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Abstract: Water quality assessments are essential for providing information regarding integrated
water resource management processes. This study presents the results of a spatial and seasonal
surface water quality assessment of the Burio river sub-catchment in Costa Rica. Fourteen sample
campaigns were conducted at eight sample sites between 2005 and 2010. Seasonal variations were
evaluated using linear mixed-effects models where dissolved oxygen, total solids, and nitrate showed
significant differences between dry and wet seasons (p < 0.05). Cluster analysis identified three
clusters at the top, middle, and bottom of the catchment that were consistent with land use patterns,
and principal component analysis identified the main parameters that were affecting 84% of the
total variance in water quality (biochemical oxygen demand, dissolved oxygen, total phosphate,
and nitrate). The National Sanitation Foundation Water Quality Index (NSF-WQI) results indicated
the majority of the river consisted of mainly “medium” water quality, although “bad” and “good”
water quality results were identified depending on sample site and season. This methodological
approach provides a useful monitoring technique for local governments that can be used for further
remediation strategies.
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1. Introduction

Surface water quality assessments are essential in providing sustainable and efficient water
resource management [1]. Although surface water can become contaminated through natural
processes [2], it is through anthropogenic changes in land cover (LC) and land use (LU) which
tend to cause the greatest levels of pollution [3]. This is most apparent in developing countries where
monitoring and remediation programs are rare, but deterioration of water quality is strongly associated
with increased point and diffuse pollution, caused from rapidly expanding urban, industrial, and
agricultural activities [4,5]. Furthermore, in many developing countries, these anthropogenic activities
tend to outpace the institutional and infrastructure capacities required to manage increased levels
of pollution [6]. Surface water quality assessments—particularly in these countries—are therefore
essential for policymakers and watershed managers in understanding the main causes of pollution
and providing a first step towards remediation strategies [7,8].

Although there are practical guidelines for the implementation of these assessments, local
conditions such as land use, national regulations, geography, and geomorphology, for example, should
also be considered [9]. The assessments usually involve the collection and analyses of: biological
(e.g., Escherichia coli) [10]; chemical (e.g., dissolved oxygen) [11]; physical (e.g., water temperature);
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and radiological (e.g., radium) [12] parameters, obtained at different monitoring times (temporal
changes), and at multiple sampling sites (spatial changes) [13-15].

Monitoring networks, ranging from fully automatic to manual [16], can deliver reliable
information quickly in a sustainable and cost-effective way when data are assessed accurately [17].
Furthermore, although several analytical methods have been used to interpret water quality
results [9,18], statistical techniques such as mixed-effects models [19,20] and multivariate analyses such
as: cluster analysis (CA); factor analysis (FA); principal component analysis (PCA); and discriminant
analysis (DA) [21-23] provide a reliable method for identifying the main parameters which influence
water quality—spatially and temporally—within a particular catchment. However, in order to compare
water quality across different catchments, various water quality indices (WQIs) have been developed
to provide an overall water quality score, reflecting the aggregated influence of a selected group of
water quality parameters, which are usually compared to regulatory standards [24].

One of the main sources of pollution in surface waters and causes of water-borne diseases in Latin
America and the Caribbean region is from untreated sewage from urban areas [25]. In particular, only
49% of households have connections to conventional sewage systems, 30% only have in situ sanitation
systems (i.e., septic tanks and latrines), whilst 21% have no wastewater or sewage disposal [26].
Overall, only 14% of the collected sewage receives any kind of treatment [27]. In Costa Rica, although
99% of the population have access to domestic water supply, only 82% have access to consistent
potable drinking water, and this percentage is far less in rural areas. Furthermore, only 3% of sewage
is treated before being discharged into the environment [28]. The majority of the population relies on
groundwater for drinking water, yet studies indicate that nitrate concentrations in groundwater are
likely to exceed recommended values due to inadequate waste disposal from urban areas and coffee
fertilization practices [29].

