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Abstract
Benthic macroinvertebrates are widely used to assess the ecological quality of fresh waters. This is because they are in direct contact with the aquatic environment and respond differently to pollutants and changes in the watershed, which are difficult to assess by toxicological or chemical monitoring alone. this study used benthic macroinvertebrate parameters to assess the quality of the nearshore waters of lake Kivu. Twenty-six metrics covering various aspects of the community were tested using whisker plots to compare their sensitivity in discriminating between reference and disturbed stations. Nine parameters (% EPT taxa, % Diptera taxa, % Chironomid taxa, % Insect taxa; % no Insects taxa, ratio EPT/Chironomid taxa, % moderate tolerant taxa, % very moderate tolerant taxa, Family Biotic Index) were found to be sensitive and were able to discriminate between reference and disturbed stations. All sensitive metrics, with the exception of the percentage of EPT taxa, were positively and/or negatively correlated with the physico-chemical parameters affected by the changes in the littoral zone. The combined values of the three calculated biotic indices (ASPT, BMWP and FBI) showed that the biological water quality varies from moderate to good in the reference stations and from average to poor in the disturbed stations. It is concluded that metrics based on benthic macroinvertebrates are effective for assessing water quality in the littoral zone of Lake Kivu in the context of the lack of historical water quality databases and specific tools for toxicological assessment. It is suggested to compare the performance of this approach with others currently used in bio-indication.
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1. Introduction 
Human activities (rapid urbanisation, dams, irrigation) have been reported to alter aquatic ecosystems, ecological integrity and water quality (Tsanis et al., 2006, Ntislidou et al., 2018). As this has become a major concern for many states, several approaches, including physico-chemical (Pandey et al., 2018; Calmuc et al., 2020; Saal et al., 2020) and biological (Baptista et al., 2007; Barinova and Mamanazarova, 2021; Pissaridou et al, 2021, Pont et al,  2021) have been developed to monitor and assess the impacts of pressures from anthropogenic and natural stressors on surface and groundwater quality (Saal et al., 2020; Pont et al., 2021).
Since 2000, with the entry into application of the Water Framework Directive, the importance of defining methods for the assessment of the ecological status of lakes has motivated the development of several methods to assess human pressures in support of the assessment of ecological quality status or to define reference conditions (Guimaraes et al., 2009; Akay and Dalkiran, 2019; Odountan et al., 2019). In Europe/US/Canada, in addition to several national standardized methods for assessing impairments, several indices have been developed and proposed for adoption (Vitecek et al., 2021; Ozoliņš et al., 2021). Since the assessment of the ecological status of nearshore areas has direct impacts on the structure and function of these ecosystems and the ecosystem services they provide, there is a growing need for methods that are widely accepted by the scientific community and that allow the quantification of habitat quality and human pressures to achieve sustainable environmental management objectives (Poikane et al., 2016; Odountan et al., 2019). Unfortunately for the DRCongo and Africa as a whole, few studies have been dedicated to this aspect despite the increasing pressures and impacts on aquatic systems, particularly from the many increasing anthropogenic activities (Odada et al., 2003). Many gaps do not allow a better orientation for water use policy and the ecological sustainability of the natural environment of lakes.
Meanwhile, the Lake Kivu watershed is under continuous anthropogenic pressure due to the population growth of the large lakeside cities such as Bukavu and Goma in DRCongo, Gisenyi, Kibuye, and Nyamasheke in Rwanda (Kaningni et al., 1999; Lina, 2016). Changes in environmental conditions and anthropogenic disturbances in its catchment are most pronounced in the riparian zone south of the lake (Basima et al., 2006; Muvundja et al., 2009). However, studies on the effects of spatial and temporal changes and the assessment of potential impacts of natural events (floods, droughts) and human activities (urbanisation, agriculture) in the lake's watershed on water quality and ecological functioning of the lake are limited. This is mainly due to the lack of continuous and accurate historical data on littoral aquatic vegetation, macro-invertebrates and surface water quality parameters in riparian areas. White et al (2008) highlighted the sensitivity of macroinvertebrates to environmental factors compared to macrophytes and fish species, indicating the highly reactive nature of macroinvertebrates to changes in environmental variables and their usefulness in assessing associated effects on water bodies.

