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Abstract
A community-based assessment along with a water quality framework was used to explore the Waimanu River water quality 
and to determine the impacts of the water quality on the communities which rely on the river for livelihood, sustenance, and 
recreation. Since both climatic and non-climatic factors affect the river system, the study used rainfall variability as well as 
land use assessments in addition to the community-based assessment to assess the effects of changing environmental factors 
on the river water quality. It was found that frequent rainfall intensified the runoff into the Waimanu River of contaminants 
arising from unsustainable land use practices in the Waimanu Catchment including agriculture, gravel extraction, logging, 
deforestation, and improper waste management. These led to physicochemical and microbial pollution in the river which 
augmented the vulnerability of the riverine communities to water pollution by hampering their food, water, income, and 
health securities. The river water quality is expected to further deteriorate as future climate change projections predict an 
intensification of annual rainfall events, thereby increasing river water contamination and risks to aquatic life and human 
life. Non-climatic factors that endanger water quality could be controlled by implementing better upstream land and waste 
management strategies on a catchment scale to minimize the adverse impacts of declining water quality on downstream 
communities. Methodologies employed in this study to monitor and maintain river water quality are applicable on a global 
scale to promote the health and security of riverine communities.
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Introduction

Observation of variations in river water quality is essential 
since rivers are very important for the sustainability of eco-
systems and human communities residing along their banks 
while being sensitive to the impacts of climate change and 
climate variability (Emanuel et al. 1985; Whitehead et al. 

2006; ADB and WAF 2016; Begg et al. 2021). Rivers serve 
as a primary habitat source for freshwater organisms while 
humans have a direct dependence on freshwater for drinking, 
fishing, transportation, and recreational and industrial uses 
(Dudgeon et al. 2006). River water quality is usually modu-
lated by natural and anthropogenic factors at both the river 
and catchment scales (Ahearn et al. 2005; Chang 2008; Chen 
and Lu 2014). Poor river water quality has severe impacts 
on the aquatic life and is not considered safe for recreational 
purposes (Nilsson and Renöfält 2008; de Andrade Costa 
et al. 2020; Santy et al. 2020).

Several studies quantitatively demonstrated a negative 
relationship between wet weather conditions and river 
water quality (Ferguson et  al. 1996; Byamukama et  al. 
2000; Kistemann et al. 2002; Wu et al. 2012; Tornevi et al. 
2014; Fan and Shibata 2015; Lebek et al. 2019; Abou Rafee 
et al. 2021). Nobre et al. (2020) observed that water qual-
ity impairment emerging from land use changes occurring 
adjacent to lakes in northeast Brazil was amplified by rainfall 
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events. Shah et al. (2007) and Chen and Lu (2014) employed 
multivariate statistical methods to observe the impact of 
seasonal variations on river water quality parameters, con-
cluding that temporal variations in water quality could be 
ascribed to frequent periods of intense rainfall. The need 
to maintain a high standard of water quality in the face of 
weather and climate variations poses a greater challenge for 
drinking water producers by increasing the costs of water 
treatment, which also involves laboratory water quality test-
ing procedures in order to validate the adequacy of the treat-
ment for the production of clean and safe drinking water 
(Delpla et al. 2009; Tornevi et al. 2014).

Freshwater contamination in the Pacific Islands

In Pacific Island Countries (PICs), pressures from economic 
development and unsustainable land use practices such as 
logging, deforestation, poor agricultural practices, improper 
sanitation facilities, and invasion of exotic species such as 
the water hyacinth (Eichhornia crassipes) coupled with cli-
mate change impacts lead to floods, landslides, soil erosion, 
sedimentation, and consequently, freshwater quality impair-
ment (Mirti and Davies 2005; GEF et al. 2007; Boseto 2009; 
SPC et al. 2012; Connell 2015; Singh and Railoa 2020). 
Higher intensity of rainfall and flooding in PICs as a result 
of seasonal El Niño-Southern Oscillation (ENSO) events 
(BoM and CSIRO 2011) increases runoffs rich in nutri-
ents and chemical fertilizers from agricultural land. Land 
management practices occurring upstream cause adverse 
downstream impacts on receiving waters and communities 
(Carpenter and Jones 2004; Begg et al. 2021).

Baisyet’s research in 2002 revealed that in Fiji, 10% of 
the water demand is satisfied through direct rainfall and 
other sources. While Fiji’s biodiversity is well-known for 
its richness and evolutionary adaptation, it is also an inex-
tricable component of the traditional culture and identity of 
the local inhabitants (DoE 2020). Poor agricultural practices 
lead to the loss of riparian habitat and biodiversity, while 
creating soil erosion which increases the turbidity and sedi-
ment load of river water, reducing the availability of food 
for aquatic organisms (Tuttle-Raycraft and Ackerman 2019). 
The continuous loss of forests and destruction of watersheds 
in Fiji weaken the quality and availability of water supply for 
household and agricultural uses, and protection of riparian 
ecosystems is considered far more cost-effective than con-
structing and operating a water filtration plant (DoE 2020).

There is incidence of flooding caused by heavy rainfall 
and cyclone events during the Austral wet season (November 
to April), which is also the tropical cyclone season (BoM 
and CSIRO 2014; FMS 2020). In Fiji, the cool and rela-
tively dry season is from May to October. Climate variability 
including natural climate patterns such as the ENSO which 
comprises of the El Niño (dry in Fiji) and La Niña (wet in 

Fiji), together with climate change are contributing to the 
variations in rainfall patterns which are projected to increase 
in the wet season and decrease in the dry season constitut-
ing a threat to river water quality in Fiji (Lata and Nunn 
2012; BoM and CSIRO 2014; ADB and WAF 2016; GoF 
2018; Chand et al. 2020). It is very likely that more frequent 
intense flood events caused by heavy rainfall will result in 
increased freshwater pollution (Douville et al. 2021). It has 
also been predicted with high confidence that higher water 
temperatures would intensify water pollution, aggravate 
water quality problems such as algal blooms, and reduce the 
concentration of dissolved oxygen (ADB 2013). This would 
exert more pressure on drinking water producers to provide 
clean and safe water to consumers (Mosley et al. 2004a, b).

Mosley et al. (2004a, b) evaluated the impact of tropi-
cal cyclone Ami on drinking water quality in Vanua Levu, 
Fiji, and discovered a significant deterioration of river water 
quality. The local water supplying utility faced difficulties 
in treating the contaminated river water to maintain a reli-
able supply of clean and safe drinking water to households. 
Moreover, Mosley and Aalbersberg (2003, 2005) analyzed 
the nutrient (nitrate and phosphate) concentrations at several 
riverine and coastal sites in Viti Levu, Fiji. They concluded 
that rivers had larger concentrations of nutrients attributed 
to the accumulation of human activities and large population 
in the study sites. In Fiji, a large proportion of the popula-
tion relies on river water for subsistence, washing, bathing, 
and watering of livestock, livelihoods, transport of goods to 
markets, and recreational purposes.

