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Abstract: The Rwenzori region in Uganda, a global biodiversity hotspot, is currently undergoing
exponential economic and population growth, which puts continuous stress on its freshwater
ecosystems. In Sub-Saharan Africa, biomonitoring campaigns using region-specific biotic indices
is limited, particularly in Uganda. In this research, we present the Rwenzori Score (RS), a new
macroinvertebrate-based biotic index developed to specifically assess the aquatic health of Rwenzori
streams and rivers. We collected and measured both biological and physicochemical variables
and identified 34,202 macroinvertebrates, belonging to 64 different taxa. The RS was developed
in two steps. First, using canonical ordination, we identified chemical variables that correlated
significantly with gradients in macroinvertebrate assemblage distribution and diversity. Second,
based on selected variables and weighted averages, we determined specific family indicator values
and assigned pollution tolerance values (varying from 1: tolerant; to 10: sensitive) to a family. Finally,
we established four water quality classes: poor, fair, good, and excellent. The RS is highly correlated
with the Average Score Per Taxon System (p < 0.05), a well-known and widely used bioticindex. The RS
has 5 unique taxa that are not included in other regional indices. In this regard, the development
of the RS is a beneficial tool for tailor-made biomonitoring that can contribute to the sustainable
development of the Rwenzori stream and river basins.

Keywords: water quality; ecological assessment; environmental monitoring; Sub-Saharan Africa
macroinvertebrates; Rwenzori; weighted averaging; bio index; rivers; Uganda

1. Introduction

Environmental stressors are increasingly putting global biodiversity under tremendous pressure
in many locations in the world [1-3]. The impact of anthropogenic stressors on montane aquatic
ecosystem biodiversity is a pressing challenge worldwide and tackling it has become one of the key
priorities of SDG 15 towards sustainable development by 2030 [4-6].

In water bodies in many regions around the world, monitoring a range of water chemistry variables
has allowed for water quality appraisal [7-10]. Although chemical monitoring is a long-established
procedure for ascertaining the health status of water bodies, results may decidedly fluctuate, both on
a diurnal and periodical basis. Furthermore, sampling limited to a specific site can cause pollution
incidences to go unnoticed [11,12]. Thus, in an effort to ascertain veracious shifts in water quality; it is
imperative that frequent data collection of water chemistry needs to be performed over extended time
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frames [13,14]. Though, when multiple water chemistry variables are being collected, it poses major
drawbacks as it is lengthy and not cost-effective [15-17]. Thus, the need for rapid and cost-effective
biomonitoring techniques using bioindicators such as benthic macroinvertebrates and algae were
developed [18,19]. Benthic macroinvertebrates response to environmental stressors associated with
past, present, and future anthropogenic activities have been widely studied around the world
and are subject to continuing research [20-23]. The majority of benthic macroinvertebrates spend
most of their existence in freshwaters. Additionally, they potentially are efficacious assessors of
ecological water quality due to their occurrence, diversity, and sensitivity to both organic and
inorganic ecological stressors [24-26]. Macroinvertebrates have been applied to enumerate dissimilarity,
diversity, and (multimetric) biotic indices. However, the diversity and dissimilarity differ from the
biotic indices, which are numeric assessments of ecological water quality, gleaned from the benthic
macroinvertebrates sensitivity/tolerance to gradients in the environment [27,28]. In the field of aquatic
ecology, the utilization of macroinvertebrate-based indices for ecological aquatic health appraisal
is firmly established [19,20,29]. The current macroinvertebrate-based indices are determined from
localized macroinvertebrates data sampled from a specific eco-region. Thus, it is commonly impossible
and incorrect to apply macroinvertebrate-based indices, established from other eco-region, to natively
identified benthic macroinvertebrate assemblages in other eco-regions [30-32].

One technique for deducing biomonitoring datasets is to combine taxa as per their perceived
sensitivity or tolerance to environmental stressors [33]. Once these tolerance scores are determined,
the ecological health of newly monitored sites can be evaluated based on whether macroinvertebrate
taxa from sensitive or tolerant groups are largely sampled [34-36]. Historically, tolerance scores
have performed a vital role in biomonitoring campaigns. For example, during the early 20th
century in Europe, the saproby system was developed as a result of cataloguing disparities in taxa
groups gathered at consecutively longer intervals downstream from sewage outlets [37,38]. However,
few macroinvertebrate-based indices formulated on the assignment of tolerance scores to benthic
macroinvertebrate families have been developed for aquatic systems in montane regions in sub-Saharan
Africa such as Ethiopian highlands [39]. However, in the Eastern African equatorial glacial montane
regions [40,41], particularly the Rwenzori montane region in Uganda, no index has been developed.
Nevertheless, the Biological Monitoring Working Party (BMWP) score [34,42,43] and the Average Score
Per Taxon (ASPT) [34,44] established in a temperate climatic region (United Kingdom) have been
widely applied in tropical freshwater system biomonitoring campaigns [30,45]. Additionally, the North
American Hilsenhoff Biotic Index [46] and the fifth iteration of the South African Scoring System
(SASSS) [47] that was developed for South African rivers has also gained popularity in Sub-Saharan
African biomonitoring campaigns [48,49]. Recently, a Tanzania River Scoring System (TARISS) for
Tanzanian rivers [50] derived from the SASS5 has been tested on two Ugandan rivers [51,52].

