling months. The pH of the water is one of the fundamental water parameters used to check both the acidity and alkalinity of water in order to determine the usability for human consumption and irrigation [17]. The result of water pH, as seen in this study, revealed a higher mean value in June, while the least mean value was obtained in April, this being the onset of the rainy season in the southern parts of Nigeria. The values of pH obtained across the months were slightly acidic, and fell below the WHO [30] recommended limit for surface water quality, except for the value recorded in the month of June. The lower values of water pH observed in this study is indicative of water quality that is badly impacted by anthropogenic wastes such as industrial effluents, sewage discharge and abattoir waste [26]. The result of water pH observed in the Ogbor River system is aptly comparable with the values previously reported by Anyanwu et al. [31] in the Ikwu River, South-east Nigeria. Natural water with a pH value below 6.5 affects the growth and survival of water-dependent organisms like fish [32], while a pH value greater than 6.5 influences the ability of some aquatic species to preserve their salt equilibrium, which can also bring about decline in reproductive performance until the pH value is restored to normal [2,33].



The mean value of water temperature showed there were lower values of temperature in core months of the rainy season compared with the dry season. Higher mean temperatures were observed in February (29.37 ± 0.31), March (29.60 ± 0.20) and April (29.80 ± 0.27), with no significant difference (p ˃ 0.05) between them, but they were significantly different from the values recorded in May (25.97 ± 0.38), June (24.65 ± 0.47) and July (24.73 ± 0.35). The values of water temperature were significantly higher in the months of December to March, being the dry season, and in April, being the onset of the rainy season, but the values were lower in the months of May through to July, this being the rainy season. The higher mean values of water temperature observed in the dry season are common characteristics in most tropical aquatic ecosystems [34]. Generally, the water temperature documented in the Ogbor River was within the recommended value for surface water. Similar results were previously observed in some aquatic ecosystems in the Niger Delta [17,35]. Water temperature is considered as one of the strongest physicochemical properties due to its influence on oxygen solubility, microbial activities and other chemical reactions that go on in water [36].



The mean values of salinity showed that the values recorded in December through to April were higher, with visible statistical variation (p < 0.05) between them. The mean salinity recorded in March (20.49 ± 1.26) had the highest mean concentration, while the value observed in July (4.51 ± 0.77) was the least. Salinity is referred to as the amount of saltiness of a water body, which is a dynamic indicator of the nature of the exchangeable system expressed as the total concentration of electrical charge ions [37]. The mean values of water salinity showed that values obtained in the months of December through to April were higher, with March as the highest, while the mean values observed in May through to July, this being the rainy season, were lower, with the value observed in July recording the least. Onojake et al. [38] reported similar observations of higher salinity in the dry season at the New Calabar River, attributed to the increase in evaporation because of high sun intensity in the tropics. The lower mean values of salinity observed in the months of May through to July could be due to the dilution effect of water inflow into the river system during the rainy season [39]. The overall result of salinity across the eight months revealed that the values obtained from the river water fell below the 1000 mg/L recommended by the WHO [30] for freshwater. This indicates that the Ogbor River is a freshwater ecosystem. Higher values of salinity in a freshwater system have been noted to bring about elevated water temperatures and incidentally increased bioavailability of heavy metals [40]. The increase in salinity content of a freshwater system is an indication of an anthropogenic pressure such as sewage discharge, which will affect growth and deplete freshwater biota [41].



The concentration of electrical conductivity (EC), presented in Table 1, showed there was a higher mean value of EC observed in April (1392.33 ± 156), March (1357.07 ± 181.06) and February (1281.0 ± 189.45), with no observable significant difference (p > 0.05). The mean EC concentrations observed in December (970.03 ± 53.32), May (289.35 ± 97.37), June (306.67 ± 98.33) and July (398.0 ± 72.0) revealed there was a significant difference (p < 0.05. Electrical conductivity (EC) is a measure of the ability for water to conduct electric current and is an excellent indicator of salinity. The EC mean values were higher during the dry season (December–March) except for April, this being the onset of the rainy season. All the values of EC obtained in the dry season (Dec–March) were above the WHO [30] recommended standard limit, except for the value observed in the month of January, while the values recorded in the rainy season (April–July) fell below the standard, except for the month of April. The higher values of EC observed in this study could be attributed to high contents of dissolved ions in the water body caused by anthropogenic impacts such as discharges of industrial effluents, sewage and other waste materials. The highest mean concentrations of turbidity were observed in the months of July (26.70 ± 2.95) and June (26.39 ± 2.15), while the mean values recorded in April (10.68 ± 1.79) and February (14.60 ± 3.61) were the least observed across the sampling period.



The turbidity values measured in all the months were beyond the allowed limit for surface water, indicating the consequences of anthropogenic pressure on water quality. The turbidity values observed in this study might be related to major activities such as sand mining, erosion and industrial effluent discharges into the water body. The turbidity results of this study agree with those of Onojake et al. [38] in the New Calabar River and Amah-Jerry et al. [8] in the Aba River. The implication of higher values of water turbidity is that it will affect light penetrations in water and the photosynthesis rate, thereby making food availability difficult for the aquatic organisms [42].



The mean value of TDS followed a similar pattern to that of EC, and the values recorded in April (564.53 ± 73.89) and February (524.53 ± 87.30) showed higher concentrations than in other months. The mean value obtained in April was above the value recommended as standard for surface water. The higher TDS values observed in the dry season could be attributed to the concentration factor and reduction of water volume due to evaporation. The presence of TDS in an elevated value in the Ogbor River will affect the taste of water, influence osmoregulation of the freshwater organisms and reduce oxygen solubility in the water body [43,44].