Therefore, metrics based on benthic macroinvertebrates present in the littoral zone have been commonly used to assess the biological water quality of the littoral zone of tropical lakes and elsewhere (e.g. Guimaraes et al., 2009; Akay and Dalkiran, 2019; Odountan et al., 2019 Vitecek et al. 2021; Ozoliņš et al. 2021). This analysis of the macrobenthic community in water quality assessment was adopted in the present study to assess the water quality of Lake Kivu. The method is based on the estimation of different metrics representing structural and functional aspects of the macrobenthic community considered as a community with some taxa tolerant to pollution and others not. The metrics-based approach is the first step used by several authors to develop multi-metric indices for macroinvertebrate-based water quality assessment (Poikane et al., 2016; Odountan et al., 2019; Ozoliņš et al., 2021; Vitecek et al. 2021).

This approach is complementary to the use of physico-chemical parameters which remains the most traditional one used to assess water quality (Hyangya et al., 2021). But the physico-chemical approach alone has shown several limitations as it is not able to provide the instantaneous character of disturbances and the rate of accuracy in the assessment of water quality with precise indications on the ecological functioning of a freshwater ecosystem given the complexity of hydrosystems on the one hand and the multiplicity of anthropogenic disturbances on the other (Levêque, 1994).

This study aimed to fill the knowledge gap on how Lake Kivu responds to the combined impacts of natural and other effects on the water quality of the southern shoreline using benthic macroinvertebrate metrics. The objectives of the study were (i) to select potential metrics that can accurately contribute to the development of a multimeric index of ecological integrity for the littoral zone of Lake Kivu and (ii) to use the selected benthic macroinvertebrate metrics to assess the biological water quality of the lake.The assumption was that the values of some community metrics would differ significantly between disturbed and relatively stable station categories due to the diversity and stability or instability of benthic communities which are constantly and intimately linked to the quality of the environment in which they live.
2. Material and methods
2.1. Study area: Lake Kivu
This study was carried out in Lake Kivu which is one of the great lakes of the Albertine Rift Valley. It is located between Lake Edouard (916 m above sea level) to the north and Lake Tanganyika (774 m above sea level) to which it is connected by the Ruzizi River, to the south (Beadle, 1981). Located in East Africa, south of the equator, between S 1°34'-2°30'  and E 28°50'-29°23' (Figure 1), Lake Kivu is the smallest (2370 km2), the least bulky (580 km3), and the highest (1463 m above sea level) of the large lakes of the East African Rift Valley (Tietze, 1980; Kaningini, 1995). It would have formed in the Pleistocene and Holocene eras, following intense volcanic and tectonic activities (Descy et al., 2012). Spread over 102 km in length, it forms a natural border between the Democratic Republic of the Congo in the west and Rwanda in the east (Figure 1) (Verbeke, 1957; Descy et al., 2012). In addition to Kabuno Bay, Lake Kivu consists of 4 basins including the North Basin, the East Basin of Idjwi Island, the West Basin, and the South Basin (Degens et al., 1973; Tietze, 1980). The study area of this study is located in the Bukavu and the Ishungu sub-basins (to the south of the lake (Figure 1) which forms the southern basin of the lake which covers an area of ​​108 km2. The depths below 180 m still form a closed basin, the greatest depth of which reaches 220m (Descy et al., 2012). Although these two basins extend on both sides of the lake, samples were only collected on the RD. Congo side. 
The Bukavu sub-basin is surrounded by the Mitumba Mountains to the southwest, the Rwandan ridge and the Ruzizi River to the east, and the western basin of Lake Kivu to the north (Kaningini, 1995). The watershed which is directly associated with it covers a total area estimated at 45 km2 with an altitude of between 1500 and 2194m. There are several socio-economic activities (agriculture, slaughterhouses, fisheries, brewery, pharmaceutical factories, etc.) (Basima et al, 2006). Most of these socio-economic activities by the lake directly or indirectly dump their products into the coastal littoral zone (Lina, 2016). The city of Bukavu, the capital of South Kivu province, is also located in the watershed of this sub-basin. This city, whose population has nearly doubled in the last two decades (from 1984 to 2010, its population went from 2,107,988 to 4,874,000 inhabitants (source: population sizes: worldpopulationreview.com and www.citypopulation.de, only official numbers), has no waste and sewage treatment center. All this waste ends up in the littoral zone of Lake Kivu, turning it into an open sewer.
The Ishungu sub-basin is located between the Bukavu sub-basin and the south of Idjwi Island. It is connected to the other basins of the East and West of the island of Idjwi by several fairly wide and deep passes (Verbeke, 1957). It communicates by three narrow channels with the Bukavu and Kalehe sub-basins and by a deep valley (160 m) with the large lake (Capart, 1960). Its watershed is sparsely populated and the dominant activity remains the permanent subsistence agriculture practiced on the slopes of the hills overlooking it.