Tolerance scores have been successfully used to assess the health of freshwater systems [53-55].
However, major issues have surfaced pertaining to the broad application of these scores. The tolerance
values that are currently available are often only optimal to the geographical areas where it is developed,
like UK temperate rivers [56] and the South African eco-regions [47].

Firstly, the use of tolerance scores in areas that are different from where they were primarily
developed has been queried. For example, most tolerance scores (e.g., SASS5 and TARISS) have been
estimated using data collected in the different South African and Tanzanian eco-regions. However,
regional macroinvertebrate taxon assemblages differ considerably in different tropical regions, and as
a result, some of the macroinvertebrate taxa collected outside and even within Southern Africa and
Tanzania have not been given tolerance scores [50,51,53,57,58]. Furthermore, the stressor gradients
commonly observed in tropical regions can differ from the pollution gradients for which the SASS5
tolerance values were originally designed [59]. Thus, region-specific tolerance scores are important in
the development of an accurate bioassessment metrics, particularly in tropical countries, where the
knowledge of both aquatic biota and their responses to human perturbations are limited [58,60]. In spite
of the demonstrable benefits of bioassessment using macroinvertebrates, there is no region-specific index
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developed in Uganda to date. With the ever-growing industries and population across the Rwenzori
montane region, the freshwater systems are currently under a continuous threat [61,62]. The region
has an abundance of natural resources and has deposits of oil, cobalt, and copper that are currently
undergoing exploitation [63,64]. The absence of a region-specific biological index or bioassessment
tool adapted for Rwenzori freshwater systems has hampered the accurate analysis and dissemination
of findings to water resources stakeholders. Thus, there is a need for a region-specific biological index,
to monitor the aquatic health of these freshwater systems efficiently and cost-effectively. The study aim
is to develop a pragmatic macroinvertebrate based biological index to evaluate the aquatic ecological
health of Rwenzori freshwater systems. The resultant Rwenzori Score (RS), is sensitive to nutrient
pollution outcomes in Rwenzori freshwater systems. Additionally, we compare the resultant RS with
two established indices (SASS5 and ASPT) and discuss the benefits of RS over regional indices such as
SASS5 and ASPT.

2. Materials and Methods

2.1. Study Area

This field study was undertaken between January to February 2014 and 2017 during the course of
the dry season when sites were accessible and hydrologically stable. The field sampling was carried
out along freshwater rivers flowing across the Rwenzori Montane region in southwestern Uganda
at the western border with the Democratic Republic of Congo (DRC). The Equator passes through
the study area which is located in the Albertine Rift valley. The study area is bounded by Lake
Edward in the south, Lake George in the southeast which is a vital biodiversity hotspot [65,66] and the
Rwenzori Mountain ranges in the north (Figure 1). Main land use activities are mining, agriculture,
industry, tourism-related developments, and human settlements. Large areas have been designated as
protected areas for national parks. The main anthropogenic stresses on the water bodies originate from
agriculture, mining, and the effluent from industrial and urban areas [67]. Severe natural disturbances
occur during the rainy season, especially from flash flooding. The minimally disturbed sites are mainly
located in protected areas and at locations with low population density.
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Figure 1. Map showing the 101 selected study sites. Inset legend: Group 1 (blue squares)—2014 sites
and Group 2 (black squares)—2017 sites.

The Rwenzori region has a bimodal rainfall pattern, annually varying from 900 mm to 1600 mm.
The two rainy seasons occur from March to June and October to December. The climate is a sub-humid
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equatorial climate [68,69]. We focused in our study on sections between altitudes of 900-1700 m.a.s.1.,
as we wanted to investigate mountain conditions along sites that were most accessible.

2.2. Environmental Data Collection

Water samples were collected from 101 sites (Figure 1) that were randomly chosen to give a
comprehensive assessment of the Rwenzori study area while making provision for the following:
accessibility, presence and absence of pools and riffles, hydrogeology and altitudinal gradients,
anthropogenic and natural disturbances that may impact the ecological status at each sampling site,
namely mining, water abstraction, agriculture, roads/paths, and residential and urban areas. Through
ground truthing, reference conditions [34,70,71] were determined as sites with the absence of significant
disturbances [72]. Furthermore, anthropogenic impact total was determined and tallied on a scale
ranging from 0 to 10. The sampling sites were then classified into three levels (low, medium, and high)
of anthropogenic impact derived from the scores. Scores varied from 0 to 3 for minimal impact sites;
4-6 for moderate impact, and 7-10 for high impact sites.