The monthly mean value of DO revealed that the concentration recorded in June (4.80 ± 0.37) was significantly different from other months, except May (4.47 ± 0.33) and July (4.42 ± 0.34), these typically being in the rainy season. The monthly mean values of dissolved oxygen (DO) showed that there were higher values obtained in the months of May through to July, with the value recorded in June as the highest. The least DO value observed in the study was in April, this being the onset of the rainy season. This observation was consistent with the finding of George and Abowei [40] in the upper New Calabar River. The result indicates that higher DO values were observed in the rainy season (May–July), and this was attributed to low water temperature that allowed solubility of gases [45,46]. Generally, DO values observed in the Ogbor surface water system fell below the WHO recommended standard for surface water [30]. Similar observations of low DO levels have been reported in the past in some aquatic ecosystem in the Niger Delta, due to impacts of human pressures such as abattoir discharges, industrial effluents, sewage disposal and oil exploration [26,40,45]. Water DO is one of the basic physicochemical parameters that depicts water quality, and it is commonly used to evaluate the degree of river freshness to determine organic pollution. Its depletion will adversely affect the metabolism of the biological community and aquatic life [47,48].



The mean concentration of BOD showed the value observed in January (6.59 ± 5.53) was highest; while the concentration recorded in July (2.63 ± 0.13) had the least observed value. Biochemical oxygen demand (BOD) values in this study showed that the value obtained in January had highest mean, which was above the WHO [30] accepted limit for surface water, while the mean value recorded in July was observed to be the least in all the months. The values of BOD fluctuated in both the rainy and dry seasons based on the pattern of the anthropogenic impacts that brings about loads of organic matter into the water body [49]. All the values of BOD observed across the months were within the 5 mg/l recommended standard for drinking water, except for the month of January where the value exceeded the acceptable limit. However, Afolabi et al. [43] posited that any water with a BOD value within 2–3 mg/L was termed contaminated and was unwholesome for human consumption. The mean chloride values recorded in March and April were substantially higher than the lower concentrations of Cl− found in June and July. All the readings recorded from December to July were below the WHO [30] limit of 250 mg/L for fresh water. The low Cl− values found in this study were previously observed in the Aba River [26]. This result supports the argument that Cl− concentrations in natural water are typically low (Smitha and Shivashanker, 2013). Chloride in natural water indicates the presence of organic waste, particularly that of animal origin [44], and this was abundant around the Ogbor watercourse due to the presence of an abattoir in the area.



The results of TH showed that the values obtained in the dry season (Dec–March) were higher than the values obtained in the rainy season (April–July), with January recording the highest mean value while the lowest mean was observed in May. Low values of water hardness recorded in the rainy season could be attributed to the dilution effect of water runoff, and this conforms to the report of Dapam et al. [49] in River Jibam, Plateau State, Nigeria. The concentration of total hardness (TH) observed in this study was generally low and fell far below the acceptable WHO standard [30]. Water hardness has been reported by Mitharwal et al. [50] as a useful parameter to check the suitability of water for both domestic and industrial purposes.



The results of HCO3− concentration showed that the highest mean (9.36 ± 0.09) was observed in March and the lowest value of 1.45 ± 0.29 was recorded in June. The mean value of bicarbonate (HCO3−) showed that the highest value occurred in March, while the lowest value was observed in June. As in the situations of EC and TDS, the trends in HCO3− might be the consequence of seasonal impacts [48]. HCO3− readings, in both the dry and rainy seasons, were below the 100 mg/L acceptable limit established by the WHO [30]. The low HCO3− values recorded in this study were similar to those reported by [51] in the Kwa River, which was indicative of the river being a soft water.



The mean summary of eight months of results for heavy metal concentrations, presented in Table 2, was differentiated from the international (WHO) permissible limit for human drinking water levels. The highest Fe2+ concentration (2.683 ± 0.162 mg/L) was observed in April, which showed no significant difference (p > 0.05) from the data generated in other months, except for July (1.960 ± 0.131 mg/L), which recorded the lowest value. The results of Fe2+ analysis in the Ogbor River system showed there were higher values of Fe2+ through all months. The Fe2+ values observed in all months were above the 0.3 mg/L stipulated as safe for water by the World Health Organization (WHO). Significant reports from several researchers have confirmed a geological abundance of Fe, which may be the cause of the abundance of Fe2+ in surface water due to runoffs [52,53]. The noticeable increase in Fe2+ concentrations in this study was attributed to diverse anthropogenic activities that generate Fe-bearing wastes that empty into the river. The consumption of water with an Fe2+ content above the threshold is capable of causing health problems such as cirrhosis of the liver, and heart and nervous system related diseases, as well as liver cancer and infertility in some cases [54].



The Pb2+ value observed in March (0.436 ± 0.326 mg/L) was the highest mean while the mean value documented in July (0.033 ± 0.008 mg/L) was the lowest. The Pb2+ concentration observed in March showed a significant difference (p < 0.05) from the mean values recorded in other sampling months, except for the value observed in February. All the values of Pb obtained in this study exceeded the 0.01 mg/L recommended for surface water [30]. The higher values of Pb2+ generally observed in this study could be due to dense mechanical activities, industrial effluent discharges and other consequential human impacts prominent around the Ogbor hill area of Aba [55]. Elevated concentrations of Pb2+ due to increased human impacts on surface water have been similarly reported by [38,56] in the past. The higher values of Pb2+ observed in this study are capable of causing high blood pressure and anaemia in humans when water contaminated with Pb is consumed, and can result in formation of coagulated mucus over the gills of fish, which leads to death in ponds [57].