This study presents results of one of the few monitoring programs to examine the spatial and
seasonal variation in surface water quality in Costa Rica, specifically of the Burio river sub-catchment.
The sub-catchment forms part of the upper reaches of the Grande de Téarcoles catchment which
underlies the largest urban area in the country and is generally considered one of the most polluted
catchments in Central America [28]. The combination of methodological techniques employed in this
study offer a framework for developing water monitoring programs and formulating evidence-based
water resource management strategies when resources are limited. This is of particular importance in
developing countries such as Costa Rica, where the institutional and regulatory capacities to monitor
water bodies are often limited.

2. Materials and Methods

2.1. Study Area

The Burio river is a tributary of the Grande de Tarcoles river in Costa Rica that flows from the
Central Valley to the Pacific Ocean (see Figure 1). Rivers and streams in this catchment are characterized
by shallow stony channels and altered banks, where natural vegetation has been removed or replaced
by exotic vegetation and by urban or rural infrastructure. Under these conditions, riparian soils are
unstable, facilitating their entry and that of pollutants by runoff [18]. The Burio river is 15.6 km
long and flows from largely semi-rural LC in the north-east of the sub-catchment, near the town of
Los Angeles, towards more urban and industrial LU in the central and south-west beginning near the
towns of Barva and Heredia. Elevation ranges from 1620 m in the north-east to 856 m in the south-west.
The climate in the Central Pacific of Costa Rica is characterized by a wet season (May to October) and
a dry season (December to March) with April and November regarded as transition months. Average
monthly precipitation varied considerably between the wet season (386 mm) and dry season (32 mm)
within the Burio river sub-catchment from 2006 to 2010 [30]. However, average monthly temperature
remained constant (21 °C). An average of approximately 92.7 Mg per year of organic load was legally
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discharged as point sources of pollution to the river, mainly from wastewater treatment plants of
condos and industries from 2012 to 2014 [31].
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Figure 1. The Burio river sub-catchment in the Grande de Tarcoles river catchment, Costa Rica.

The LU map illustrated in Figure 2 was generated by photo-interpretation technique using data
from the Cadastral and Registral Regularization Project for Costa Rica at 1:5000 scale with a spatial
resolution of approximately 2.5 m for 2005. To contrast how LU/LC has changed, a 2016 map was also
made using the satellite images from Quick Bird II with a resolution of 0.6 m distributed by Digital
Globe in Google Earth Pro. LC/LU were categorized into five groups: forest; arable; industry; pastoral;
and urban. All spatial analyses were carried out using ArcGIS 10.4.1 (ESRI).

2.2. Sampling Strategqy and Analytical Procedure

Fourteen sample campaigns were conducted between October 2005 and December 2010, at eight
selected sample sites, to assess the spatial and temporal variability in surface water quality in the Burio
river. A total of 112 water samples were collected in high-density polyethylene (HDPE) and glass
bottles previously washed with hydrochloric acid (HCI) 3% m/v and de-ionized water. Samples were
stored at 4 °C and delivered to the laboratory within 6 h of collection. All samples were analysed using
the procedures of the Standard Methods for the Examination of Water and Wastewater [32]. Water
temperature, dissolved oxygen (DO), and pH were measured in situ using a handheld multi-parameter
probe YSI 58 for the first two parameters and a field meter HI 9025 for pH. Biochemical oxygen demand
(BOD) was determined using the 5-days test with the modified Winkler method for dissolved oxygen.
Nephelometry was used to analyse turbidity (HF scientific Micro 100, Fort Myers, FL, USA), and
total solids (TS) were determined by gravimetry at 105 °C. Total phosphate (TP) concentration was
analysed spectrophotometrically by the stannous chloride method after the application of the persulfate
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digestion procedure (Thermo Aquamate 2000E, Mercedes Row, Cambridge, UK). Ion chromatography
was used to measure nitrate concentration (Dionex 2000i/SP, Done Sunnyvale, CA, USA). Finally,
faecal coliforms were determined by multiple tube fermentation technique.
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Figure 2. Land use maps for the Burio river sub-catchment for 2005 and 2016.