Previous studies in Fiji have emphasized the hydrologi-
cal elements of floods and intense rainfall events. However, 
there has not been any study in Fiji to elucidate the impacts 
of rainfall and human activities on river water quality, and 
the consequences on riverine communities. Our study 
employs both qualitative and quantitative assessments to 
explore the water quality in the Waimanu River in Fiji to 
support the formulation of efficient resource management 
strategies to control river water contamination at the catch-
ment scale.

Study area

Geophysical characteristics of the Waimanu 
Catchment

The Waimanu Catchment is situated on the south-eastern 
windward side of Viti Levu, which is one of the two main 
islands in the Fiji archipelago (see Fig. 1). The windward 
side of Viti Levu Island is in the foothills of the central chain 
of mountains, topped by 1324 m high Mount Tomanivi, pre-
viously known as Mount Victoria (Soil Bureau, Department 
of Scientific and Industrial Research 1961). This topography 
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creates a strong orographic effect, which maintains a regime 
of diurnal precipitation and modulates the amount of water 
entering the catchments below (Barros 2013). The Waimanu 
Catchment lies within the Nausori-Naitasiri topography and 
is a sub-catchment of the Rewa Watershed (Atherton et al. 
2005), receiving one of the highest rainfalls in Fiji, ranging 
between 2500 and 4000 mm annually (JICA et al. 1998; 
Nausori Town Council 2012; ADB and WAF 2016). The 
Waimanu River (− 18°00′60.00″ South and 178°30′59.99″ 
East) has a total length of approximately 54 km (SPC et al. 
2012). Figure 1 demonstrates the four riverine villages of 
the Waimanu Catchment examined in this study, having a 
total area of 165  km2 (SPC et al. 2012). Navatuvula is the 
upstream community since there are no villages situated 
above it and Navuso is the downstream community located 
closest to the mouth of the river. Midstream communities 
(Sawani and Vuniniudrovu) are situated between the upper 
and downstream communities of the river (Begg et al. 2021).

Socio‑ecological functions of the Waimanu River

The river water is pumped from the Waimanu and Waila 
intakes (shown in Fig. 2) to the Tamavua and Waila water 
treatment plants, respectively. After receiving treatment, the 
drinking water is supplied to the greater Suva area and to 
the eastern part of Viti Levu, which include a population of 
nearly 400,000 people (SPREP 2014). It is also a source of 
freshwater fishery on which the four riverine villages con-
sisting of 192 households are dependent for subsistence and 

livelihood according to the Fiji Bureau of Statistics (2018). 
The freshwater clam (Batissa violacea), locally known as the 
“kai ni wai dranu” (ADB and WAF 2016) is a major source 
of protein in the diet of the local rural families (Lako et al. 
2019). It also serves as the basis of substantial commercial 
fishery which is mostly operated by the indigenous (iTaukei) 
women in rural communities (Vunisea 2004; ADB and WAF 
2016). The highest number of kai harvesters is found in the 
Naitasiri Province who harvest about 11,125 kg per week, 
amounting to around 78.6% of the total national value har-
vested (Lako et al. 2019). Freshwater fisheries are contingent 
on clean and oxygenated water for their survival (SPREP 
2014; ADB and WAF 2016). Besides food harvesting, the 
Waimanu River is also used for recreational purposes such 
as boating, sport fishing, and swimming.

Data and methodology

Initially, secondary data was reviewed from journal articles 
and government reports to identify the impacts of climate 
change, climate variability, and human activities on the 
river water quality as well as to detect the consequences 
of the water quality on the communities in the Waimanu 
Catchment. In order to gather both qualitative and quantita-
tive data, four methods were employed: (1) a participatory 
community-based assessment from Begg et al. (2021), (2) 
rainfall variability, (3) land use assessment, and (4) river 
water quality assessment. A participatory community-based 

Fig. 1  Location of the Waimanu 
River Catchment in Viti Levu, 
Fiji (adapted from Begg et al. 
(2021))
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assessment method provides opportunities for participants 
to reveal the social, economic, and environmental issues 
which they tend to face, and focus group discussions are the 
primary research tool used to conduct vulnerability assess-
ments at local rural community levels (Van Aalst et al. 2008; 
Fazey et al. 2010).

The focus group discussions conducted as part of the 
community-based assessment in this study were based on a 
list of open ended as well as checklist type multiple choice 
close-ended questions to gather data on people’s percep-
tions on the variability of rainfall and human activities in the 
catchment, the water quality of the Waimanu River, and the 
impacts of the water quality on the communities. The assess-
ment process lasted approximately 5 weeks and encom-
passed eighty males and seventy-four females to enable 
mixed group discussions. A local research assistant familiar 
with the local iTaukei language and customary protocols was 
involved to help facilitate the discussions. Purposive sam-
pling was used to select only knowledgeable people includ-
ing community elders, leaders, and government and health 
workers as reliable sources of information when assessing 

the impacts of environmental changes on communities. The 
sampling procedure also ensured that respondents had been 
continuous residents of the selected communities for at least 
30 years (Begg et al. 2021). The age category of participants 
ranged between 30 and 68 years (see Table 1).

Data collection and quality

Rainfall data

Focus group discussions (Table 1) were used at the commu-
nity level to obtain qualitative data that is, people’s opinions 
on rainfall trend in the Waimanu Catchment. Rainfall causes 
sudden alterations of the physical, chemical, and microbio-
logical parameters of water by producing runoffs which fur-
ther accelerate the transportation of contaminants from the 
land into the river systems (Kistemann et al. 2002; Wu et al. 
2012; Tornevi et al. 2014). Therefore, daily rainfall data for 
the Waimanu Catchment was obtained from the Fiji Mete-
orological Service Headquarters for a 27-year time period 
(1994–2020) to perform the time series of the number of 

Fig. 2  Geospatial map of the 
Waimanu Catchment (modified 
after Begg et al. (2021)

Table 1  Number of focus 
groups and participants for each 
study site (adapted from Begg 
et al. (2021))

Village Focus groups Number of 
participants per 
group

Total number 
of participants

Total males Total females Age group

Navatuvula 6 5 30 13 17 35–60
Sawani 9 6 54 29 25 40–55
Vuniniudrovu 7 5 35 16 19 45–68
Navuso 7 5 35 22 13 30–65
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days per year when rainfall exceeded 100 mm. This was the 
longest period of data available for this station. Rainfall data 
is generated at the hydrology gauging station located at the 
Waimanu Intake (Fig. 2).

River water data

Water quality parameters such as turbidity, temperature, dis-
solved oxygen (DO), total suspended solids (TSS), biochem-
ical oxygen demand (BOD), orthophosphates (OP), and fecal 
coliforms (FC) are monitored by the National Water Quality 
Laboratory at the Water Authority of Fiji (WAF) which pro-
vided the data analyzed for this paper. The provision of qual-
ity drinking water to households is carried out by the WAF 
which is the sole drinking water utility in Fiji. Apart from 
provisioning drinking water across the country, the WAF 
also provides wastewater treatment services but the latter 
are limited to urban areas. The sampling analysis methods 
were identical during the duration of the data period (refer 
to Table A1 in Appendix A of the Supplementary Materi-
als). Water samples to be tested for turbidity, TSS, OP, and 
FC were preserved in a cooler at a temperature of 4 °C and 
analyzed within 24 to 48 h after collection in sterilized glass 
bottles. Tests for temperature and DO were conducted onsite 
that is, at the intakes during sampling.