Similarly, the value of Cr2+ was higher in March (0.060 ± 0.02 mg/L) and January (0.059 ± 0.008 mg/L), while the lowest mean concentrations were recorded in July (0.032 ± 0.005 mg/L) and May (0.036 ± 0.005 mg/L). The values of Cr2+ recorded across the months were below the 0.05 mg/l stipulated standard for surface water, except in January and March, which exceeded the WHO [30] limit. The higher values of Cr2+ in these months could be due to the increased anthropogenic and natural sources. Similar observations were previously reported by Onojake et al. [38], but varied with the findings reported by Okey-Wokeh and Wokeh, [15] in the Mini-Ezi stream. However, when Cr2+ is found in a higher concentration it can be toxic, causing eczematous dermatitis, and paranasal sinus and lung [58]. Even the moderate Cr2+ values observed in months that fall within the rainy season in southern Nigeria call for close monitoring of the river water to avoid unimaginable and untold risk that could result from elevated Cr2+ values in water.



The mean Cu2+ observed in February (0.800 ± 0.59 mg/L) recorded the highest concentration and the lowest value (0.023 ± 0.152 mg/L) was observed in March. The concentration of Cu2+ observed in this study fell below the 2 mg/L admissible limit stipulated by the WHO [30]. The result of Cu2+ obtained in the present study was similar to the findings of Bhuyan et al. [59], in the Old Brahmaputra River, Bangladesh. The low concentration of Cu2+ observed in this study was attributed to little input of anthropogenic sources on the release of materials with high Cu content into the Ogbor water body. Cu is an essential element required in minute concentration of 0.9 mg for an adult, and any form of elevation beyond the threshold for proper biological function results in consequential effects such as hepatic and renal damage [60].



The higher mean concentration of Cd2+ recorded in March (0.052 ± 0.005) showed a significant difference from the value observed in other months, except for April (0.039 ± 0.009 mg/L) and May (0.038 ± 0.006 mg/L). According to the result observed, the Cd2+ mean in this study revealed that the highest Cd2+ concentration was found in March. The higher mean value observed in March could be attributed to the evaporation effect caused by increased sunlight. The Cd2+ value observed in this study was significantly higher than the 0.003 mg/L permissible limit recommended for surface water, which indicates that the river is highly polluted with toxic metals like Cd2+. The Cd2+ value recorded in this study is in consonance with the values previously reported in some aquatic systems badly impacted by anthropogenic activities [61,62]. The high amount of Cd2+ found in the Ogbor River may have been caused by domestic garbage and emissions from nearby well-known industries [63]. Cadmium is a non-essential metal that can induce proteinuria, tubular lesions, renal cancer and liver cancer when it accumulates in human organs [63].



The concentration of Zn2+ showed no significant difference (p > 0.05) across the sampling months. The mean values of Zn2+ recorded in the months December to July showed that the value obtained in December was the highest mean. From the overall results of Zn2+, the mean values observed in all the months were below the 3 mg/L acceptable limit of the WHO for surface water [30]. Low Zn2+ concentrations in some aquatic environments within the Niger Delta have previously been reported by Nwankwoala and Ekpewerechi [11] in the Waterside River Ogbor Hill. This finding agrees with the assertion of Seiyaboh and Izah [64] that most essential metals, like Zn, are always within the recommended standard in surface water except in few cases. The mean Ni2+ recorded in December (0.042 ± 0.011 mg/L) was significantly higher than the value obtained in other sampling months. According to the seasonal fluctuation in the concentrations of Ni, the values recorded in all the months were under the limit, with the exception of the result observed in December, which was marginally above the 0.02 mg/L acceptable limit for surface water [30]. The results of this study’s analysis are comparable to the Ni values reported for the Bonny/New Calabar River [38].



The mean concentration of Mn2+ recorded in December (0.221 ± 0.25 mg/L) was the highest, and showed no significant difference (p > 0.05) from other mean values recorded in other months, except for July (0.018 ± 0.002), which had the lowest value. Higher values of Mn2+ were generally observed in the dry season rather than the rainy season, which recorded values that were within the 0.05 mg/L recommended for drinking water, except for April and May, which were slightly higher. Mn is essential particularly in early life development because it functions as a co-factor in several enzymes, and it is needed for proper biological functioning [65]. Increases in the level of Mn beyond the body usability can lead to toxicity, which results in neurological and neuromuscular impairment [66].




4. Conclusions


This study evaluated the anthropogenic impacts of physicochemical and heavy metal parameters on the Ogbor Hill River water quality systematically, and, based on the results, it was concluded that the water quality of the Ogbor River is generally contaminated and unfit for drinking and aquaculture use. This is supported by the mean concentrations of some key physicochemical and heavy metal parameters (DO, TDS, pH, BOD, EC, turbidity, Cd, Fe and Pb) investigated that fell short of standards imposed for surface/drinking water by the Environmental Regulatory Agencies. Thus, the river water in its current state poses health risks for humans and aquatic life. Therefore, the findings of this study present vital information for the government, water managers and other critical stakeholders on the need to carry out water treatment and develop remediation strategies for the Ogbor Hill River as a way to safeguard the health of communities that depend on this water body for drinking and as means of livelihood. Meanwhile, data on the biological parameters of this river are needed, and we recommend further study on this river.