2.3. Data Analyses

Prior to performing the statistical analyses below, quantification limits (QLs) were substituted
by QL/2 (QL observations were less than 10%) [33]. Analysis of variance (ANOVA) was performed
using linear mixed-effects model to evaluate spatial and seasonal differences for each water quality
indicator [20,34]. Season and sample site were defined as fixed effects, while year and month as
random effects. Evaluation of standard diagnostic graphs were performed to check the assumptions
of normality and homogeneity of variance. In cases where data did not meet the assumptions,
a log transformation was made and/or an independent variance function was used to correct
heteroscedasticity. Least significant difference (LSD) Fisher test (p = 0.05) was employed to find
mean differences among sample sites and seasons. The non-parametric Spearman’s rank correlation
coefficient was used to find relationships between parameters (p < 0.05) [10,13].

Multivariate statistical techniques were used to identify different spatial patterns in water quality
data. The sample sites were grouped considering similarities in water quality using the hierarchical
CA with Ward method of association [35], and squared Euclidean distance as a measure of similarity.
In this method, the distance between two groups depends on the sum of the sum of the squares of
the analysis of variance, resulting in a dendrogram that summarises the clustering processes. PCA
was carried out to identify the main parameters that explain data variation (observed groupings of the
sample sites) [36,37]. PCA is a data reduction technique that transforms the original variables into a
new subset of uncorrelated variables called principal components which explain the variance observed
in the original data. All statistical analyses were carried out using InfoStat [38] and R [39].

Finally, to evaluate the overall water quality, the National Sanitation Foundation WQI
(NSF-WQI) [40] was calculated as:

n
WQI =} qiw; M

i=1
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where WQI equals a number between 0 and 100 (100 indicating excellent water quality and 0 very
bad); g; equals the Q-value score of parameter i (a number between 0 and 100 read from the respective
average quality curves developed by the NSF); w; is the unit weight of parameter i (a number between 0
and 0.17 reflecting the relative importance of that parameter in the overall calculation which combined
equals 1); and n is the number of parameters included in the calculation. There are nine parameters in
the NSF-WQI including: DO, faecal coliform, pH, BOD, temperature change, TP, nitrate, turbidity, and
TS. Water quality based on the NSE-WQI is categorized into one of five classes, including: very bad
(0-25); bad (26-50); medium (51-70); good (71-90); and excellent (91-100).

3. Results and Discussion

A summary of the physical, chemical, and microbiological parameters per sample point and
season are presented in Table 1. Temperature and pH were within recommended limits at each
sample point during both wet and dry seasons, while turbidity, nitrate, TP, and faecal coliforms
exceeded recommended values at particular points and times on the river [41]. These pollution
indicators can be associated with LU/LC changes within the catchment which tend to increase point
and non-point sources of pollution [42]. For example, variations in the landscape contribute to the
pattern in temperature change of the river, where protected riparian zones have been reduced, resulting
in increased surface water temperature. In addition, wastewater discharges consisting of surfactants
from residential and commercial activities, plus the use of concrete in the border and bed of the river,
tend to increase the pH value of the surface water in more urbanised-industrial zones.

Table 1. Summary of the physiochemical and microbiological characteristics of the Burio river (mean
and standard deviation).

Temp. H DO Turbidity TS BOD Nitrate TP Faecal Coliform
0 P (%) (NTU) (mg/L) (mg/L) (mg/L) (mg/L) (MPN/100 mL)

2.3 x 102 (3.2 x 10%)
4.3 x 105 (1.4 x 10°)
4.6 x 105 (4.3 x 10%)
1.4 x 100 (2.8 x 10°)
5.2 x 10° (7.5 x 10%)

Site

1-Dry 187 (0.1
1-Wet  18.9 (0.8
2-Dry 18.3(1.0
2-Wet 189 (0.9
3-Dry 18.8(1.1

) 657(0.01) 79.4(21)  0.24(2.60) 129 (2) 1.3 (1.6) 5.60 (1.46)  0.042 (0.023)