2.2. Selection and characterization of sampling stations

Given the lack of pristine natural conditions in the Congolese part of the southern littoral zone of the lake and with regard to the objectives of the study, the selection of sampling stations was made with regardto the study of, Jónasson (2004), Ntislidou et al. (2018); Vitecek et al. (2021) who worked in ecosystems with approximately the same characteristics as ours.  

Samples were collected in the two sub-basins of the south basin. The Bukavu sub-basin is considered to be disturbed due to its high population density: 13196 inhabitants/km² according to data of CAID-RDC (2016) and its various potentially polluting activities (e.g. catchment area without vegetation and with a high percentage occupied by human dwellings, a high rate of macrophyte removal in littoral zones). Numerous urban, industrial, and sub-urban activities related to the lake-side markets are potential sources of pollution. Four sampling stations were selected in the littoral zone (< 1m depth). One station was considered as a reference (undisturbed area) and named Bukavu 1 (BK1) and three altered stations: Bukavu 2 (BK2), Bukavu 3 (BK3), and Bukavu 4 (BK4) (see their description in table 1) (Figure 1).  The Ishungu sub-basin is relatively less disturbed than Bukavu. It is sparsely populated: 161 inhabitants/km² according to data of CAID-RDC (2016) with over 85% of the catchment area covered by natural riparian vegetation. This station is characterized by no diffuse pollution from urban, industrial, and sub-urban sources; no infrastructures such as ports and markets on the banks of the lake; and no domestic sewage system that discharges domestic wastewater into the lake. An additional four sites were selected, three of which are considered reference sites: Ishungu 1 (IS1), Ishungu 2 (IS2), Ishungu 4 (IS4), and a degraded site, Ishungu 3 (IS3) (Table 1).  The stations were 30 m long and the width of the shoreline at the sampling point was between 5 and 10 m depending on the site configuration, due to the narrow and steep nature of the Lake Kivu shoreline. (Verbeke, 1957; Beadle, 1981). They were selected to cover as much as possible the dominant micro-habitats taking into account the morphological characteristics, the vegetation cover up to 10 m from the shore, and the types of substrates dominating the bottom (Table 1). 
2.3. Water quality assessment

2.3.1. Measurement and analysis of water quality parameters

Data were collected monthly from January to December 2018 and samples were taken between 8.30 and 10:30 am during the period of the study. 

Temperature, dissolved oxygen, and conductivity were measured in situ using a multiparametric field probe (YSI Incor.550 Dissolved Oxgen made in USA) while pH was measured with a pH-meter (pH 330/SET-1 made in Germany) and turbidity with a turbidimeter (HACH 21000, Made in Germany). The water depth at each sampling station was determined by a brand echo sounder (Plastimo Echotest II, 59588 made in France). 

The water samples for nutrient (phosphate, ammonium, nitrite, and silica) analyses were taken at each station using a small 5-liter polyethylene canister, previously rinsed with distilled water. Immediately after being collected, the water sample was filtered using Macherey-Nägel GF/5 filters with a porosity of 0.7μm, labeled vials were placed in a portable freezer at 4°C and later on stored in a fridge at -20 °C before all analyses. 
2.3.2. Nutrients concentration determination 

The concentrations of nutrients: orthophosphate (PO43-), ammonium (NH4+), nitrites (NO2-), and silica (SiO2), were measured using standardized techniques of UV-Visible spectrophotometric analysis of water samples (APHA, 2005). A spectrophotometer branded Spectronic ®20, USA was used at a wavelength specified according to the nutrient to be measured ( Muvundja et al., 2009). 
2.3.3. Extraction and determination of chlorophyll-a concentration 

Water was filtered through Macherey-Nägel GF/5 filters with a porosity of 0.7μm, and then the filter papers were kept in labeled vials containing 90% acetone for the extraction of chlorophyll a. For the determination of chlorophyll-a concentration, the extract in acetone was sonicated once, kept at 4°C protected from light for 12 hours, and then sonicated a second time. The algal concentration was finally calculated according to the Lorenzen equation (APHA, 2005). 