Author Contributions


Conceptualization, C.G.O.-W. and O.K.W.; methodology, C.G.O.-W. and O.K.W.; software, E.O.; validation, F.L. and M.N.A.; formal analysis, C.G.O.-W.; investigation, O.K.W.; resources, M.N.A.; data curation, C.G.O.-W. and E.O.; writing—original draft preparation, C.G.O.-W.; writing—review and editing, O.K.W., E.O., F.L. and M.N.A.; visualization, C.G.O.-W.; supervision, O.K.W.; project administration, O.K.W.; funding acquisition, F.L. and M.N.A. All authors have read and agreed to the published version of the manuscript.




Funding


The funding for the Article Processing Charge was received from the support from Ministry of Higher Education Malaysia under the Long-Term Research Grant Scheme program (LRGS/1/2020/UMT/01/1; LRGS UMT Vot No. 56040) entitled ‘Ocean climate change: potential risk, impact and adaptation towards marine and coastal ecosystem services in Malaysia’ as well as supported from “Pembiayaan Yuran Penerbitan Dan Proofreading Jurnal Di Bawah Peruntukan Dana Khas (Penyelidikan Dan Inovasi) TAHUN 2023” (in Malay).




Data Availability Statement


Data are available on request from the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fubara, R.I.; Wokeh, O.K.; Okey-Wokeh, C.G. Physicochemical Characterisation and Water Quality Status of the Lower Orashi River, Niger Delta. West Afr. J. Appl. Ecol. 2022, 30, 25–31. [Google Scholar]

	



Saturday, A.; Lyimo, T.J.; Machiwa, J.; Pamba, S. Spatio-temporal Variations in Physicochemical Water Quality Parameters of Lake Bunyonyi, Southwestern Uganda. SN Appl. Sci. 2021, 3, 684. [Google Scholar] [CrossRef]

	



Landrigan, P.J.; Stegeman, J.J.; Fleming, L.E.; Allemand, D.; Anderson, D.M.; Backer, L.C.; Brucker-Davis, F.; Chevalier, N.; Corra, L.; Czerucka, D.; et al. Human Health and Ocean Pollution. Ann. Glob. Heal. 2020, 86, 151. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.M.; Chen, Y.P.; Xue, L.G.; Fan, T. Three Kinds of Ammonia Oxidizing Microorganisms play an important role in Ammonia Nitrogen Self-Purification in the Yellow River. Chemosphere 2020, 243, 125405. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Wang, L.; Zhang, X.; He, M.; Wang, D.; Ren, Y.; Yao, H.; Ngegla, J.N.V.; Pan, H. Effects of Different Types of Anthropogenic Disturbances and Natural Wetlands on Water Quality and Microbial Communities in a Typical Black-Odor River. Ecol. Indic. 2022, 136, 108613. [Google Scholar] [CrossRef]

	



Baluch, M.A.; Hashmi, H.N. Investigating the Impact of Anthropogenic and Natural Sources of Pollution on Quality of Water in Upper Indus Basin (UIB) by Using Multivariate Statistical Analysis. Hindawi J. Chem. 2019, 2019, 1–13. [Google Scholar] [CrossRef]

	



Cao, J.; Sun, Q.; Zhao, D.; Xu, M.; Shen, Q.; Ding, S. A Critical Review of the Appearance of Black-Odorous Water Bodies in China and Treatment Methods. J. Hazard. Mater. 2020, 385, 121511. [Google Scholar] [CrossRef]

	



Thai-Hoang, L.; Thong, T.; Loc, H.T.; Van, P.T.T.; Thuy, P.T.P.; Thuoc, T.L. Influences of Anthropogenic Activities on Water Quality in the Saigon River, Ho Chi Minh City. J. Water Health 2022, 20, 491–504. [Google Scholar] [CrossRef]

	



Bashar, T.; Fung, I.W.H. Water Pollution in a densely Populated Megalopolis, Dhaka. Water 2020, 12, 2124. [Google Scholar] [CrossRef]

	



Wang, Z.; Walker, G.W.; Muir, D.C.G.; Nagatani-Yoshida, K. Toward a Global Understanding of Chemical Pollution: A First Comprehensive Analysis of National and Regional Chemical Inventories. Environ. Sci. Technol. 2020, 54, 2575–2584. [Google Scholar] [CrossRef]

	



Nwankwoala, H.O.; Ekpewerechi, A. Human Activities and Heavy Metal Concentration in Aba River, Abia State, Nigeria. Br. J. Earth Sci. Res. 2017, 5, 26–36. [Google Scholar]

	



Abdullah, S.N.F.; Ismail, A.; Juahir, H.; Lananan, F.; Hashim, N.M.; Ariffin, N.; Mohd, T.A.T. Estimation of Rainwater Harvesting by1 The Reflectance of The Purity Index of Rainfall. Environ. Sci. Pollut. Res. 2021, 28, 35613–35627. [Google Scholar] [CrossRef]

	



Nti, B.U.; Wokeh, O.K.; Okey-Wokeh, C.G. Investigation of Heavy Metal Levels of Clams (Egeria radiata) sold in open Markets in Port Harcourt and Yenagoa, Nigeria. World J. Adv. Res. Rev. 2021, 11, 109–114. [Google Scholar]

	



Anyanwu, B.O.; Davies, I.C. Human Health Hazard Implications of Heavy Metal Concentration in Swimming Crab (Callinectes amnicola) from Polluted Creeks in Rivers State, Nigeria. Case Stud. Chem. Environ. Eng. 2023, 7, 100325. [Google Scholar] [CrossRef]

	