) 6.47(079) 81.9(39)  1.58(259) 105 (14) 0.9 (0.7) 6.79 (3.91)  0.063 (0.025) (

) 6.61(0.80) 46.0(12.7) 19.43(14.22) 294 (162)  69.9(952)  0.12(0.08)  0.953 (0.841) (

) 7.02(050) 71.8(18.7) 13.26(9.61) 186 (53)  27.3(155) 224 (1.78)  0.344 (0.252) (

) 6.71(0.88) 355(127) 28.67(23.54) 322(121) 93.8(126.9)  0.13(0.09)  1.467 (1.314) (

3-Wet 19.3(0.6) 7.13(041) 69.7(15.0) 14.69 (7.14) 203(72)  203(18.9)  1.87(2.12) 0.453(0.329) 6.5 x 100 (1.0 x 107)
4-Dry 193(12) 651(1.20) 22.8(11.8) 42.15(48.24) 392(300) 172.0(276.8) 0.06 (0.06)  1.781(1.193) 7.8 x 10° (1.1 x 10°)
4Wet 19.7(0.6) 7.00(042) 56.7(242) 17.69(12.03) 211(85)  46.1(253)  0.93(0.87) 0.815(0.511) 5.7 x 10° (9.0 x 10°)
5-Dry 19.6 (1.0) 7.04(0.73) 539 (15.8) 13.97(10.86) 290(137) 67.5(1041) 127(1.88) 1.247(1.865) 2.7 x 10° (3.3 x 10%)
5-Wet 205(0.6) 7.37(040) 76.1(85)  9.00(4.92)  214(75)  31.6(33.4)  293(292) 0.537 (0.538) 2.4 x 10° (7.6 x 10°)
6-Dry 199 (1.2) ( ( ) 2.9 x 10° (3.3 x 10%)
6-Wet  20.8 (0.9) ( ( ) 2.5 x 10° (7.6 x 10%)
7-Dry  21.5(0.7) ( ) 2.8 x 10° (5.5 x 106)
7-Wet  22.3(0.8) ( ) 2.4 x 10° (7.6 x 10%)
8-Dry 22.0(1.1) ( ) 4.0 x 10* (4.8 x 10%)
8-Wet 23.0(1.8) ( ) 44 x 105 (8.1 x 105)

727(056) 534 (221) 1058(9.17) 285(86)  253(273)  1.93(150)  1.447 (1.830
7.40(039) 766(88) 12.01(694) 258(158) 18.7(137) 433 (354) 0.626 (0.536
731(0.50) 762(105) 647 (430) 270 (44)  19.4(200) 11.59 (8.34) 0.950 (0.718
737(051) 88.0(5.0) 2417(55.34) 277(86)  10.7(10.0) 17.11(554) 0.383(0.238
758(0.56) 87.3(11.8) 7.04(347) 269 (25) 80(1.2)  13.99(843) 0.899 (0.637
7.64(067) 92.8(11.8) 994(727) 243(43)  115(81)  17.68(6.15) 0.378 (0.237

Notes: Temp.: temperature; DO: dissolved oxygen; NTU: nephelometric turbudity units; TS: total solids;
BOD: biochemical oxygen demand; TP: total phosphate; MPN: most probable number.