2.4. Macroinvertebrate sampling and identification
Macroinvertebrate sampling was semi-quantitative and was taken monthly in the littoral zone from January to December 2018 in order to obtain as much as possible the representativeness of the taxa present in each station (Cañedo-Argüelles and Rieradevall, 2011). Samples were collected using a 250µm mesh dip net to enable the different sub-habitats to have prospected. The standardized effort time was 30 minutes per replicate, trying to survey all habitats, including sediment, gravel, and macrophytes, in proportion to the area, they occupy at the station (Cañedo-Argüelles and Rieradevall, 2011). Habitats with coarse substrates (stones and deadwood) were carefully sampled by hand and the substrates were carefully rinced  in a basin and the contents were filtered through a 250µm mesh sieve. For each sample, two replicates were taken and all post-sampling processing was done according to the XP T90-388 macroinvertebrate processing protocol (AFNOR, 2010). 

Maroinvertebrate specimens were sorted into broad taxonomic groups, according to the sampling dates and stations, and stored in 50 ml glass vials containing 70% ethanol for conservation. All fixed samples are kept in the laboratory of the Teaching and Research Unit in Applied Hydrobiology (UERHA) of the Institut Supérieur Pédagogique de Bukavu (ISP-Bukavu) for further analysis. The identification of all the macroinvertebrates was made at the family level (Appendix 1 : table of the main families identified by station) depending on the availability of the identification keys from the literature (Tachet et al., 2010). The identification followed the keys proposed by Brown (1994) for mollusks, Hamada et al. (2018) for insects, Cumberlidge and Meyer (2011), Meyer and Cumberlidge (2011) for decapod crustaceans. 

2.5. Selection of benthic community metrics

Twenty-six metrics were selected and calculated on the benthic community (Table 2) according to Ntislidou et al. (2018), Odountan et al. (2019) and Vitecek et al. (2021). Those metrics were selected based on various aspects of the macroinvertebrate communities such as measures of richness, composition, tolerance, and trophic status, were assessed (Baptista et al., 2007, Camargo, 2019). Thereafter, the selected metrics were divided into four groups: (i) metrics related to community composition and diversity, (ii) metrics related to disturbance tolerance and pollution sensitivity, (iii) metrics related to trophic status, and (iv) metrics related to biotic indices. 
Metrics related to community structure (overall composition and variety of organisms), consisted broadly of counts of taxa present and reflected the diversity of the aquatic assemblage (Resh, 1995; Barbour et al., 1996; Bennett et al., 2004). Compositional metrics were considered as the proportional contributions of various groups to the total fauna and have consisted of percentages of various taxa in the total population (Bennett et al., 2004; Camargo, 2019). Functional metrics were based on the proportional abundances of various functional groups such as the different functional feeding groups. In most cases, relative abundance has been used more than total abundance as it reflects the interactions between different taxa (Barbour et al., 1996; Bennett et al., 2004). Healthy macroinvertebrate assemblages are generally consistent in their proportional representation, although individual abundance may vary (Bennett et al., 2004).

2.6. Data analysis

The mean values of the physico-chemical water parameters were calculated for each station.  
As there are no specific water standards in the DR. Congo, the values of the water parameters obtained were compared with the international stttandard limits proposed by ANZECC, (2000), CCME, (2009) and (USEPA, 1995) in the evaluation of water quality in freshwaters. Thus, the comparisons were  made   between the lake parameters and  the acceptable limit values for aquatic fauna in waters according to the standards of the Australian and New Zealand Environment and Conservation Council (ANZECC, 2000), the Canadian Council of Ministers of the Environment (CCME, 2009) and the United States Environmental Protection Agency (USEPA, 1995). 