The water quality sampling results utilized in this study 
are for the river water samples collected from two points 
sourced from the Waimanu River (Fig. 2). River water 
pumped from the Waimanu water intake point is trans-
ferred to the Wailoku Depot (Tamavua Water Treatment 
Plant) which is situated outside the Waimanu Catchment 
Area, approximately 6.7 km from the Waimanu Intake. The 
Waimanu Intake pumps on average 36,000  m3 on a daily 
basis and the Tamavua Treatment Plant has a capacity of 
60 ml per day. The second point of collection that is, the 
Waila Intake, is situated downstream from the Waimanu 
Intake. This station draws on average 90,000  m3 of water 
per day and pumps it to the Waila Treatment Plant located 
within the catchment, about 1.5 km from the Waila Intake 
(Fig. 2). The Waila Treatment Plant has a capacity of 100 ml 
per day.

When river water enters the intake chambers, it flows 
through metal screens which remove fish and debris such 
as sticks and leaves. The Waimanu and Waila intakes com-
prise of electrically operated submersible pumps which 
draw water from the Waimanu River and pump it to the 
corresponding Tamavua and Waila treatment plants. At the 
plants, pre-chlorination is done to destroy disease causing 
organisms and to control taste and odor causing substances. 
Subsequently, chemicals such as aluminum sulfate, sodium 
carbonate, and copper sulphate are mixed at the flash mixer. 
Sedimentation and coagulation processes are performed 
using clarifiers or sedimentation tanks. Next, rapid sand 

filtration is conducted using filter beds to filter out any 
remaining suspended particles. Finally, lime addition and 
post-chlorination dosing are done through an injector at the 
main line to complete the treatment process before pumping 
the treated water to the storage reservoirs for distribution to 
the customers.

Land use data

Analogous to the rainfall data, the same focus groups 
(Table 1) were used to obtain people’s perceptions on the 
impacts of human activities on the water quality. Further-
more, biophysical data for the Waimanu Catchment was 
obtained from the Ministry of Lands and Mineral Resources 
to compile a geospatial map to depict the land use factors 
affecting the water quality of the Waimanu River.

Water quality assessment

A community-based participatory approach was utilized to 
gather perception data of communities on the water quality 
of the Waimanu River via the same focus groups mentioned 
earlier in the “Data and methodology” section. A concep-
tual framework was also utilized to quantitatively assess 
the water quality data of the Waimanu River and the results 
are demonstrated in the “Water quality at the upstream and 
downstream intakes” section.

Water quality framework

The water quality of a river describes the physical, chemical, 
and biological features of the water relative to its intended 
usage such as drinking, recreation, or for the sustainability of 
freshwater life (MoH 2005). Fiji does not have its own water 
quality assessment criteria for river water quality param-
eters. Therefore, it adheres to the water quality guidelines 
from the World Health Organization (Fewtrell and Bartram 
2001), which are limited to the oxygen levels and microbial 
parameters such as FC to enable the assessment of aquatic 
life maintenance and recreational usages of the river water 
(MoH 2005; SPREP 2014). The European Union and the 
Organization for Economic Co-operation and Development 
(EU-OECD) (EU 1989; OECD 2008) and the United States 
Environmental Protection Agency (US EPA 1997, 2021) 
have also summarized the standards for several water qual-
ity parameters relating to the quality of river water intended 
for the abstraction of drinking, maintenance of aquatic life, 
and recreational usage.

River water extracted for drinking purposes is treated to 
eliminate or reduce the concentrations of contaminants and 
then tested according to the drinking water quality guide-
lines of the WHO prior to the distribution of the treated 
water to households for consumption. In contrast, untreated 
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river water is directly used for recreation and its quality is 
also fundamental for the survival of aquatic life. When val-
ues for the water quality parameters including turbidity, tem-
perature, TSS, BOD, OP, and FC exceed the standard criteria 
values for the specific usability, and values for DO are lower 
than the given criteria (refer to Table A2 in Appendix A of 
the Supplementary Materials), it is an indication of river 
water contamination. Subsequently, this impedes the usage 
of the river water for the intended purposes.

Scrutinizing impacts of river water quality

Perception data on the impacts of the water quality of the 
Waimanu River on the livelihoods and well-being of the com-
munities was obtained using the same focus groups (Table 1). 
Qualitative data was also acquired from the National Water 
Quality Laboratory at the WAF to determine the impacts of 
the river water quality on the water treatment utility.

Statistical methods

Data for all water quality and rainfall variables were sorted for 
analyses and the measures for central tendency and variability 
were computed to provide a brief summary of the dataset (refer 
to Table A3 in Appendix A of the Supplementary Materials). 
Time series data helped to visualize the temporal trend of the 
variables which enhanced the comprehension of the long-term 
and short-term variations in water quality indicators attributed 
to changes in rainfall). Analysis of variance (ANOVA) was 
utilized to explain the impacts of seasonal changes in rainfall 
(wet versus dry) on water quality variations.

The primary measures of variability comprised of the 
minimum and maximum values (interval), and the coeffi-
cient of variation (CV). The study also employed the regres-
sion analyses to evaluate the long-term impact of a single 
predictor (rainfall) on seven response variables (water qual-
ity parameters) in the Waimanu River Catchment (Lavrakas 
2008). Prior to conducting the regression analyses, all rainfall 
and water quality data were log-transformed using the natural 
logarithm to enable a near normal distribution and to reduce 
skewness. The statistical software for statistics and data sci-
ence (STATA) was used to conduct the regression analyses.

The regression analyses were performed to obtain the esti-
mated coefficients, t-statistics, standard errors, and probabilities 
for the predictor of the model. The output included seven equa-
tions, one for each outcome variable. The coefficients explained 
the amount and direction of variation in the predicted value of a 
water quality parameter relevant to a unitary change in rainfall. 
The coefficient of determination (R-squared) statistically meas-
ured the goodness of fit of the models in predicting the data points. 
The statistical analysis results are tabulated and presented in the 
following “Causality between rainfall and water quality” section.

Results and discussion

Impacts of rainfall on water quality

People’s perceptions on rainfall

Participants from all four villages in the Waimanu Catch-
ment area have observed rainfall becoming more frequent 
and intense over the years. A village elder who is a retired 
school teacher commented that “severe rainfall events have 
become more frequent over the past 50 years due to which 
the Waimanu Riverbanks easily overflow causing flooding 
in the catchment.”

Causality between rainfall and water quality

Figure  3 shows the time series of the number of days 
per year between the period 1994 to 2020 when rainfall 
exceeded 100 mm. The intensity of rainfall in the catchment 
has increased over the past three decades predominantly in 
the wet season (refer to Table A4 in Appendix A of the Sup-
plementary Materials).