In a decade, urban LU increased from 42.8% to 51.4%, and industrial LU from 4.2% to 5.5%;
whereas forest, pastoral, and arable LU decreased from 4.3% to 3.6%, from 48.6% to 39.5%, and from
21.9% to 18.1%, respectively (Figure 2). Increased urban and industrial LU can be associated with a
reduction in infiltration, increased runoff, and transport of pollutants from the sub-catchment to the
river [18]. In addition, illegal wastewater discharges from non-regulated activities or discharges that do
not meet the regulatory standards are constantly present in the whole sub-catchment. In the same way,
the lack of sanitation system could explain the high concentration of faecal coliforms that have been
previously correlated with population density within some catchments in Costa Rica [43]. Moreover,
according to the national legislation of Costa Rica, the Burio river does not meet the minimum water
quality requirements for irrigation (Class IV) [44], yet illegal water abstractions for agriculture persist.
Further studies should be conducted to assess the impact of these activities and their potential effects
on human health.
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Average values for each water quality parameter per season are presented in Table 2. Only DO, TS,
and nitrate were significantly different between dry and wet seasons. However, average temperature,
pH, turbidity, DO, and nitrate were higher in the wet season compared to the dry season. In the wet
season, DO concentration was higher as the river was highly diluted, and the dilution effect decreases
the concentration of organic matter while runoff increases nitrate and turbidity. Similar results were
reported by Brenes and Mora [45] in the Tarcoles and Reventazén rivers, and by Herrera et al. [46] in
the Virilla basin in Costa Rica. In the dry season, low river flow and an increase in industrial wastewater
discharges—particularly from coffee processing plants near sample point 2—could influence higher
concentrations of TS and BOD. In general, water quality did not improve in either season, as pollution
levels remained high, but the higher concentration of DO in the wet season increased the rivers’
capacity to break down organic matter. Significant interactions between season and site were identified
for DO (F(7, 81) = 3.66, p = 0.002), TP (F(7, 81) = 3.38, p = 0.003) and turbidity (F(7, 81) = 4.18, p = 0.001),
meaning that water quality does not follow a specific trend (depending on the season) for some sample
sites. The observed spatial-temporal trends suggest that there are specific conditions at each sample
point that are influencing water quality, regardless of season.

Table 2. Differences in dry and wet seasons determined through ANOVA.

. Dry Wet
Parameter Units F@1,7) p-Value
Mean SE Mean SE
Temp. °C 19.8 (0.4) 20.4 (0.2) 1.63 0.243
pH - 6.88 (0.25) 7.14 (0.21) 1.85 0.216
DO % 58.4 (3.8) 76.5 (2.5) 12.82 0.003 *
Turbidity NTU 5.37 (1.51) 6.17 (1.38) 0.16 0.702
TS mg/L 281 (26) 212 9) 6.09 0.043 *
BOD mg/L 11.2 (1.4) 10.0 (1.3) 0.28 0.619
Nitrate mg/L 4.49 (0.78) 6.73 (0.53) 6.37 0.040 *
TP mg/L 0.994 (0.216) 0.422 (0.135) 4.32 0.076

Faecal Coliform MPN/100mL 25 x 10°  (4.26) 4.9 x 10* (257)  0.19 0.678

Notes: SE: standard error; * Mean with a p < 0.05 are significantly different.

Table 3 presents Spearman’s rank correlation coefficients for the water quality indicators used
in this study. The statistically significant correlations were classified depending on the coefficient
value, where a coefficient value of plus or minus 0.7 was considered a strong correlation, plus or
minus 0.5 a moderate correlation, and plus or minus 0.3 a weak correlation [47]. A significantly
strong correlation existed between nitrate and DO. Significantly moderate correlations existed between:
BOD and turbidity; nitrate and temperature; nitrate and BOD; and TP and TS. Lastly, significantly
weak correlations existed between: pH and temperature; DO and temperature; turbidity and DO;
TS and pH; TS and DO; TS and turbidity; BOD and DO; BOD and TS; nitrate and turbidity; TP and
pH; TP and DO; TP and BOD; faecal coliform and turbidity; faecal coliform and BOD; and faecal
coliform and nitrate. Correlations between BOD and TS, turbidity and TP could be explained by the
organic nature of the contaminants entering the river [10], while the negative correlations between
DO and TS, turbidity, BOD, TP, and faecal coliform can be associated with its degradation processes,
depleting DO concentration [48]. The positive relationship between DO and nitrate and the negative
relationship between nitrate and BOD may suggest that the main source of nitrate is due to organic
matter degradation. Deficiencies in the domestic wastewater treatment systems could be related not
only to the high concentrations of faecal coliforms as discussed above, but also with the discharge
of reduced forms of nitrogen that oxidize upon contact with water to generate nitrate. Natural
and anthropogenic sources of TP would be present due to their correlation with BOD and TS. The
Spearman’s rank correlation was also performed by season (data not shown), indicating similar results
to the ANOVA test except for TP, which was statistically significant (R = 0.37, p = 0.000). This was most
likely due to the high standard error in the ANOVA.
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Table 3. Spearman’s rank correlation coefficients.