A total of 40 pristine sites were selected as reference and 61 as non-reference sites. The deductively
selected 40 reference sampling sites were further validated through applying the macroinvertebrate
assemblages by utilizing the Average Score Per Taxon (ASPT), which is a well-established biotic
index for ecological water quality appraisal. The ASPT value of >7 was established as an indicator
of high ecological quality, and this technique confirmed that all the selected reference sites were less
impacted [66].

At each site, altitude and coordinates of latitude and longitude (based on the Geographical
Coordinate system (GCS) EPSG: 4326) were recorded using Garmin-Global Positioning System (GPS)
(Garmin Legend; Garmin Ltd., Olathe, KS, USA). The dissolved oxygen (DO), specific conductivity
(SpCond), pH, and temperature (Temp), were measured Hydrolab multiprobe meter (Hydrolab-H20;
Hydrolab Company, Austin, TX, USA). Current velocity at each site was measured several times at
different points using a handheld Hontzsch probe (HFA-model; Hontzsch, Waiblingen, Germany).
The final velocity value was determined from the average of the measurements taken.

The water samples were collected in 1-L amber glass bottles, and immediately stored in a
Coleman cool box (Therapak; Coleman, OR, USA) and transported to the laboratory. In the laboratory,
samples were stored at 4 °C until laboratory analysis that was undertaken within 24 h after sampling
in compliance with the World Health Organization approved guidelines [73]. In the laboratory,
water chemistry was determined utilizing a DR3500 Hach Lange lab spectrophotometer (HACH
Company, Loveland, CO, USA) and Hach Lange kits to measure, nitrite-nitrogen, orthophosphate,
chemical oxygen demand, nitrate-nitrogen, five-day biochemical oxygen demand, ammonium-nitrogen,
total nitrogen, total phosphate.

Independent analysis and external quality control were carried out by Chemiphar Uganda,
an accredited laboratory.

2.3. Aquatic Macroinvertebrate Field Sampling and Laboratory Identification

Standardized multi-habitat kick sampling was applied with a standard dip net with a mesh size
of 0.5 mm. At each site within a stretch of approximately 30 m, we sampled macroinvertebrates for
5 min [66,74,75]. Three replicate samples collected from different microhabitats (macrophytes, sand,
mud, and stones) were pooled to one composite sample [66]. A total of 101 benthic macroinvertebrate
samples were collected, rinsed, and placed in tubes with 96% ethanol to reach a final concentration of
70% ethanol. In the laboratory, macroinvertebrates were counted and identified to family level [76,77]
using with LED-light ring at a magnification of 7-45X of a stereo Olympus SZX10 microscope (Olympus,
Tokyo, Japan).
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2.4. Data Analysis

The R software Version 3.3.1 [78] was utilized to carry out all the statistical data analytics.
We evaluated different methods for developing a biotic index such as predictive modelling, multimetric,
weighted averaging, and pollution tolerance score development. Based on various studies on index
development and the sizeable data integral for approaches such as predictive modelling when compared
to the size and variegation of the Rwenzori rivers and sites that were sampled, we concluded that
the latter two methods were most suitable for our index development. Detrended Correspondence
Analysis (DCA) [79], with detrending by segments and nonlinear re-scaling was run to ascertain
whether to apply either linear or unimodal based numerical techniques [80]. The rule of thumb is a
gradient length >4. Unimodal methods (CCA) are applied. The Rwenzori Score development was
split-up in two phases. Using canonical ordination methodologies, we identified physico-chemical
variables that correlated significantly to patterns in macroinvertebrate assemblage composition and
diversity. Next, using a set of physico-chemical variables and weighted averages (WA), we specified
family/taxa indicator values (pollution tolerance scores), gleaned from the gradient of disturbance.

2.4.1. Determining the Relationship between Environmental Variables and Macroinvertebrate
Community Composition

Based upon presence-absence macroinvertebrate datasets, ordination methodologies were used
to establish environmental variables, which revealed the variation in macroinvertebrate assemblage
composition amongst the sampled sites. Therefore, for the further data exploration of macroinvertebrate
assemblage variation, Canonical Correspondence Analysis (CCA) models were best suited for the
task [81-84].

With the spearman’s correlation, as variables were not normally distributed, we checked for
collinearity between the spatial and physico-chemical variables, since collinearity renders it hard for
model interpretation and additionally effectuates overfitting problems. However, all variables were
left in the subsequent analysis as none of them were highly correlated r> > 0.9 [85]. Additionally,
we controlled for spatial autocorrelation/synchrony in the datasets [86,87] by combining and
conditioning both spatial (longitude, latitude, elevation) and other non-chemical variables (main
substrate type, temperature, and velocity) of each site. Thus, isolating their effects on macroinvertebrate
communities in subsequent partial CCA (pCCA) analyses and allowing only nutrient gradients to
influence the ordination axes.