This results in major discharges increasing runoff into 
the river (ADB and WAF 2016). The wet season which is 
also the cyclone season has a peak period between January 
and March (BoM and CSIRO 2014; FMS 2020). However, 
occasional formation of tropical cyclones outside the normal 
cyclone season that is, in the dry season months between 
May and October, is starting to appear as a result of climate 
change (FMS 2020). Some examples of off-season tropical 
cyclones in Fiji include category two tropical cyclone (TC) 
June which occurred in May 1997, category three TC Keli in 
June 1997, category two TC Lusi in October 1997, and cate-
gory two TC Ella in May 2017 (Terry and Kostaschuk 2004; 
FMS 2017). This consequently increases dry season rainfall 
since tropical cyclones are accompanied with rainfall and 
floods. Nevertheless, the amounts of dry season rainfall are 
lower and less severe compared to the wet season rainfall. 
The time series analyses (see Fig. 4) reveal the 12-month 
periodicity in the plots of the variables over several years 
indicating that intense rainfall events and substantial lev-
els of river water contamination have occurred in specific 
months that is, during the wettest months of a year.

According to the seasonal patterns in Fiji, November is 
the month recording the first severe rainfall every year upon 
the beginning of every wet season with progressive increases 
in the intensity of rainfall and in the levels of turbidity, tem-
perature, FC, TSS, OP, and BOD, and reductions in the 
concentration of DO in the river water, in the subsequent 
months. As the relatively dry season approaches in May, the 
contamination level of the river water also starts to decline. 
Therefore, short-term variations in all the raw water quality 
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parameters (between the period 2002 to 2020 for turbidity, 
temperature, and FC; and between 2009 and 2020 for TSS, 
OP, DO, and BOD) in the Waimanu River were ascribed to 
the seasonal changes in rainfall in the Waimanu Catchment. 

Moreover, the minimum level of DO in the river water and 
the anomalous peaks in rainfall, turbidity, temperature, FC, 
TSS, OP, and BOD in 2016 were associated with the occur-
rence of the TC Winston in February 2016 (FMS 2020). For 

Fig. 3  Number of days per year 
with rainfall exceeding 100 mm 
in Waimanu Catchment

Fig. 4  Time series analyses of rainfall variable and water quality 
parameters in the Waimanu River Catchment (note: each variable has 
been linear transformed by expressing it as a percentage of its mean 

value) (data source: Fiji Meteorological Service (2020) and Water 
Authority of Fiji (2020))
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time series data transformed by the natural logarithm, refer 
to Fig. B1 in Appendix B of the Supplementary Materials.

Analysis of variance was used to compare the varia-
tions in the water quality of the Waimanu River in each 
of the dry and rainy seasons. Tables 2 and 3 given below 
present the ANOVA of the seasonal changes in rainfall 
and variations in water quality parameters at the upstream 
and downstream water intake points, respectively. The 
extent of variability is highest among the observations 
of TSS and OP parameters (CV > 100%). All water qual-
ity parameters revealed significant seasonal variations 
(p < 0.05). Maximum values for turbidity, temperature, 
FC, TSS, OP, and BOD were reported in the wet season 
(November to April), whereas DO concentration levels 
were generally highest in the dry season (May to Octo-
ber). Minimal rainfall in the dry season indicated a less 
polluted river water quality.

Figures 5 and 6 illustrate the relations between rainfall 
and the water quality parameters at the Waimanu and Waila 
intakes, respectively. Turbidity, temperature, FC, TSS, OP, 
and BOD were positively correlated to rainfall while DO had 
an inverse correlation with rainfall.

Moreover, heavy rainfall accounts for most of the 
effect on water quality variables since a sharp increase 
in turbidity, temperature, TSS, BOD, OP, and FC and 
a sharp decrease in the levels of DO in the Waimanu 
River were observed above a rainfall of about 350 mm 
per month. The regression analyses for the upstream and 
downstream intakes shown in Tables 4 and 5 correspond-
ingly demonstrate that the rainfall variable alone eluci-
dates most of the variance in the overall water quality of 
the Waimanu River. Each of the seven univariate models 
was significant at the 5% probability level. Although the 
R-squared value for TSS was the lowest in comparison 
to the other water quality parameters at the upstream 
Waimanu Intake, the percentage of unexplained variance 
(22%) in the concentrations of TSS in the river water 
was still very small by climatological standards (refer to 
Fig. B2 in Appendix B of the Supplementary Materials). 
At the downstream Waila Intake, the R-squared value for 
OP (68%) was the least in comparison to the other water 
quality parameters. However, rainfall variable still had 
a pivotal role in influencing the concentration of OP in 
the downstream river water between the period 2010 to 

Table 2  Analysis of variance of 
seasonal changes and variations 
in rainfall and water quality 
parameters at the upstream 
Waimanu Intake (data source: 
Fiji Meteorological Service 
(2020) and Water Authority of 
Fiji (2020))

(The assessment period was 19 years (2002–2020) for rainfall, turbidity, temperature, and fecal coliform 
(FC); and 12 years (2009–2020) for total suspended solids (TSS), orthophosphates (OP), dissolved oxygen 
(DO), and biochemical oxygen demand (BOD))

Water quality parameters Dry season Wet season

Average {CV (%)} Interval Average {CV (%)} Interval

Turbidity (NTU) 8.3{64} 0.25–32 16.6{60} 4.1–52.4
Temperature (°C) 24.1{8} 20–28.2 26.1{6} 23–29.5
DO (mg/L) 8.5{14} 5.44–11.4 6.6{21} 4.2–9.1
TSS (mg/L) 14.7{99} 0.4–105 59.9{108} 9.9–237.1
BOD (mg/L) 0.9{37} 0.1–1.9 1.5{28} 0.8–2.4
OP (mg/L) 0.3{217} 0.002–4.4 3.4{167} 0.07–25.5
FC (CFU/100 ml) 167{74} 21–566 331{50} 72–655
Meteorological variable
Rainfall (mm) 228{31} 74–381 307{19} 171–433

Table 3  Analysis of variance of 
seasonal changes and variations 
in rainfall and water quality 
parameters at the downstream 
Waila Intake between 2010 
and 2020 (data source: Fiji 
Meteorological Service (2020) 
and Water Authority of Fiji 
(2020))

Water quality parameters Dry season Wet season

Average {CV (%)} Interval Average {CV (%)} Interval

Turbidity (NTU) 38.5{61} 0.42–96.7 87.1{64} 24–334
Temperature (°C) 26.4{6} 22–28.8 28.1{4} 26–30.5
DO (mg/L) 7.5{17} 4.76–10.5 5.6{23} 3.2–8.4
TSS (mg/L) 86.9{66} 4.4–232 183.1{43} 49.4–491.4
BOD (mg/L) 0.9{37} 0.3–2.2 1.6{47} 0.6–3.51
OP (mg/L) 0.1{120} 0.002–0.93 2.1{237} 0.07–28.5
FC (CFU/100 ml) 312{37} 59–581 546{49} 250–1918
Meteorological variable
Rainfall (mm) 253{24} 111–364 330{15} 227–429
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2020. Furthermore, the variations in the river water qual-
ity could also be explicated by human activities such as 
the land use features of the Waimanu Catchment.