Parameter Temp. pH DO Turbidity TS BOD  Nitrate TP  Faecal Coliform
Temp. 1.00
pH 043* 1.00
DO 048* 021* 1.00
Turbidity -014 -019 —-032* 1.00
TS 022* 034* —-036* 0.31* 1.00
BOD —-025* —0.09 —-049* 0.60 * 0.42* 1.00
Nitrate 0.54 * 0.19 0.79* —0.46 * -019 -—-0.58* 1.00
TP 021* 033* —046* 0.23 0.60*  0.32* -0.33  1.00
Faecal Coliform  —0.05 018 —-021* 0.35* 0.18 031* —-036* 0.16 1.00

Note: *p < 0.05.

CA produced three clusters at (Djj;x /Dpax) % 100 < 50, illustrated in Figure 3. The first cluster
included just one sample site (site 1), the second group consisted of five sample sites (sites 2, 3, 4, 5, and
6) and the third cluster was formed of two sample sites (sites 7 and 8). The three clusters are located
in the upper, middle, and bottom of the sub-catchment, respectively. This grouping is consistent
with LU/LC changes, particularly in the middle portion of the sub-catchment where anthropogenic
activities such as urbanisation and industrialisation have increased, and can be related to increased
levels of pollution in the water body (Table 1). Clusters 1 and 3 can be considered as less polluted
in comparison to cluster 2. Cluster 1 is located in a low population area, even though agricultural
activities such as arable and pastoral are present. In particular, sample site 4 (cluster 2) is situated in the
middle of the sub-catchment, and recorded the highest levels of contaminants of all eight sample sites.
Interestingly, water quality improved towards the bottom of the sub-catchment, as increased river
discharge increased the dilution effect, and reduced the level of pollution in the river. The results of the
CA indicate similarities between sample sites, providing a methodological framework for categorising
a catchment, reducing the number of sample sites [22], and improving the cost and efficiency of
long-term monitoring programmes.

8 —
PEM

4

-
2:| -

25 50 75 100
(Dlink/Dmax) X 100

O

Figure 3. Dendrogram showing grouping of the sample sites using hierarchical cluster analysis (CA)
based on the water quality of the Burio river.

PCA was used to identify the main parameters that spatially affect water quality. Before
performing the PCA, suitability of the data was tested using the Kaiser-Meyer-Olkin (>0.5) and
Barlett’s sphericity tests (p < 0.05) and was considered satisfactory for PCA [11]. The results are
presented in Table 4. The number of principal factors selected were those with Eingenvalues greater
than 1 [49], which explain a total variance of 84% of the surface water data. PC1 exhibits 47% of the total
variance, with positive loadings on DO and nitrate; and negative loadings on BOD and TP. PC1 can be
interpreted to mostly represent runoff and the influence of discharges with a high concentration of
organic matter from anthropogenic activities and its degradation processes through the sub-catchment;
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nitrate can also derive from agriculture zones at the top of the catchment. In PC2, 37% of the total
variance is explained with positive loadings on TS, pH, and temperature, which would correspond to
landscape variations in LU, natural weathering of the catchment, and wastewater discharges from
urban activities.

Table 4. Principal component analysis (PCA) results in the Burio river.