Using the significant covariables, a pCCA was performed, based on Hill’s scaling and inter-species
differences [82], applying forward selection techniques (analogous with forward stepwise regression),
to rank variables in the order of their magnitude in explaining macroinvertebrate assemblage
composition and distribution [81]. The Monte Carlo permutation test (999 random permutations) was
run to test the significance (p < 0.05) of each specific explanatory variable.

The environmental variables with variance inflation factor (VIF) >10 were taken out, prior to
performing CCA. Where necessary, environmental data were transformed to conform to the assumption
of normality [83].

2.4.2. Development of the Rwenzori Score (RS)

We applied a similar procedure based on the development of a Nutrient Biotic index (NBI) to establish
taxa indicator scores [88], which constituted weighted average (WA) estimates [89] for every single
family utilizing the pCCA selected variables and assigned to one of the 8 bins/groups, that comprised
of approximately equivalent site numbers. Across the impact gradient, the environmental optimum,
(EO) taxon/family value was determined using Equation (1), below:

_ X (Wprop) binl + bin2 + -+ + bin8
X (Uprop) binl + bin2 + -+ + bin8

)
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where the average water parameter value of each specific bin is denoted by Wprop, multiplied
by the portion of instances the taxon/family occurred in each respective bin, and is denoted by
Uprop. Subsequently, the computed environmental optimum value of each particular taxon/family
is approximately equivalent to the average water quality variable of the bin inside of which the
taxon/family attained the highest occurrence numbers. The values of the computed optima are
summarized in Appendix A Table Al.

Based on environmental optima of water quality variables, family indicator values were then
assigned. In ascending order, environmental optimum values were arranged and separated into
approximately 10 divided groups. Every single group contained approximately 7 and 6 taxa groups.
The group 1 taxa that were linked to sites with minimal impact were assigned a score value of 10,
whilst a score value of one was awarded to the final group 10, whose taxa were linked to sites that
had a very high anthropogenic impact. Hence, a score value of 10 denotes highly nutrient pollution
intolerant taxa/families, whilst highly nutrient pollution tolerant taxa/families have the lowest score
value of 1. It was feasible to compute the Rwenzori score (RS) using both the taxa presence/absence
data and indicator values of families/taxa at every one of the sites.

The Weighted Average (WA) methodology was applied to determine the pollution tolerance score
values for each specific taxon/family established on the nutrient-based variable orthophosphate, as
that explained significant variation in macroinvertebrate assemblage composition and distribution
across the gradient of disturbance.

For each sampled site, the Rwenzori Score was calculated as a total of the pollution tolerance
scores of all families/taxa identified and included and then divided by the total number of included
families/taxa. Thereafter, the final Rwenzori Scores vary from 0 to 10, with a higher score indicating a
lower pollution impact. The computed scores for each sampled site are shown in Appendix A Table A2.

The Rwenzori Score (RS) developed for the assessment of nutrient enrichment of Rwenzori
freshwater systems was determined at each site using Equation (2), below:

i=s
e
RS = ==L @)
s
where s denotes the total number of families at a site, while T; denotes the ith family pollution

tolerance value.

2.4.3. Rwenzori Score (RS) Performance Assessment

The differences of the Rwenzori Scores and orthophosphate levels between the four water quality
classes were assessed using the Welch’s Analysis of Variance (ANOVA) test [90], as the data were not
normally distributed and the groups presented heterogeneity of variances according to the Shapiro-Wilk
test and Levene’s test, respectively. Tukey Honestly Significant Difference (HSD) multiple comparison
test was applied to assess the significant differences in the score values and orthophosphate levels
between the four water quality classes. Rwenzori Score (RS) values were compared with two widely
used macroinvertebrate indices in African lotic systems: The Average Score Per Taxon (ASPT) and
South African Scoring System (SASS5) version 5 [91]. The recently developed TARISS score was
eliminated as it was derived from SASS5 and had similar taxa tolerance Scores to SASS5. Furthermore,
the TARISS had fewer taxa compared to ASPT and SASS5. Primarily, through the computation of
spearman’s correlations, we were able to compare pollution tolerance values used in the ASPT, SASS5,
and RS indices, though five of the 64 taxa identified in Rwenzori sites are not shown in both the
ASPT and SASSS5, so five Rwenzori taxa (i.e., Staphylinidae, Psephenidae, Ptilodactylidae, Scirtidae,
and Stratyomiidae) were excluded. We then calculated ASPT and SASS5 scores for each of 101 sampled
sites and compared them with Rwenzori Scores. We computed correlation coefficients and plotted two
separate correlation graphs between the RS and the two indices (ASPT and SASS5) to evaluate the
association between the indices.
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Rwenzori Scores were correlated alongside six variables of specific conductivity, dissolved oxygen,
orthophosphate, nitrite-nitrogen, and total phosphorus and taxa richness for each of the sites that
differed amongst reference and non-reference sites. Where necessary, variables were natural log
(In)-transformed prior to analysis.