Impacts of human activities on river water quality

People’s perceptions

One of the participants who is in her late thirties and 
employed in the private sector stated that “cattle, piggery 
and poultry farming on the riverbank areas deteriorate the 
river water quality by reducing the vegetation cover on the 
riverbanks.” A middle-aged villager who is a nurse added 
that “wastewater released from open drains used by house-
holds flow into the river during heavy rainfall events result-
ing in poor water quality.”

Land use practices in the Waimanu Catchment

Riverbank areas in midstream communities are mostly grass-
land unlike the presence of dense forest along the banks of 
the Waimanu and Rewa rivers in Navatuvula and Navuso vil-
lages. Arable farming is practiced throughout the catchment 
while pastoral farming is prevalent upstream of Sawani Vil-
lage, both of which require frequent clearing of large areas 
of land and forests in order to cultivate root crops and to 
establish commercial livestock farms (Nath 2008; ADB and 
WAF 2016; Begg et al. 2021). Topsoil in areas with sparse 
vegetation is more prone to erosion while highly vegetated 
areas tend to absorb most of the runoff and prevent the con-
tamination of water bodies (Nunn 2009).

Soil and riverbank erosion induced by unsustainable land use 
practices including shifting cultivation, logging activities, large-
scale deforestation, and gravel extraction activities happening 

Fig. 5  Plots of relations between rainfall and water quality parameters 
measured at the upstream Waimanu Intake. From top left a turbid-
ity (NTU), b temperature (°C), c dissolved oxygen (DO) (mg/L), d 
total suspended solids (TSS) (mg/L), e biochemical oxygen demand 

(BOD) (mg/L), f orthophosphates (OP) (mg/L), g fecal coliforms 
(FC) (CFU/100 ml) (data source: Fiji Meteorological Service (2020) 
and Water Authority of Fiji (2020))
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above the Waimanu and Waila intakes are considered nonpoint 
sources of turbidity as they increase the rate at which suspended 
particulate matter enters the river system through sedimentation 
and siltation (Morrison and Clarke 1990; JICA et al. 1998; Begg 

et al. 2021). Suspended solids convey attached nutrients such as 
OP into the river water causing pollution (Uusitalo et al. 2000) 
(see relationship between TSS and OP in Fig. B3 in Appendix 
B of the Supplementary Materials).

Fig. 6  Plots of relations between rainfall and water quality parameters 
measured at the downstream Waila Intake. From top left a turbid-
ity (NTU), b temperature (°C), c dissolved oxygen (DO) (mg/L), d 
total suspended solids (TSS) (mg/L), e biochemical oxygen demand 

(BOD) (mg/L), (f) orthophosphates (OP) (mg/L), g fecal coliforms 
(FC) (CFU/100 ml) (data source: Fiji Meteorological Service (2020) 
and Water Authority of Fiji (2020))

Table 4  Regression analyses 
against upstream rainfall of 
water quality parameters 
measured at the upstream 
Waimanu Intake, using 
logarithms of monthly values 
for each variable (data source: 
Fiji Meteorological Service 
(2020) and Water Authority of 
Fiji (2020))

(The data period for the analyses was 19 years (2002–2020) for rainfall, turbidity, temperature, and fecal 
coliform (FC); and 12  years (2009–2020) for total suspended solids (TSS), orthophosphates (OP), dis-
solved oxygen (DO), and biochemical oxygen demand (BOD))

Water quality parameters Number of observa-
tions

Regression equation R-squared

Turbidity (NTU) 228  − 4.730 + 2.373Rainfall 0.9680
Temperature (°C) 228 0.824 + 0.239Rainfall 0.9671
DO (mg/L) 144 2.799—0.787Rainfall 0.8088
TSS (mg/L) 144  − 7.669 + 3.655Rainfall 0.7848
BOD (mg/L) 144  − 4.402 + 1.819Rainfall 0.9598
OP (mg/L) 144  − 17.417 + 6.891Rainfall 0.8740
FC (CFU/100 ml) 228  − 3.100 + 2.237Rainfall 0.9468
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Higher concentrations of OP are mostly influenced by 
runoffs from improper disposal of untreated human sewage 
and agricultural farms including animal waste, fertilizers, 
herbicides, weedicides, and pesticides (SPREP 2014). Natu-
ral processes such as weathering of volcanic parent material 
within the catchment also contribute to the increased con-
centrations of OP in the river water (Raj 2004). Cultivation 
of large informal gardens and livestock management prac-
tices in the catchment and absence of sanitation facilities 
such as connection of the communities to an established 
sewer system to enable the proper collection and the treat-
ment of wastewater also affect the concentration of fecal 
coliform bacteria in river water (Nath 2008; SPREP 2014; 
ADB and WAF 2016).

Water quality of the Waimanu River

People’s perceptions on water quality

Participants revealed that following a heavy rainfall event, 
the river water has a muddy appearance. This makes the 
river water unsuitable for domestic, recreational, and cul-
tural usages increasing the misery of the villagers. Partici-
pants from the Sawani and Vuniniudrovu villages have also 
described that increased sedimentation and siltation in the 
river system resulting from unsustainable land use changes 
happening in the upstream and midstream sections of the 
catchment have increased the frequency of flooding during 
intense rainfall events.

Water quality at the upstream and downstream intakes

The seven water quality parameters were assessed based 
on their suitability for the specific usages of the river 
water including drinking water abstraction and support 
of aquatic life and recreational purposes in accordance 
with the international water quality guidelines (Table A2 
in Appendix A of the Supplementary Materials). Figure 7 
depicts the percentage of observations for turbidity, tem-
perature, TSS, OP, and FC parameters at the Waimanu 

Intake, which had exceeded the maximum permissible 
limits relating to the three categories of river water usage. 
River water at the Waimanu Intake was well oxygenated 
between 2009 and 2020 since the values for DO and BOD 
remained within the minimum and maximum permissible 
limits, respectively, for all the three categories of river 
water usage.

Physical contamination of the river water was evi-
dent with substantial exceedances in turbidity and tem-
perature values in terms of drinking water abstraction 
usage. However, river water sourced for drinking water 
abstraction was always treated by the WAF at the Tama-
vua Treatment Plant prior to distribution for human 
consumption to ensure that the treated water adhered 
to the drinking water quality guidelines. Furthermore, 
frequent (57%) exceedances in OP resulted in nutrient 
pollution which constituted a risk to the survival of 
aquatic organisms. For recreational purposes, microbial 
pollution was detected at the Waimanu Intake when 
values of FC surpassed the maximum limit in almost 
50% of the months between 2002 and 2020 which posed 
health risks to the villagers. The frequency of turbid-
ity, temperature, DO, TSS, OP, and FC parameters at 
the Waila Intake, which had exceeded the maximum 
permissible limits over the 11-year period (2010–2020) 
relevant to the three categories of river water usage, is 
shown below (Fig. 8). Overall, higher river water tem-
perature, levels of turbidity, and concentrations of TSS 
and FC along with lower concentration of dissolved 
oxygen were detected downstream of the Waimanu 
River.