Okey-Wokeh, C.G.; Wokeh, O.K. Determination of Heavy Metal levels in surface water and sediment of Mini-Ezi stream, Elele Alimini, Rivers State, Nigeria. Afr. J. Pure Appl. Sci. 2022, 3, 136–143. [Google Scholar]

	



Gad, M.; Abou El-Safa, M.M.; Farouk, M.; Hussain, H.; Alnermari, A.M.; Elsayed, S.; Khalifa, M.M.; Moghanm, F.S.; Eid, E.M.; Saleh, A.H. Integration of Water Quality Indices and Multivariate Modelling for Assessing Surface Water Quality in Qaroun Lake, Egypt. Water 2021, 13, 2258. [Google Scholar] [CrossRef]

	



Okey-Wokeh, C.G.; Obunwo, C.C.; Wokeh, O.K. Evaluation of Water Quality Index using Physicochemical Characteristics of Ogbor River in Aba, Abia State Nigeria. J. Appl. Sci. Environ. Manag. 2021, 25, 47–51. [Google Scholar] [CrossRef]

	



Rupakheti, D.; Tripathee, L.; Kang, S.; Sharma, C.M.; Paudyal, R.; Sillanpaa, M. Assessment of Water Quality and Health Risk for Toxic Trace Elements in Urban Phewa and Remote Gosainkunda Lakes, Nepal. Hum. Ecol. Risk Assess. 2017, 23, 959–973. [Google Scholar] [CrossRef]

	



Kukrer, S.; Mutlu, E. Assessment of Surface Water Quality using Water Quality Index and Multivariate Statistical Analyses in Sarayduzu Dam Lake, Turkey. Environ. Monit. Assess. 2019, 191, 71–87. [Google Scholar] [CrossRef]

	



Gad, M.; ElSayed, S.; Moghanm, F.S.; Almarshadi, M.H.; Alshammari, A.S.; Khedher, K.M.; Eid, E.M.; Hussein, H. Combining Water Quality Indices and Multivariate Modelling to Assess Surface Water Quality in the Northern Nile Delta, Egypt. Water 2020, 12, 2142. [Google Scholar] [CrossRef]

	



Ismail, A.; Toriman, M.E.; Juahir, H.; Zain, S.M.; Habir, N.L.A.; Retnam, A.; Kamaruddin, M.K.A.; Umar, R.; Azid, A. Spatial assessment and source identification of heavy metals pollution in surface water using several chemometric techniques. Mar. Pollut. Bull. 2016, 106, 292–300. [Google Scholar] [CrossRef]

	



Wokoma, O.A.F.; Njoku, K. Physical and Chemical Characteristics of the Lower Sombreiro River, Niger Delta, Nigeria. Appl. Sci. Rep. 2017, 20, 11–16. [Google Scholar]

	



Kalagbor, I.A.; Echem, O.G.; Banwo, E. Water Quality Assessment of Ntawogba Stream in Port Harcourt Metropolis, Rivers State, Nigeria. Int. J. Water Resour. Environ. Eng. 2021, 13, 76–87. [Google Scholar]

	



Amadi, A.N. Quality Assessment of Aba River Using Heavy Metal Pollution Index. Am. J. Environ. Eng. 2012, 2, 45–49. [Google Scholar]

	



Umunnakwe, J.E.; Akagha, C.I.; Aharanwa, B.C. Influence of Industrial and Abattoir Wastes on some Physicochemical and Bacteriological Variables of Aba River, Nigeria. Civ. Environ. Res. 2013, 3, 83–90. [Google Scholar]

	



Amah-Jerry, E.B.; Anyanwu, E.D.; Avoaja, D.A. Anthropogenic Impacts on the Water Quality of Aba River South East, Nigeria. Ethiop. J. Environ. Stud. Manag. 2017, 10, 299–314. [Google Scholar] [CrossRef]

	



Barakat, A.; El-Baghdadi, M.; Rais, J.; Aghezzaf, B.; Slassi, M. Assessment of Spatial and Seasonal Water Quality Variation of Ouun Er Rbia River (Morocco) using Multivariate Statistical Techniques. Int. Soil Water Conserv. Res. 2016, 4, 284–292. [Google Scholar] [CrossRef]

	



Okey-Wokeh, C.G.; Obunwo, C.C.; Boisa, N. Assessment of Physicochemical Characteristics of Mini-Ezi Stream in Elele-Alimini, Emohua Local Government Area of Rivers State, Nigeria. Int. J. Adv. Sci. Res. Eng. 2020, 6, 196–202. [Google Scholar]

	



American Public Health Association (APHA). Standard Methods for Examination of Water and Waste Water, 20th ed.; American Public Health Association (APHA): Washington, DC, USA, 1998. [Google Scholar]

	



WHO. Chronicles 38, Guidelines for Drinking Water Quality, 4th ed.; WHO: Geneva, Switzerland, 2011; pp. 104–108.