The mean values of the parameters with significant differences between the sampling sites (p < .05) were compared using one-way ANOVA on log-transformed data combined for the study months.Two-way ANOVA was performed to determine the influence of both the sampling sites grouped in undisturbed, i.e. reference (REFER) and disturbed (POOR) stations and months (time) on the environmental parameters in the lake. Tukey-Kramer multiple comparison test was performed to compare sites in pairs. The comparison between  parameters with no homogeneity of variance was peeerformed using the non-parametric Kruskall-Wallis test. 
The results of the macroinvertebrates metrics were presented according to the sampling stations for an interstation analysis. The most sensitive metrics were used to better discriminate the disturbed and reference stations. The sensitivity of each metric was determined by the degree of interquartile overlap in box-and-whisker plots (Kashian et Burton, 2000; Baptista et al., 2007). The box-and-whisker plots allow the visualization of the variation in the metric range between reference stations (BK1, IS1, IS2, and IS4) and disturbed stations (BK2, BK3, BK4, and IS3). The metrics were given one of the following five sensitivity values: a sensitivity score of 3 was assigned if there was no overlap in the interquartile range; a sensitivity score of 2 if there was some overlap in the interquartile range but both medians were outside the interquartile range overlap; a sensitivity score of 1 if there was moderate overlap in the interquartile range but one median was outside the interquartile range overlap; a sensitivity score of 0a if one range completely overlapped the other interquartile range but one median was outside the interquartile range overlap, and a sensitivity score of 0b if both medians were inside the interquartile range overlap area (Figure 2) (Kashian et Burton, 2000; Baptista et al., 2007). A metric was considered sensitive when the comparison between the box-and-whisker plots of the reference stations (REFER) and disturbed stations (POOR) obtained a sensitivity score of 3 (Baptista et al., 2007). As the metrics were mostly expressed as proportions and tend not to be normally distributed, the non-parametric Mann-Whitney test was performed to determine significant differences between the reference and disturbed stations. These statistical comparisons were not used to eliminate metrics but rather to describe the differences between the benthic fauna of the two categories of stations and as a method of validating the potential metrics previously determined by the box-and-whisker plots visualization (Kashian and Burton, 2000; Baptista et al., 2007). The similarity between the sampling stations based on all tested metrics was assessed by hierarchical clustering using the distance provided by the weighted arithmetic mean linkage method (WPGMA) after log transformation (log10 (x+1)) of the data except for pH values, to eliminate scale bias. The Spearman correlation (p < 0.05) was performed to explore the relationship between physico-chemical parameters and macroinvertebrate metrics in the sampling stations. Graphing and statistical analyses were performed using Minitab 17 Statistical Software package. 
3. Results 
3.1. Physico-chemical water quality parameters 

The values of the physico-chemical water quality parameters measured at different sampling stations and the related descriptive statistics are presented in Table 3. The one-way ANOVA result showed significant interstation variations for all measured parameters, except TDS, SiO2 and PO43- and NO2–. As for the standard norms of the physico-chemical parameters as a function of aquatic fauna (Table 3), PO43– values are out of the norm in all stations, whether disturbed or not. Referring to CCME (1999), NO2– concentrations are upper limit value 0.02mg/l at disturbed stations BK2 and BK3 and turbidity exceeded the limit value of 5NTU at the disturbed stations of BK2, BK4 and IS3 and the reference station of IS4. 

The two-way ANOVA results for the comparisons of the values of physico-chemical parameters between grouped disturbed and reference stations (Figure 3), showed significant effects of the stations on 5 parameters that are : EC (F=7.04 , p=0.009), TDS (F=4.86, p=0.030), Turbidity (F=12.66, p=0.001), PO43- (F=5.43 , p=0.022), NO2- (F=6.65 , p=0.011). No seasonal effect was significant while comparing the mean values of each parameter between the rainy and dry seasons. The effects of the interaction between seasons and sampling stations were also no significant for all parameters except for TDS (F=5.12, p=0.026) (Table 4).
3.2. Results of tested metrics 