The values for BOD remained within the maximum per-
missible limits for all the three categories of river water 
usage. There were substantial exceedances in turbidity, 
temperature, and TSS values in terms of drinking water 
abstraction usage, which resulted in the physical contami-
nation of the downstream river water. However, the raw 
river water was always treated at the Waila Treatment Plant 
to ensure that clean and safe drinking water was supplied 
to the consumers. Aquatic life was threatened by frequent 

Table 5  Regression analyses 
against downstream rainfall 
of water quality parameters 
measured at the downstream 
Waila Intake between 2010 
and 2020, using logarithms 
of monthly values for each 
variable (data source: Fiji 
Meteorological Service (2020) 
and Water Authority of Fiji 
(2020))

Water quality parameters Number of observa-
tions

Regression equation R-squared

Turbidity (NTU) 132  − 6.501 + 3.332Rainfall 0.9550
Temperature (°C) 132 0.881 + 0.226Rainfall 0.9870
DO (mg/L) 132 3.038—0.911Rainfall 0.8426
TSS (mg/L) 132  − 6.097 + 3.307Rainfall 0.9935
BOD (mg/L) 132  − 4.265 + 1.754Rainfall 0.8285
OP (mg/L) 132  − 12.674 + 4.884Rainfall 0.6772
FC (CFU/100 ml) 132  − 2.068 + 1.895Rainfall 0.9326
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exceedances in FC (64%) and turbidity (51%) which led to 
microbial and nutrient pollution at the Waila Intake. The 
river water at the Waila Intake was also observed risky for 
recreational usage since the values of FC exceeded the max-
imum permissible limit for recreation in 70% of the months 
between 2010 and 2020.

Impacts of water quality of the Waimanu River

People’s perceptions on the impacts on communities

Participants from midstream communities (Sawani and Vun-
iniudrovu) revealed that due to the contamination of the river 

Fig. 7  Frequency of water quality parameters exceeding the water 
quality criteria for three categories of river water usage at the 
upstream Waimanu Intake (note: turbidity was assessed using the 
United States Environmental Protection Agency water quality crite-
ria; temperature, total suspended solids (TSS), and orthophosphates 
(OP) were assessed based on the European Union and the Organiza-
tion for Economic Co-operation and Development (EU-OECD) crite-

ria; fecal coliforms (FC) were evaluated based on the EU-OECD cri-
teria for drinking water abstraction and aquatic life maintenance, and 
the World Health Organization criteria for recreation. The water qual-
ity assessment period was 19  years (2002–2020) for turbidity, tem-
perature, and FC; and 12 years (2009–2020) for TSS and OP) (data 
source: Water Authority of Fiji (2020))

Fig. 8  Frequency of water quality parameters exceeding the water 
quality criteria for three categories of river water usage at the down-
stream Waila Intake between 2010 and 2020 (note: turbidity was 
assessed using the United States Environmental Protection Agency 
water quality criteria; temperature, total suspended solids (TSS), and 
orthophosphates (OP) were assessed based on the European Union 

and the Organization for Economic Co-operation and Development 
(EU-OECD) criteria; fecal coliforms (FC) were evaluated based on 
the EU-OECD criteria for drinking water abstraction and aquatic life 
maintenance, and the World Health Organization criteria for recrea-
tion) (data source: Water Authority of Fiji (2020))
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water, the population of freshwater fish and kai has gradually 
declined. One of the villagers specified that “following a 
heavy rainfall or flooding event it becomes difficult for the 
fishermen to fish in turbid water. This creates greater chal-
lenges for households who are contingent entirely on fishing 
to meet their nutritional and dietary necessities. In all four 
villages, fishing serves as the second major source of food 
and income for the households besides earning wages and 
salaries from employment. Moreover, fishing is also valued 
for its social, recreational and cultural significance in the 
Waimanu Catchment.” Fishermen from the midstream and 
downstream communities stated that in order to catch fish, 
they need to go fishing further upstream of the Waimanu 
and Rewa rivers. As a result of the long distance, it becomes 
expensive when the fishermen fuel the boats to go further 
from their villages. Furthermore, the midstream and down-
stream communities are less reliant on the river for recrea-
tional usage as a result of the pollution in the river water. 
One of the village headmen mentioned that “all the com-
munities in the Waimanu Catchment have access to piped 
water from the Suva-Nausori water supply that is, treated 
at Waila therefore, they do not have to depend solely on the 
river water to meet their water needs as the river water no 
longer seems safe to use for swimming, bathing, washing, 
cleaning, cooking and agricultural purposes.”

Effects of declining river water quality on water utilities, 
freshwater organisms, and people’s health

Excessive rainfall in the wet season accelerates the flow of 
debris in the river causing blockage at the water intakes. 
This delays the water pumping process and the WAF deploys 
its divers who risk their lives while attempting to clear these 
blockages. Frequent intense flooding and erosion at the 
Waimanu and Waila intakes during the rainy seasons have 
led to major disruptions to the collection of potable water 
resulting in an intermittent supply of water to households 
since the treatment plant systems require emergency repair 
works following the occurrences of intense rainfall and flood 
events (Nath 2008; ACP-EU 2018). As a result, there have 
been frequent water supply shortages and breakdowns which 
lead to varying operations of the water intakes and treatment 
plants across the wet and dry seasons.

During periods of severe rainfall events, chlorine dosing 
rate is increased. Incidences when levels of turbidity, OP, 
and TSS exceeded the drinking water abstraction criteria at 
the intakes over the study period and the filtration capacities 
of the Tamavua and Waila water treatment plants were bur-
dened. High levels of turbidity in the river water overloaded 
the clarifiers necessitating increased dosage of coagulant. 
Therefore, low turbidity in the raw untreated water is manda-
tory to enable effective disinfection (MoH 2005). The pro-
cessing and treatment of more polluted water sourced from 

the Waimanu River is prolonged and expensive in ensuring 
cleanliness and safety for consumption which consequently 
delays the supply of treated water (ACP-EU 2018; JICA 
et al. 2020; WAF 2021). The loss of electricity is also a 
typical issue during the wet cyclone season attributed to the 
occurrence of natural disasters, which further impedes the 
treatment process and causes interruptions in the supply of 
treated water to customers.