	



Anyanwu, E.D.; Jonah, U.E.; Adetunji, O.G.; Nwoke, O.B. An Appraisal of the Physicochemical Parameters of Ikwu River, Umuahia, Abia State in South-Eastern Nigeria for Multiple Uses. Int. J. Energy Water Resour. 2021. [Google Scholar] [CrossRef]

	



Bukola, D.; Zaid, A.; Olalekan, E.I.; Falilu, A. Consequences of Anthropogenic Activities on Fish and the Aquatic Environment. Poult. Fish. Wildl. Sci. 2015, 3, 138. [Google Scholar] [CrossRef]

	



Niyoyitungiye, L.; Giri, A.; Mishra, B. Assessment of physico-chemical characteristics of water at selected stations of Lake Tanganyika, Africa with special emphasis on pisciculture purposes. Int. J. Basic Appl. Biol. 2019, 6, 211–217. [Google Scholar]

	



Ikhuoriah, S.O.; Oransaye, C.G. Assessment of Physicochemical Characteristics and Heavy Metal of Ossiomo River, Ologbo—A Tributary of Benin, Southern Nigeria. J. Appl. Sci. Environ. Manag. 2016, 20, 472–481. [Google Scholar] [CrossRef]

	



Chris, D.I.; Oghenetekevwe, E. Physico-chemical Parameters and Heavy Metals Distribution in Selected Shell Fishes along the Opuro-Ama Creek in Rivers State of Nigeria. Asian J. Fish. Aquat. Res. 2022, 17, 15–26. [Google Scholar] [CrossRef]

	



Taskena, H.; Saltanat, P.; Bilal, N.B.; Uzma, A. Seasonal Variations in Water Quality Parameters of River Yamuna, India. Int. J. Curr. Microb. Appl. Sci. 2017, 6, 694–704. [Google Scholar]

	



Makinde, O.O.; Edun, O.M.; Akinrotimi, O.A. Comparative Assessment of Physical and Chemical Characteristics of Water in Ekerekana and Buguma Creeks, Niger Delta Nigeria. J. Environ. Prot. Sustain. Dev. 2015, 1, 126–133. [Google Scholar]

	



Onojake, M.C.; Sikoki, F.D.; Omokheyeke, O.; Akpiri, R.U. Surface Water Characteristics and Trace Metal Levels of the Bonny/New Calabar River Estuary, Niger Delta, Nigeria. Appl. Water Sci. 2015, 7, 951–959. [Google Scholar] [CrossRef]

	



Mclusky, D.S. The Estuarine Ecosystem, 2nd ed.; Springer: Blakie, Glasgow, 1989; 215p. [Google Scholar]

	



George, A.D.I.; Abowei, J.F.N. Physical and Chemical Parameters and some Heavy Metals for Three Rainy Season Months in Water and Sediments of Upper New Calabar River, Niger Delta, Nigeria. Open Access Libr. J. 2018, 5, e4456. [Google Scholar] [CrossRef]

	



Nielsen, D.L.; Brock, M.A.; Rees, G.N.; Baldwin, D.S. Effects of Increasing Salinity on Freshwater Ecosystem in Australia. Aust. J. Bot. 2003, 51, 655–665. [Google Scholar] [CrossRef]

	



Ogbonna, D.N.; Ogbuku, J.O.; Kporman, L.B. Influence of Open Drainage Channel in Port Harcourt. Asian J. Res. Rep. 2019, 3, 1–10. [Google Scholar]

	



Afolabi, T.A.; Ogbuneke, C.C.; Ogunkunle, O.A.; Bamiro, F.O. Comparative Assessment of the Portable Quality of Water from Industrial, Urban and Rural Parts of Lagos, Nigeria. Ife J. Sci. 2012, 14, 221–232. [Google Scholar]

	



Gupta, N.; Pandey, P.; Hussain, J. Effect of Physicochemical and Biological Parameters on the Quality of River Water of Narmada, Madhya Pradesh, India. J. Water Sci. 2017, 31, 528–531. [Google Scholar] [CrossRef]

	



Duru, C.C.; Daniel, U.I.; Ogbulie, J.N. Impacts of Organic Waste on Water Quality of Woji Creek in Port Harcourt, Nigeria. J. Appl. Sci. Environ. Manag. 2018, 22, 625–630. [Google Scholar] [CrossRef]

	



Akpe, A.R.; Femi, I.J.; Okwu, G.I.; Obiazi, H. Seasonal Variations in Physicochemical Parameters of Ikpoba River Water Samples. Int. J. Life Sci. Sci. Res. 2018, 4, 1810–1821. [Google Scholar]

	



Kidu, M.; Gebrekidan, A.; Hadera, A.; Weldegebriel, Y. Assessment of Physicochemical Parameters of Tsaedagan River in Mekelle City, Tigray, Ethiopia. Bull. Chem. Soc. Ethiop. 2015, 29, 377–385. [Google Scholar]

	



Ling, T.Y.; Gerunsin, N.; Soo, C.L.; Nyanti, L.; Sin, S.F.; Grinang, J. Seasonal Changes and Spatial Variation in Water Quality of a Large Young Tropical Reservoir and its Downstream River. J. Chem. 2017, 2017, 8153246. [Google Scholar] [CrossRef]

	



Dapam, I.L.; Ibraham, E.G.; Egula, J.N. Assessment of Physicochemical Parameters and Heavy Metal Speciation Study of Water and Bottom Sediments from River Jibam in Chip Districts of Pankshin Local Government Area, Plateau State, Nigeria. J. Appl. Chem. 2016, 9, 57–64. [Google Scholar]

	



Mitharwal, S.; Yadav, R.D.; Angasaria, R.C. Water Analysis in Pilani of Jhunjhunu District, Rasayan. J. Chem. 2009, 7, 920–923. [Google Scholar]

	



Ebigwai, J.K.; Imedimfon, I.E.; Bright, H.A.; Olowu, C.; Ekanem, O. Physicochemical Parameter and Phytoplankton Assemblages along Spatial and Temporal Gradient in Great Kwa River, Calabar, Nigeria. Int. J. Biol. Chem. 2014, 8, 1–20. [Google Scholar] [CrossRef]

	