Parameter PC1 PC2

Temp. 029 042

pH 0.17 0.47

DO 0.49 0.04

Turbidity —0.34 0.30

TS —-0.13 0.52

BOD —046 0.10

Nitrate 0.41 0.22

TP —-0.36 0.34

Faecal coliform 0.12 0.24

Eigenvalue 419 334
% Total variance 47 37
% Cumulate 47 84

The spatial trend of the parameters of PC1 are illustrated in Figure 4. DO concentration decrease in
the middle of the sub-catchment, where BOD and TP concentration increase; this trend corresponds to
the previous cluster group 2. In this section of the river (between sample points 2 and 6), the oxidation
of organic matter by microbial activity can be determined by the DO concentration [48], where the
lowest value in the dry season at site 4 was 22.8%. After this section, the river channel is wider
and the water column narrow, favouring the water oxygenation, oxidant processes, and the level of
self-purification of the river. Lower levels of pollution were found at sample point 5, resulting in
decreased BOD and TP concentrations—most likely as a result of the increased dilution effect caused
by the Quebrada Seca tributary. At sampling point 1, nitrate concentration was high—most likely as a
result of the fertilizers applied to the adjacent coffee plantations that according to Cannavo et al. [50]
can be estimated up to 50 kg ha=! yr—! N.

Overall, it is challenging to assess and compare water quality parameters within a catchment.
The use of WQI simplifies the assessment process and provides useful information for communicating
results with policymakers and watershed managers. The seasonal analysis of the NSF-WQI showed
that there was a statistically significant difference (F(1, 7) = 7.70, p = 0.008) between the wet season
(average = 62.92, SE = 0.92) and the dry season (average = 57.79, SE = 1.57). Nonetheless, regardless of
the season, the water quality of the river was classified as “medium”. The spatio-temporal variation is
illustrated in Figure 5. The headwaters presented the best condition “good” with values above 71 in
both seasons, whilst sample site 4 was classified as “bad” in the dry season. As previously mentioned,
site 4 presented the most critical condition in water quality, so special attention must be given by
the regulatory authorities. The overall temporal analysis of the NSF-WQI showed that the rivers’
condition remained “medium” during the period of study, even though the concentration of individual
parameters (e.g., DO) decreased. Although the results of the water quality index were not sensitive
enough to represent the improved water quality before the river mouth, it does provide an important
tool for policymakers and watershed managers for assessing regulatory standards, understanding the
main causes of pollution, and providing a first step towards remediation strategies.
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Figure 4. Spatial variation of dissolved oxygen, biochemical oxygen demand, nitrate, and total
phosphate in the Burfo river.
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Figure 5. National Sanitation Foundation water quality index (NSF-WQI) in the Burio river:
(left) spatial and seasonal variation and (right) temporal variation.

4. Conclusions

This study has provided valuable information that identified temporal and spatial trends related
to surface water quality within a tropical urban sub-catchment. Variations in water quality parameters
and the results of the NSE-WQI provided evidence highlighting the vulnerability of the Burfo river to
pollution from semi-rural, urban, and industrial zones. The industrial activities and urban development
in the middle and lower part of the sub-catchment have stimulated the pollution of the river and
have decreased the riparian forest, reducing the vegetation damping effect of anthropogenic activities.
However, some characteristics of the river such as relief, alterations of the river bed, width, and depth
are factors that could be favouring the water oxygenation in the Burio river, attenuating the effects of
the human activities. Further studies must be conducted which include a wider range of parameters
due to the high amount of wastewater discharges without treatment in the country. In addition, a more
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sensitive water quality index is also necessary to spatially analyse water quality in small catchments,
differentiating LU and pollution sources.

The results of this spatial and temporal surface water quality assessment provide valuable
information that allow local governments to formulate evidence-based water resource management
strategies. Furthermore, the methodological approach used in this study provides a transitional
framework for reducing the number of sample sites, the number of parameters, as well as the number
of sample campaigns within a year for similar surface water quality monitoring networks, making
them more cost-effective in the long-term for municipalities and decision-makers. This is of particular
importance in developing countries where resources are often more limited. Overall, monitoring
network results must be used to control pollution—particularly in catchments where urban and
industrial activities are rapidly increasing, but also to promote evidence-based environmental policies.
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