3. Results

3.1. Environmental Results

Across the 101 sampled sites, the physico-chemical variables varied widely (Table 1). Unimpacted
sites generally had low nutrient levels as compared to impacted sites. The pH values varied from 4.91 to
9.99 in highly impacted sites. Similarly, specific conductivity showed a broad range from 0.051 (mS m™1)
t0 0.88 (mSm™1) in impacted sites. The mean altitude was 1169 m.a.s.l. and ranged between 916 m.a.s.l.
and 1538 m.a.s.l.

Table 1. Summary of the physicochemical variables measured in 101 Rwenzori sampling sites.

Variable (Unit) Mean + Std.Dev Range
Temp (°C) 219 +32 15.6-30.8
SpCond (mS m™1) 0.18 £ 0.18 0.05-0.88
pH (=) 7.6 +0.7 4.9-10
DO (mg L1 9+3 0.9-21.2
Velocity (m-s~!) 0.71 + 0.49 0-1.51
Altitude (m.a.s.l.) 1169 + 174 916-1538
TN (mg L™1) 1.67 + 0.96 0.23-5.35
NH4N (mg L71) 0.062 + 0.047 0.017-0.229
NO3N (mg L71) 0.622 + 0.614 0.14-6.25
NO,N (mg L™1) 0.02 + 0.029 0.001-0.15
TP (mg L) 0.149 + 0.127 0.009-0.61
OPOy4 (mg L™1) 0.138 + 0.9 0.006-5.33
BODs (mg L™1) 5.67 +1.79 1.19-8.43
COD (mg L) 24.95 + 15.98 2.67-75

Note: TN: Total nitrogen, NH4N: Ammonium nitrogen, NO3N: Nitrate nitrogen, NO,;N: Nitrite nitrogen,
TP: Total phosphorus, OPOy: Orthophosphate, BODs: Five-day biochemical oxygen demand, COD: Chemical
oxygen demand, Temp: Temperature, SpCond: Specific Conductivity, DO: Dissolved oxygen.

3.2. Macroinvertebrate Community Structure

A total of 34,202 individuals from 64 taxonomic groups (63 families and 1 higher taxon) were
recorded in the study sites. The most dominant taxa were Simuliidae (8839), Baetidae (8052),
and Chironomidae (6860), and the least dominant taxa were Athericidae, Culicidae, Dryopidae,
Ecnomidae, Erpobdellidae, Hydraenidae, Pleidae, Psephenidae, Psychomyiidae, Ptilodactylidae,
Staphylinidae, and Viviparidae (abundances < 2).

3.3. Development of Rwenzori Score

3.3.1. Ordination Analysis

Firstly, Detrended Correspondence Analysis (DCA) of macroinvertebrate assemblages
demonstrated that the length of gradient (5.18) was greater than 3 and thus indicated the unimodal
nature of macroinvertebrate taxa responses. Strong dissimilarity in macroinvertebrate assemblage
composition among sites was displayed by the final pCCA model (Figure 2) and the first two axes were
significant (p < 0.05). Biogeographical differences in macroinvertebrate composition were driven by two
significant variables: orthophosphate (OPO,) and pH. The orthophosphate concentrations were highest
in highly impacted sites and markedly lower (low nutrient levels) in the least impacted reference sites.
Consequently, we applied weighted averaging to evaluate the distributions of the 64 macroinvertebrate
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families across the pH and orthophosphate gradients and to determine environmental optima values
and subsequent pollution tolerance scores. We developed the final Rwenzori Scores (RS) for assessment
of nutrient enrichment from the orthophosphate tolerance scores.

2 0 2 4

e :OPO,

CCA2

-8 -6 -4

-10 -5 0 5 10 15 20
CCA1

Figure 2. The partial Canonical Correspondence Analysis (pCCA) biplot of macroinvertebrate
presence-absence data in 101 sites illustrating the relationship between assemblage composition and
the significant chemical variables following conditioning of both spatial/geographical (longitude,
latitude, elevation) and other non-chemical parameters (main substrate type, temperature, and velocity)
effects. The solid blue arrows illustrate the two key variables influencing macroinvertebrate assemblage
dissimilarity (i.e., OPOy: Orthophosphate and pH).

3.3.2. Developing Tolerance Scores Using Weighted Averaging (WA)

Based on the computed values, we were able to identify four water quality categories as
summarized below in Table 2.

Table 2. Categories of water quality based on Rwenzori Score pollution tolerance values of macroinvertebrate
taxa of Rwenzori freshwater systems.

Class Rwenzori Score
Excellent quality 6+
Good quality 5t05.9
Fair quality 4t049
Poor quality <3.9

The computed values for the four Rwenzori site classes are summarized in the boxplots (Figure 3a).
A total of 53 sites were classified as excellent (e), 24 as good (g), 11 as fair (f), and 13 as poor (p) (Table 3).