Quintero-Gutierrez, A.G.; Gonzalez-Rosendo, G.; Sanchez-Munoz, J.; Polo-Pozo, J.; Rodriguez-Jerez, J.J. Bioavailability of Heme Iron in Biscuit Filling using Piglet as an Animal Model for Human. Int. J. Biol. Sci. 2008, 4, 58–62. [Google Scholar] [CrossRef]

	



Abbaspour, N.; Hurrell, R.; Kelishadi, R. Review on Iron and its Importance for Human Health. J. Res. Med. Sci. 2014, 19, 164–174. [Google Scholar]

	



Kumar, V.; Bharti, P.K.; Talwer, M.; Tyagi, A.K.; Kumar, P. Studies on High Iron Content in Water Resources of Moradabad District (UP), India. Water Sci. 2017, 31, 44–51. [Google Scholar] [CrossRef]

	



Ezejiofor, T.I.N.; Ezejiofor, A.N.; Udebuani, A.C.; Ezeji, E.U.; Ayalogbu, E.A. Environmental Metal Pollutants Loads of a densely Populated and Heavily Industralised Commercial City. J. Toxicol. Environ. Health Sci. 2013, 5, 1–11. [Google Scholar] [CrossRef]

	



Mgbemena, N.M. Heavy Metal Toxicity in Aba River, Abia State Nigeria. J. Appl. Chem. 2014, 7, 27–30. [Google Scholar] [CrossRef]

	



Adesiyan, I.M.; Bisi-John, M.; Aladesanmi, O.T.; Okoh, A.I.; Ogunfowokan, A.O. Concentration and Human Health Risk of Heavy Metals in Rivers in South West Nigeria. J. Health Pollut. 2018, 8, 180–190. [Google Scholar] [CrossRef]

	



Akan, J.C.; Abdulrahman, F.I.; Sodipo, O.A.; Ochanya, A.E.; Askira, Y.K. Heavy Metals in Sediments from River Ngada, Maiduguri Metropolis, Borno State, Nigeria. J. Environ. Chem. Ecotoxicol. 2010, 2, 131–140. [Google Scholar]

	



Bhuyan, M.S.; Bakar, M.A.; Rashe-Nabi, M.; Senapthi, V.; Chung, S.Y.; Islam, M.S. Monitoring and Assessment of Heavy Metal Contamination in surface water and sediment of the Old Brahmaputra River, Bangladesh. Appl. Water Sci. 2019, 9, 125. [Google Scholar] [CrossRef]

	



Argu, M.E.; Dursun, S.; Ozdermir, C.; Karatas, M. Heavy Metal Adsorption by modified Oak Sawdust: Thermodynamics and Kinetics. J. Hazard. Mater. 2007, 141, 77–85. [Google Scholar] [CrossRef]

	



Numbere, A.O. Analysis of Total Hydrocarbon and Heavy Metal Accumulation in Sediments, Water and Associated Organisms of Mangrove Ecosystem in the Niger Delta. Indian J. Sci. Technol. 2020, 13, 2678–2685. [Google Scholar] [CrossRef]

	



Lian, G.; Lee, X. Concentrations, Distributions and Pollution Assessment of Metals in River Sediment in China. Int. J. Environ. Res. Public Health 2021, 18, 6908. [Google Scholar] [CrossRef]

	



Rafati, R.M.; Kazemi, S.; Moghadamnia, A.A. Cadmium Toxicity and Treatment: An Update. Casp. J. Int. Med. 2017, 8, 135–145. [Google Scholar]

	



Seiyaboh, E.I.; Izah, S.C. Review of Impact of Anthropogenic Activities in Surface Water Resources in the Niger Delta Region of Nigeria: A Case of Bayelsa State. Int. J. Ecotoxicol. Ecobiol. 2017, 2, 61–73. [Google Scholar] [CrossRef]

	



Rahman, S.M.; Kippler, M.; Tofail, F.; Bolte, S.; Hamadani, M. Manganese in Drinking Water and Cognitive Abilities and Behaviour at 10 years of Age: Perspective Cohort Study. Environ. Health Perspect. 2017, 125, 57–83. [Google Scholar] [CrossRef] [PubMed]

	



Edokpayi, J.N.; Odiyo, J.O.; Poopola, O.E.; Msagati, T.A.M. Assessment of Trace Metals Contamination of Surface Water and Sediments: A Case Study of Mundi River, South Africa. Sustainability 2016, 8, 135. [Google Scholar] [CrossRef]








[image: Water 15 01359 g001 550] 





Figure 1. The study location and hotspot for sampling in Ogbor Hill River, Nigeria. 
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Table 1. Summary of mean physicochemical properties of surface water parameters of Ogbor River.
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	Months/Parameters
	December
	January
	February
	March
	April
	May
	June
	July





	pH (mg/L)
	6.20 ± 0.50 a
	6.10 ± 0.20 a
	6.23 ± 0.42 a
	6.37 ± 0.58 a
	6.06 ± 0.23 a
	6.42 ± 0.65 a
	6.73 ± 0.55 a
	6.13 ± 0.31 a



	Temp (°C)
	28.10 ± 0.30 c
	29.00 ± 0.27 d
	29.37 ± 0.31 de
	29.60 ± 0.20 e
	29.80 ± 0.27 e
	25.97 ± 0.38 b
	24.65 ± 0.47 a
	24.73 ± 0.35 a



	EC (µS/cm)
	970.03 ± 53.32 b
	1256.38 ± 293.08 c
	1281.0 ± 189.45 c
	1357.0 ± 181.06 c
	1392.33 ± 156.18 c
	289.35 ± 97.37 a
	306.67 ± 98.33 a
	398.0 ± 72.0 a