The values obtained per station for the assessed macroinvertebrate metrics (Table 5) show that the proportions of Ephemeroptera-Plecoptera-Tricoptera taxa, three groups considered as indicators of little disturbed environments, did not exceed 0.5% in all the altered stations whereas in the reference stations they are higher than 2%, except for one undisturbed station (BK1) where only 0.84% of them was osbserved. The group of insects was the most dominant in the disturbed stations with abundances of more than 70% while their proportions were less than 44 % in the reference stations. Of this group Diptera and more particularly the Chironomidae family, two taxonomic groups dominating a disturbed environment, were the most abundant in two disturbed stations (BK3 and BK4) where their proportions varied between 47 and 77% but they did not exceed 15% in all reference stations. The same observation was done for the proportions of highly pollution tolerant taxa, which were above 50 % in all disturbed stations, while moderately pollution tolerant taxa  showed proportions above 50% in all reference stations. The intolerant taxa  did not exceed 8% in all sampled stations (Table 5).  
The contributions of functional feeding groups to the trophic structure of the macroinvertebrate community at each sampling station (Table 5) showed that predators are dominant in the disturbed  stations BK2 (53.33%) and IS3 (47.29%), gathering-collectors  are dominant in the disturbed stations BK3 (74.93%), BK4 (60.68%) and the reference station IS1 (64.20%). Scavengers  are dominant in the disturbed station BK1 (64.98%) and disturbed station IS3 (56.74%). Filters-collectors  are only present in one reference station (IS4) while shredders  are only present in the only one disturbed station (IS3) with respective station abundances of 7.33% for filters-collectors and 0.16% for shredders. 

The biotic indice values obtained and their significance for the indicated biological water quality showed inter-station variations (Table 5). The overall assessment of the water quality deduced from the values of the calculated three biotic indices (ASPT, BMWP, and FBI)  indicated that the water quality varies from moderate to good quality in reference stations and fair to poor wattter quality in disturbed stations. The water quality was of  good quality in the three reference stations named BK1, IS2 and IS4, moderate in one  the reference station IS1, fair quality in the disturbed station BK4, while water of poor quality was observed in three disturbed stations known as BK2, BK3, and IS3.   

Hierarchical clustering of the sampling stations based on all tested metrics using the distance provided by the weighted arithmetic mean linkage method (WPGMA) also highlighted  a clear classification of reference and disturbed stations (Figure 4). Based on the values and significance of the biotic indices, three groups are observed corresponding to unimpacted stations (group 1) (IS4), very slightly impacted stations (group 2) (BK1, IS1, IS2) and heavily disturbed stations (group 3) (BK2, BK3, BK4, IS3).
3.3. Metrics sensitivity tests and their correlation with physico-chemical parameters

Box-and-Whisker plots used to determine the sensitivity of the metrics to discriminate between reference and disturbed stations are presented in Figure 5. Based on the sensitivity test applied to the 26 metrics assessed in this study, 9 (% Dipt, % Chiro, % Ins, % Non Ins.Tax, EPT/Chiro, % Mod.Tol.Tax, % Ver.Tol.Tax and FBI) were considered sensitive with a sensitivity score of 3 between the reference and the degraded sites (Table 6). Only six metrics were statistically different between reference and disturbed stations according to the Mann-Whitney U-test (p < 0.05) and were therefore considered valid for discriminating between reference and disturbed stations (Table 6).  That are The percentage of Dipteran (% Dipt) (U=25.5, p= 0.032), percentage of Chironomids (% Chiro)  (U=26, p= 0.030), percentage of Insects (% Ins) (U=26, p= 0.030) and  percentage of no insects taxa (% No Ins.Taxa) (U= 10.0, p= 0.024)  for metrics related to community composition and diversity; EPT/Chironomids (EPT/Chiro) (U=10, p= 0.026) for metrics related to tolerance to disturbance and sensitivities to pollution and Family Biotic Index (FBI) (U=26, p= 0.030) for metrics related to biotic indices.