The RS values and orthophosphate levels significantly differed between the four water quality
classes (Figure 3a). The post hoc Tukey HSD test identified significant differences between the RS
(Figure 3a) and orthophosphate (Figure 3b) levels across the water quality classes.

Table 3. Number of sites assigned to four ecological water quality classes by the three biotic indices.
Inset abbreviations: ASPT—Average Score Per Taxon; SASS5—South African Scoring System version 5;
RS—Rwenzori Score.

Index Excellent Good Fair Poor
ASPT 48 28 13 12
SASS5 25 29 11 36

RS 53 24 11 13
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Figure 3. Box plots showing Rwenzori Scores (RS) for the 101 sites divided into their four water quality
categories (excellent class (e); good class (g); fair class (f); and poor class (p)) (a). Orthophosphate levels
of the four water quality categories (b). (Significance levels: p < 0.05 *; p < 0.01 ** based on Welch
Analysis of Variance (ANOVA) test with Tukey Honest Significant Difference (HSD) post hoc multiple
comparison test).

4. Assessing the Performance of the Rwenzori Score (RS)

The three biotic index scores calculated were: ASPT (2-10); SASS5 (2-159), and RS (1-8). Based on
these differences in macroinvertebrate assemblage composition, we allotted each group to one of
the four Rwenzori Score water quality categories (Table 2; based on the ASPT and SASS5 water
quality categories). Furthermore, it is paramount to observe that even when the macroinvertebrate
assemblages had compositional differences among the four ecological water quality groups, there were
taxa overlaps. When considering the four ecological site classes, we assessed the performance of the
two existing indices of ASPT and SASS5. The RS and ASPT (69% of sites) ranked in the same manner
versus the RS and SASS5 (34% of the sites). The three biotic indices scored only 23% of the sites
similarly. These findings show that the two biotic indices (ASPT and RS) are very close in diagnosis of
ecological water and seem to perform better than the SASS5 for our study area. Additionally, for the
reference areas, the ASPT and RS accurately classified the sites as excellent and good in comparison to
the SASSS5, that classified 10% of the reference sites as fair and poor.

Rwenzori Score values correlated significantly with the ASPT and the SASS5, as shown in Figure 4a,b.
However, the ASPT had a higher correlation (75 = 0.74, p < 0.001) than SASS5 (rs = 0.37, p < 0.001).

50l 5.0

45 45
(2] )
1 4 14
E4A0 £40]

3.5 . 3.51

3.0 o 3.010, :

15 2.0 1 2 3 4 5
In ASPT In SASS5

(a) (b)
Figure 4. Spearman correlation (rs) plots between In-transformed Rwenzori score (RS) and Average
Score Per Taxon (ASPT) (a) (rs = 0.74), rzadjusted =0.46, p < 0.001) and South African Score (SASS5)
(b) (rs = 0.37), ”Zadjusted =0.26, p < 0.001). The blue lines depict a linear model of the best fit while the
95% confidence intervals are represented by the grey lines.
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The sampled sites with high specific conductivity had low Rwenzori Scores (rs = —0.41,
rzﬂdjustgd = 0.085, p < 0.001). Likewise, sampled sites with high levels of OPOy (s = —0.53, rzadjusted =0.64,
p < 0.001), NO;N (rs = —0.46, rzadjustgd =0.29, p <0.001), and TP (rs = 0.43, r2ad]-usted =0.12, p < 0.001)
had low Rwenzori Scores. The RS correlated negatively with DO (r; = 0.21, T’Zadjusted =0.22, p < 0.001),
as some disturbed sites had high levels of eutrophication and thus the highest DO concentrations.

5. Discussion

5.1. Biological Indices

Globally, biological indices based on benthic macroinvertebrate assemblages sensitivity to gradients
in the environment are predominantly utilized as numeric measures of the health status of aquatic
ecosystems [30,44,46,47]. Additionally, biological indices derived from native macroinvertebrate
taxa are well understood and have been found to be beneficial when utilized in their specific
environments [25,92,93]. However, in Sub-Saharan Africa and other developing sub/tropical regions,
a limited number of tailor-made indices have been developed [30]. Our data are based on extensive
collections of macroinvertebrate taxa throughout Rwenzori streams and rivers that are vital headwaters
of the Albert Nile and are key components of the lake Edward river sub-basin system [94,95].
The canonical ordination revealed that orthophosphate, a reactive form of phosphorus, influenced the
compositional differences in macroinvertebrate assemblages among the reference and non-reference
sampled sites. The high orthophosphate levels were most likely caused by point and diffuse pollution
sources such as household, sewage, and industrial effluents from the densely populated areas.
Through the method weighted averages, we successfully assigned pollution tolerance values to the
native Rwenzori taxa. Weighted averages have in the past been successfully applied in the development
of other tolerance score based indices such as the Macroinvertebrate Community Index-MCI [96],
the SingScore [30], and the Acid Mine Drainage Index-AMDI [97]. Furthermore, Weighted Averaging
(WA) has historically been applied in ecological studies as a clear-cut and powerful methodology
for computing tolerance values [89,98-100]. Tolerance values provide a measure of the sensitivity
of macroinvertebrates to environmental stressors—in our case as previously stated, orthophosphate
(reactive phosphorus). When compared with the scores assigned to the newly developed Rwenzori Score,
only seven families had similar scores to the ASPT and SASS5 (Aeshnidae, Dryopidae, Gomphidae,
Nepidae, Tricorythidae, Veliidae, and Viviparidae). Thus, results from other studies [51,60] indicate
that the regional indices (i.e., ASPT, BMWP, SASS5, and their derivatives) probably do not give holistic
diagnostic data for the Rwenzori and other Ugandan rivers, which justifies the need to develop
region-specific tolerance scores. As tolerance scores for orthophosphate are nutrient based, the final RS
tolerance scores were based on orthophosphate concentrations only.