	Salinity (mg/L)
	13.43 ± 4.40 b
	16.51 ± 5.15 bc
	17.06 ± 1.32 bc
	20.49 ± 1.26 c
	20.39 ± 2.82 c
	5.60 ± 1.48 a
	4.53 ± 0.62 a
	4.51 ± 0.77 a



	Turbidity (NTU)
	23.56 ± 3.66 c
	25.14 ± 2.37 c
	14.60 ± 3.61 ab
	16.00 ± 0.75 b
	10.68 ± 1.79 a
	18.33 ± 1.53 b
	26.39 ± 2.15 c
	26.7 ± 2.95 c



	TDS (mg/L)
	369.09 ± 39.79 bc
	409.93 ± 30.02 c
	524.53 ± 87.30 d
	564.53 ± 73.89 d
	582.10 ± 83.41 d
	243.67 ± 40.62 a
	263.0 ± 33.71 a
	273.67 ± 26.08 ab



	DO (mg/L)
	4.03 ± 0.21 bc
	3.93 ± 0.47 bc
	3.73 ± 0.45 ab
	4.07 ± 0.15 bc
	3.30 ± 0.20 a
	4.47 ± 0.33 cd
	4.80 ± 0.37 d
	4.42 ± 0.39 cd



	BOD (mg/L)
	3.28 ± 0.15 ab
	6.59 ± 5.53 b
	2.76 ± 0.54 ab
	3.02 ± 0.17 ab
	2.86 ± 0.09 ab
	4.00 ± 0.81 ab
	3.25 ± 0.67 ab
	2.63 ± 0.12 a



	HCO3− (mg/L)
	4.90 ± 0.26 b
	6.03 ± 1.09 b
	5.41 ± 1.19 b
	9.36 ± 0.95 d
	7.40 ± 0.67 c
	1.72 ± 0.56 a
	1.45 ± 0.29 a
	2.27 ± 0.18 a



	Cl− (mg/L)
	7.42 ± 2.44 b
	9.12 ± 2.84 bc
	9.41 ± 0.73 bc
	11.30 ± 0.70 c
	11.25 ± 1.55 c
	3.09 ± 0.82 a
	2.49 ± 0.34 a
	2.41 ± 0.46 a



	Hardness (mg/L)
	37.97 ± 9.63 b
	46.72 ± 9.27 b
	44.12 ± 6.07 b
	44.60 ± 1.81 b
	25.56 ± 2.69 a
	18.22 ± 3.84 a
	20.10 ± 4.35 a
	26.46 ± 3.29 a







Note(s): In each row, means with a common letter are not significantly different (p > 0.05).
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Table 2. Summary of mean heavy metals ion concentration in surface water of Ogbor River.
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	Heavy Metals
	December
	January
	February
	March
	April
	May
	June
	July





	Fe2+ (mg/L)
	2.250 ± 0.399 ab
	2.433 ± 0.351 b
	2.607 ± 0.313 b
	2.573 ± 0.061 b
	2.683 ± 0.162 b
	2.250 ± 0.202 ab
	2.503 ± 0.015 b
	1.960 ± 0.131 a



	Pb2+ (mg/L)
	0.052 ± 0.011 a
	0.049 ± 0.034 a
	0.329 ± 0.298 ab
	0.436 ± 0.326 b
	0.051 ± 0.011 a
	0.049 ± 0.015 a
	0.051 ± 0.021 a
	0.033 ± 0.008 a



	Cr2+ (mg/L)
	0.048 ± 0.011 ab
	0.059 ± 0.008 b
	0.042 ± 0.005 ab
	0.060 ± 0.021 b
	0.045 ± 0.005 ab
	0.036 ± 0.005 a
	0.043 ± 0.036 ab
	0.032 ± 0.005 a



	Cu2+ (mg/L)
	0.528 ± 0.349 ab
	0.621 ± 0.488 b
	0.800 ± 0.159 b
	0.023 ± 0.152 a
	0.528 ± 0.350 ab
	0.498 ± 0.273 ab
	0.472 ± 0.142 ab
	0.061 ± 0.020 a



	Cd2+ (mg/L)
	0.023 ± 0.002 a
	0.031 ± 0.009 b
	0.036 ± 0.016 b
	0.052 ± 0.005 c
	0.039 ± 0.009 bc
	0.038 ± 0.006 bc
	0.027 ± 0.004 b
	0.025 ± 0.003 b



	Zn2+ (mg/L)
	1.076 ± 0.939 a
	0.359 ± 0.571 a
	0.931 ± 0.209 a
	0.689 ± 1.152 a
	1.086 ± 0.959 a
	0.413 ± 0.319 a
	0.647 ± 0.149 a
	0.111 ± 0.013 a



	Ni2+ (mg/L)
	0.042 ± 0.011 c
	0.023 ± 0.013 b
	0.001 ± 0.00 a
	0.001 ± 0.00 a
	0.003 ± 0.001 a
	0.001 ± 0.00 a
	0.002 ± 0.001 a
	0.007 ± 0.004 a



	Mn2+ (mg/L)
	0.221 ± 0.25 b
	0.078 ± 0.014 ab
	0.060 ± 0.008 ab
	0.065 ± 0.007 ab
	0.064 ± 0.004 ab
	0.056 ± 0.006 ab
	0.043 ± 0.006 ab
	0.018 ± 0.002 a







Note(s): In each row, means with a common letter are not significantly different (p > 0.05).
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