Increased concentration of TSS into the river water 
destroys the habitats of aquatic organisms, which 
decreases the availability of freshwater fish and inver-
tebrates such as kai, mussels, and eels in the river (Mos-
ley et al. 2004a, b; SPREP 2014). A major decline in 
the production of kai was observed between 1992 and 
1993 ascribed to the extreme flooding during the occur-
rence of Tropical Cyclone Kina (ADB and WAF 2016). 
Furthermore, microbial pollution poses health risks to 
people. Higher concentrations of FC in the river water 
increase risks of diarrhea and urinary tract infection to 
people who consume the polluted fish and kai from the 
river (Naqasima 1996; WHO 2008; Waqalevu 2015). 
Moreover, when whole-body contact is made with rec-
reational waters through bathing, swimming, and fish-
ing, the risk of swallowing water exists (WHO 2021). 
Ingestion may result in gastrointestinal infection whereas 
bodily contact could lead to skin, eye, or wound infec-
tions (WHO 2017).

The need for an integrated approach

When exploring the water quality of a river, it is vital to 
consider both climatic and non-climatic factors affecting the 
river system since non-climatic factors could be controlled 
(Begg et al. 2021) to ameliorate the river water quality in 
a catchment and subsequently, to limit the adverse impacts 
of poor water quality on the dependent communities. 
Land use assessment on a catchment scale is essential to 
determine the location of stressors in the catchment which 
contribute to the deterioration of the river water quality. 
The evaluation of climate variables such as rainfall is also 
important to determine its role in exacerbating the qual-
ity of the river water. Similarly, a water quality assessment 
assists in evaluating the suitability of the river water for 
various uses, and to ascertain the vulnerability of commu-
nities which depend on the river water. The water quality 
assessment also helps in identifying the contaminants in the 
river water and detecting the sources of the contaminants 
on land which require rectification. Therefore, employing 
an integrated approach helps to comprehend the impacts 
of climate-related hazards including rainfall and flooding 
along with the land use patterns on the river water quality 
at a catchment scale, and to assess the impacts of the water 
quality on communities which are dependent on the river 
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system. Using a mixed-method approach provides a more 
comprehensive representation of the vulnerability of riv-
erine communities (Begg et al. 2021) to river water pollu-
tion in a catchment area as the scale of vulnerability differs 
across communities depending on their proximity to the 
river and to the environmental stressors. Moreover, captur-
ing the perceptions of people residing within a catchment 
is crucial for future policymaking in addition to conducting 
quantitative assessments.

Effects of rainfall and land use practices 
in the Waimanu Catchment

Land use activities including deforestation, logging, gravel 
extraction, poor agricultural practices, and improper waste 
disposal from the households and timber sawmill deterio-
rated the water quality of the Waimanu River by producing 
increased runoffs, causing erosion, sedimentation, siltation 
and pollution. Hence, the water quality of the river remained 
poor even during the non-rainy or lower rainfall days since 
the water quality parameters still exceeded the river water 
quality guidelines. When excessive rainfall occurred, sew-
age runoff or seepage into the river was almost certain as a 
consequence of improper sewage disposal including leaking 
septic tanks. The second major concern was runoffs from 
agricultural farms such as chemical fertilizers, herbicides, 
weedicides, pesticides, and animal effluents (Nath 2008; 
SPREP 2014).

The impacts of heavy rainfall and flooding on the river 
water quality were more perilous than the physical effects 
of flooding. This is because even after the rainfall and flood 
events were over, the contaminants remained in the river sys-
tem. These contaminants originated from land use activities 
happening within the catchment area, and rainfall amplified 
the impacts of land use practices on the water quality by 
accelerating the runoff rate of contaminants into the already 
contaminated river system.

The water quality data presented in this study agree with 
other research on water quality in Fiji such as the Rewa 
Catchment also situated in Nausori, Fiji. The 8-year his-
torical analyses (2005–2012) of the water quality data at the 
Rewa river mouth located in the Rewa Delta, which is far 
downstream of our study area, showed moderate levels of 
nutrients and fecal coliforms sourced from agricultural farms 
and improper sewage disposal in the catchment area (SPREP 
2014; ADB and WAF 2016). These hindered the usability 
of the Rewa River for drinking water abstraction, recreation, 
and maintenance of aquatic life. Conversely, pristine rivers 
in the Nakorotubu watershed in Viti Levu showed optimum 
water quality parameters such as water temperature of 22 to 
26 °C, DO levels above 70% and very little turbidity ascribed 
to the intact forest cover in the upper and middle watershed 
portions (Boseto 2009).

Implications of future climate change and land use 
changes on river water quality in Fiji

It is projected that air and sea temperature increases lead-
ing to higher precipitation and extreme weather events 
will continue to impact the Pacific Islands (IPCC 2021). 
Cloud bands will also become thicker and wider (Douville 
et al. 2021). Future climate change projections indicate 
that heavy rainfall associated with tropical cyclones and 
flooding events are expected to become more intense and 
frequent (BoM and CSIRO 2014; Brown et al. 2017; GoF 
2018; Douville et al. 2021). River water quality is expected 
to deteriorate to a poorer quality in future assuming the 
predicted impacts of climate change (Douville et al. 2021). 
These would adversely affect freshwater ecosystems and 
constitute greater health risks to the Pacific Islanders who 
depend on the river water for subsistence, livelihoods, and 
recreation purposes (Hills et al. 2011; SPC et al. 2012; 
Garg et al. 2018; GoF 2018).

Land use activities such as deforestation, agriculture, 
commercial activities, and improper waste management 
are likely to increase runoffs containing contaminants into 
the river systems, subsequently triggering physicochemi-
cal and microbial pollution (Douville et al. 2021). Greater 
nutrient and microbial loadings would cause oxygen deple-
tion which could consequently lower the levels of DO in 
the river below the minimum permissible limits essential 
for the survival of aquatic organisms and drinking water 
abstraction (Mosley et al. 2004a, b; SPREP 2014). The 
level of DO is affected by variations in other environ-
mental factors such as the river water temperature (Chen 
and Lu 2014; Irby et al. 2018). Water temperature is most 
sensitive to the intensity of rainfall and climate change 
scenarios (Sinokrot and Gulliver 2000; Chen and Lu 2014; 
Altieri and Gedan 2015; Irby et al. 2018) whereas turbid-
ity, TSS, FC, and OP are more sensitive to land use prac-
tices (Edwards and Withers 2008; Bu et al. 2014; Chen and 
Lu 2014; de Andrade Costa et al. 2020; Santy et al. 2020). 
Increased concentrations of TSS, FC, and OP in the river 
increase the turbidity which is the most visible, rapid, and 
immediate effect of heavy rainfall events on the river water 
quality (WHO 2017).

The frequency of occurrence of heavy rainfall events 
is expected to increase by approximately 20 to 40% when 
future climate El Niño events occur in Fiji (Chand et al. 
2017) and according to the baseline information and cli-
mate change projections for the Waimanu Catchment, 
more frequent and intense flooding is expected in the lower 
catchment area (ADB and WAF 2016). Moreover, physico-
chemical and microbial pollution in the Waimanu River is 
expected to intensify as the river flows downstream with 
more land use activities (gravel quarry, agricultural, and 
sawmill) and communities concentrated in the middle and 
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lower portions of the river (Fig. 2). These would overbur-
den the filtration capacity of the water treatment plants and 
require more chlorination (disinfection) to treat the contami-
nated raw water. Accordingly, the water utility would need 
to strategize and increase investment in better infrastructure 
to support efficient water quality monitoring and treatment 
to be able to supply a better water quality to their customers.