5.2. Rwenzori Score and Ecological Water Quality

To ascertain the health status at each of the sampled sites, Rwenzori scores are computed based
on the tolerance values of the families, as is done for other developed indices such as ASPT, SASS5,
TARISS, SingScore, and macroinvertebrate community index. The resultant RS value is classified under
one of the four ecological water quality categories (excellent, good, fair, and poor), which is similar to
other developed indices, thus reaffirming its applicability. The boxplots results revealed that among
the four classes, there are possibly intersections and thus integral to indicate that boundaries between
are flexible, as was also encountered in development of the Singaporean SingScore [30] and has also
been highlighted in other biomonitoring studies [101-103]. Thus, in addition to the RS, we suggest that
primary water quality data at sampled sites should be assessed. Through validation, the Rwenzori
Score is moderately comparable to commonly used biomonitoring indices in Sub-Saharan tropical
freshwater systems, mainly the commonly applied ASPT and a much lesser extent to the SASS5 and its
derivatives. The BMWP and the associated ASPT have been demonstrated to be valid across a broad
altitudinal gradient. In this study, we found five additional macroinvertebrate taxa (Staphylinidae,
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Psephenidae, Ptilodactylidae, Scirtidae, and Stratyomiidae) that could not be assigned to ASPT and
SASSS5 tolerance scores. Our results are supported by an earlier recent study in the Rwenzori region that
also found five missing taxa when validating the TARISS and ASPT indices [51]. This may restrict the
overall applicability of these indices across different ecoregions rivers as was revealed by earlier studies
in Tanzanian [50] and South African rivers [59]. Thus, the Rwenzori Score is a more complete and
tailormade biological index tool for assessing the ecological status of Rwenzori rivers. The Rwenzori
Scores calculated for our 101 sites indicated that water quality ranged from extremely impacted (poor)
to unimpacted (excellent). However, most of the sites were classified as excellent (N = 53), whereas the
class fair had the lowest site numbers (N = 11).

5.3. Water Resources Management and Future Research

Conductivity and nutrients were low in the unimpacted sites that were characterized by high
taxonomic richness. All reference sites, except for eight sites, were of excellent water quality with the
remnant sites of good quality. In contrast, the none-reference sites were assessed as poor and fair sites,
and were characterised by high levels of disturbance due to the animal watering points and direct
disposal of human and industrial wastes into the river [67]. Therefore, affirming that several of the
protected area sites are negatively influenced by anthropic activities such as rapid urbanization and
unplanned human settlements, in particular via nutrient enrichment. There have been debates in several
publications concerning the performance of predictive models and biotic indices [30,104-107]. Each of
these applications has key advantages and limitations, and before the Rwenzori Score development
process, we gauged for the plausibility and applicability of these approaches. Considering the dataset
size and the expertise of the different water resources stakeholders, we decided that a multi-metric
technique could have been applied. However, the very distinct community differences between the
sites along a nutrient/pollution gradient led to sufficient data for tolerance scores and biotic index
development as was observed in previous studies [30]. Furthermore, predictive models typically
require large datasets over a timeframe of several years and were not yet suitable for the development
of our Rwenzori Score due to our dataset size and sampling timeframe. Future research is needed to
validate and optimize the Rwenzori score and can possibly lead to the development of a multimetric
Rwenzori index based on long-term and larger-spatial coverage datasets and a more detailed taxonomic
resolution. Water resource managers can now utilize the Rwenzori index to control the ecological
water quality in the Rwenzori rivers and streams.