The interconnectedness within the catchment

People settled close to the Waimanu River as it was essential 
to their existence but gradually, the river system was unable 
to provide the services as it did earlier. Nonetheless, people 
remained situated next to the river deprived of their subsist-
ence, livelihood, and recreational necessities. Since the usual 
source of protein had declined, people started depending on 
processed foods which increased the risk of noncommunica-
ble diseases. The households situated in the four riverine vil-
lagers typically had a low-income status. This was ascribed 
to the high population of less mobile and dependent groups 
including children and the elderly (Begg et al. 2021). While 
external employment in government and private sectors was 
the primary source of income for the households and sub-
sistence activities such as farming and fishing served as the 
secondary sources of livelihoods. Hence, when the house-
holds spent most of their already small income on processed 
foods, they had hardly any savings to finance the education 
of their children and health services which intensified their 
vulnerability to social, environmental, economic, and cli-
matic shocks. The impacts were not only in the physical 
context but also in terms of the deterioration of the river 
water quality and the loss of connections with people.

While increased intensity of rainfall was experienced 
throughout the catchment, the impacts of flooding and land 
use activities were confined in nature (Begg et al. 2021). 
Upstream-midstream-downstream associations substantially 
determine the vulnerability of communities to water pollu-
tion within a catchment because land use practices which 
instigated river water contamination in midstream (Sawani 
and Vuniniudrovu) and downstream (Navuso) communities 
were undertaken within midstream as well as in upstream 
(Navatuvula) communities.

Therefore, to regulate the river water quality and flood-
ing issues, controlling land use practices upstream is just as 
important as managing the physical effects of flooding in 
downstream communities. The results of this study accen-
tuate land management in upstream and midstream com-
munities to reduce the adverse impacts on the river water 
quality in both midstream and downstream communities. 
The land management actions entail the inclusion of local 
residents and landowners throughout the catchment in addi-
tion to the organizations involved in undertaking the land use 
activities in the catchment. Furthermore, flood mitigation 

actions should combine risks of future rainfall and land use 
evolutions to analyze how future rain and floodwaters would 
transport the contaminants originating from land use activi-
ties into the river water which the river system will bring 
down to the communities.

The restoration and management of natural resources such 
as forests throughout a catchment area are paramount for the 
sustainability of rivers (GEF et al. 2007; Boseto 2009). Thus, 
execution of better land management along with the provision of 
proper sanitation and waste management services in rural catch-
ment areas would prove to be a means to improve the quality of 
river water worldwide (DeFries and Eshleman 2004; Nilsson 
and Renöfält 2008; Boseto 2009; Pattison and Lane 2012; Tor-
nevi et al. 2014; de Andrade Costa et al. 2020; Santy et al. 2020; 
Singh and Railoa 2020).

Research and knowledge gaps

The water quality framework employed in this study to eval-
uate the physicochemical and microbiological status of the 
Waimanu River is applicable in a global context to regulate 
water catchment management strategies in controlling the 
deterioration of the river water quality. Several studies in 
other countries employed either locally or globally accepted 
water quality standards to detect the incidences of physico-
chemical and microbial pollution in rivers and to assess the 
suitability of the river water quality for ecosystem sustain-
ability and human usage (Mosley and Aalbersberg 2003; 
Gholami and Srikantaswamy 2009; Zeb et al. 2011; Heaney 
et al. 2015; de Andrade Costa et al. 2020). Analyzing the 
upstream to downstream connections within a catchment 
area helps in assessing the vulnerabilities of downstream 
communities (Begg et al. 2021) to river water pollution 
caused by environmental changes, which in turn assists in 
the water resource management in countries throughout the 
world.

Rivers in the high islands of the Pacific serve as major 
sources of drinking water, subsistence, livelihoods, and rec-
reation. Thus, international water quality guidelines are used 
locally and regionally to monitor the appropriateness of the 
river water for various usages. The findings in this study 
can be generalized to other rural water catchment areas with 
similar features particularly in developing countries which 
undergo continuous landscape changes and are also suscep-
tible to the risks from climate change. This requires better 
water quality monitoring methods to effectively track the 
consequent variations in the river water quality (Mirti and 
Davies 2005; Singh and Railoa 2020).

Our study, using monthly sampling and globally accepted 
standards of assessing water quality, serves to identify the 
main factors influencing water quality in a typical Pacific 
Island River system. However, an exhaustive exploration of 
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the spatial variations in the river water quality using the 
Geographic Information System spatial analyst tool and the 
Soil and Water Assessment Tool (SWAT) model similar to 
Chen and Lu (2014) could help to explicate the effects of 
land use changes on the river water quality.

Sampling the river water on a monthly basis due to the 
lack of resources in Pacific Island municipalities is insuffi-
cient in providing a comprehensive foundation for an effec-
tive water management plan (Mosley et al. 2004a, b; Singh 
and Railoa 2020). The lack of water quality data in the Pacific 
Islands curtails a detailed understanding of the issues pertain-
ing to the decline in river water quality, which in turn hinders 
the implementation of appropriate holistic water catchment 
management plans (Mosley et al. 2004a, b; Boseto 2009).

Conclusions

In this study, both the qualitative and quantitative water quality 
assessments of the Waimanu River provided convincing evi-
dence of the extent of physicochemical and microbial pollution 
in the river, the factors driving it, and the time variation of such 
pollution. Eventually, the river was unable to provide water, 
food, income, and recreation services to the communities which 
augmented the vulnerability of the villagers to water pollution. 
The treatment of polluted water sourced from the Waimanu 
River was prolonged and expensive which consequently 
delayed the supply of treated water to customers. Both climatic 
and non-climatic factors affect the river system; however, only 
non-climatic factors could be controlled to ameliorate the river 
water quality in a catchment to limit the adverse impacts of 
poor water quality on the dependent communities. Frequent 
rainfall events intensified the runoff into the river system of 
contaminants such as fertilizer, herbicides, weedicides, pesti-
cides, livestock waste, leaking human sewage, and eroded soil 
arising from unsustainable land use practices in the Waimanu 
Catchment including agriculture, gravel extraction, logging, 
deforestation, and improper waste management. The projected 
increase in the frequency of more intense wet weather events 
would probably deteriorate the river water quality further pos-
ing bigger challenges for the riverine communities as well as 
for the drinking water producers. This necessitates better land 
management policies and provision of sanitation facilities to 
regulate proper waste management in the Waimanu Catchment 
so as to enhance the river water quality downstream since flows 
of water and the levels of contaminants causing water pollu-
tion initiate upstream. In order to promote human health and to 
build resilience to the impacts of environmental factors in riv-
erine communities, river water quality could be monitored and 
maintained in different regions of the world using the rainfall 
variability, land use, and water quality assessment methodolo-
gies similar to that employed in this study.
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