6. Conclusions

Water quality of aquatic ecosystems of streams and rivers in the Rwenzoris could be assigned to
one of the four RS categories. Although the Rwenzoris has varying disturbance levels, the majority of
unimpacted sites are of excellent quality and supported at least 64 different families. Furthermore,
a substantial part of the macroinvertebrate families have varying nutrient pollution tolerances and
are useful bioindicators to measure the health status of Rwenzori rivers and streams. In this manner,
the RS is suitable for measuring nutrient enrichment in the rivers and streams in the Rwenzori region.
The Rwenzori Score is thus a useful tool for biomonitoring and could promote sustainable conservation
of Rwenzori aquatic ecosystems. The results will be a basis for cost-effective and tailor-made solutions
to support decision-making processes in the Rwenzori montane region in the long-term.
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Appendix A

Table A1l. The Orthophosphate optima values of 64 taxa groups and the abundance (counts) found in
the 101 Rwenzori study sites.

Taxa Counts Optima Taxa Counts Optima
Aeshnidae 6 0.102 Libellulidae 287 0.107
Athericidae 1 0.086 Limoniidae 59 1.306
Atyidae 10 0.16 Lumbricidae 23 1.510
Baetidae 8052 0.096 Lumbriculidae 9 0.035
Belostomatidae 47 2.74 Lymnaeidae 15 1.584
Caenidae 2058 0.623 Mesoveliidae 3 0.116
Ceratopogonidae 21 0.168 Muscidae 26 0.132
Chironomidae 6860 0.194 Naucoridae 163 0.863
Coenagrionidae 540 0.813 Nepidae 34 0.828
Corduliidae 10 1.95 Notonectidae 25 0.035
Corixidae 1058 0.81 Palaemonidae 7 0.18
Culicidae 1 0.527 Perlidae 24 0.025
Dixidae 7 0.168 Physidae 28 3.096
Dryopidae 2 0.091 Planorbidae 35 0.755
Dugesiidae 16 0.092 Pleidae 1 0.98
Dytiscidae 13 1.575 Psephenidae 1 0.018
Ecnomidae 1 0.19 Psychodidae 3 0.050
Elmidae 405 0.452 Psychomyiidae 1 0.044
Empididae 8 0.04 Ptilodactylidae 2 0.021
Erpobdellidae 1 0.61 Pyralidae 5 0.111
Gerridae 5 2.147 Scirtidae 81 0.064
Glossiphoniidae 9 0.072 Simuliidae 8839 0.103
Gomphidae 128 0.355 Sphaeriidae 7 0.61
Gyrinidae 42 0.311 Staphylinidae 1 2.48
Heptageniidae 1139 0.087 Stratyomiidae 4 0.072
Hydracarina 31 2.678 Teloganodidae 347 0.101
Hydraenidae 2 1.411 Thiaridae 30 4.460
Hydrophilidae 20 1.975 Tipulidae 59 1.150
Hydropsychidae 2846 0.108 Tricorythidae 159 0.082
Lepidostomatidae 238 0.646 Tubificidae 19 0.556
Leptoceridae 159 0.587 Velidae 100 0.412

Leptophlebiidae 68 0.094 Viviparidae 1 0.403
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Table A2. Computed tolerance scores of 64 taxonomic groups.

13 0f 18

Order Taxa Score Order Taxa Score
Architaenioglossa  Viviparidae 5 Haplotaxida Lumbricidae 2
Arinchobdellida  Erpobdellidae 4 Hemiptera Belostomatidae 1
Basommatophora Lymnaeidae 2 Corixidae 3

Physidae 1 Gerridae 1

Planorbidae 4 Mesoveliidae 7

Coleoptera Dryopidae 8 Naucoridae 3

Dytiscidae 2 Nepidae 3

Elmidae 5 Notonectidae 10

Gyrinidae 6 Pleidae 3

Hydraenidae 2 Velidae 5

Hydrophilidae 1 Lepidoptera Pyralidae 7

Psephenidae 10 Lumbriculida  Lumbriculidae 10

Ptilodactylidae 10 Odonata Aeshnidae 8

Scirtidae 9 Coenagrionidae 3

Staphylinidae 1 Corduliidae 2

Decapoda Atyidae 7 Gomphidae 6

Palaemonidae 6 Libellulidae 7

Diptera Athericidae 9 Pectinibranchia Thiaridae 1

Ceratopogonidae 6 Plecoptera Perlidae 10

Chironomidae 6 Prostigmata Hydracarina 1

Culicidae 5 Rhynchobdellida Glossiphoniidae 9

Dixidae 7 Seriata Dugesiidae 8

Limoniidae 2 Trichoptera Ecnomidae 6

Muscidae 7 Hydropsychidae 7

Psychodidae 9 Lepidostomatidae 4

Simuliidae 8 Leptoceridae 4

Stratyomiidae 9 Psychomyiidae 10

Tipulidae 3 Tubificida Tubificidae 5

Empididae Empididae 10 Veneroidea Sphaeriidae 4
Ephemeroptera Baetidae 8
Caenidae 4
Heptageniidae 9
Leptophlebiidae 8
Teloganodidae 8
Tricorythidae 9
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