Pearson correlation between physico-chemical parameter values and biological metric valeurs and indices are presented in Table 7.  There were  positive significant correlations between percentage of EPT taxa (% EPT) and NO2- (r = 0.814, p= 0.013), percentage of Diptera taxa and  (% Dipt) and PO43– (r = 0.813, p= 0.047), percentage of insects (% Ins) and PO43–  (r = 0.885, p= 0.003), percentage of insects no dipteran taxa (%Ins-Dipt.Tax) and pH (r = 0.804, p= 0.016), percent of insects no dipteran taxa (% Ins-Dipt.Tax) and SiO44– (r = 0.873, p= 0.004), Equitability index (J) and pH (r =0.756, p= 0.029), equitability index (J) and SiO44– (r = 0.788, p= 0.019), percentage of moderate tolerant taxa (% Mod.Tol.Tax) and pH (r= 0.775, p= 0.023), percentage of moderate tolerant taxa (% Mod.Tol.Tax) and NO2-  (r= 0.761, p= 0.028), percentage of very tolerant taxa (% Ver.Tol.Tax) and PO43– (r = 0.878, p= 0.004), percent of predators (% Prd) and pH (r = 0.720, p= 0.043), percent of predators (% Prd) and SiO44– (r =0.830, p= 0.010), family biotic index  (FBI) and PO43– (r = 0.712, p= 0.047). However,  negative significant correlations were observed between percent of EPT taxa (% EPT) and PO43– (r = -0.839, p= 0.009), percentage of dipteran taxa and  (% Dipt.Tax) and pH (r = -0.752, p= 0.031), percentage of insects (% Ins) and NO2-   (r = -0.746, p= 0.033), percentage of no insects taxa (% No Ins.Tax) PO43–  (r = -0.811, p= 0.014), Simpson dominance index (D) and turbidity (r = -0.796, p= 0.017), most dominant taxon (% Dom) and turbidity (r = -0.786, p= 0.021), percentage of moderate tolerant taxa (% Mod.Tol.Tax) and PO43–  (r= -0.756, p= 0.029), percentage of very tolerant taxa (% Ver.Tol.Tax) and NO2- (r = -0.829, p= 0.010), percentage % filters-collectors (% Flt.) and electrical conductivity (r = -0.713, p= 0.046), family biotic index  (FBI) and NO2-  (r = -0.750, p= 0.031). 
4. Discussion 
4.1.  Overall physico-chemical characterization of the water

Physico-chemical parameters are the first environmental variables to be impacted by disturbances that may occur in the water body and its watershed (Pandey et al., 2018; Calmuc et al., 2020; Saal et al., 2020). In this study, the results showed that four (DO, Turbidity and the nutrients PO43– and NO2-) of the eleven measuderd parameters (Table 3) recorded values above the recommended limits for the sustainability of life in the aquatic environment (CCME, 1999; USEPA, 1986, 1995, ANZECC, 2000). 

The comparison of parameters between the disturbed and reference stations (Figure 3) showed differences between parameters such as EC, TDS, turbidity, PO43– and NO2-. Except for TDS, the values of all these parameters are significantly higher in the disturbed stations than in the reference stations highlighting the effect of human disturbances in the nearshore of the lake affecting its water quality on a spatial scale. The high values of turbidity are related to the high soil erosion rate reported in the region (Muvundja et al. 2009), sewage discharges and various waste discharges observed in the disturbed stations during the sampling period as evidenced by Lina (2016). Turbidity is known to reduce water quality by absorbing heat, increasing water temperature and decreasing dissolved oxygen by reducing the light penetration in the lake (Bilotta and Brazier, 2008). This was the observation at disturbed stations and espectially at two disturbed  stations named  BK3 and IS3 in the lake waters affecting these particular areas. High turbidity levels in waters   are also known to hinder aquatic insects, smother fish eggs, reduce growth rates and disrupt the microhabitats of many other aquatic organisms (CCME, 2001;; Kjelland et al., 2015). In this study, turbidity values were negatively correlated with the percentage of the most dominant taxon (% Dom) and the Simpson dominance index (D) indicating their evidenced effects on these organisms and their distribution in the lake littoral waters (Bilotta and Brazier, 2008; Kjelland et al., 2015).
The high value of PO43– and NO2- concentrations obtained in this study highlighted the impact of human activities in the catchment area on the quality of the coastal waters. Such high concentrations would be linked to probable contamination from the immediate catchment area and constitute a source of eutrophication of the lake. Indeed, in an unpolluted lake, phosphorus loading in the lake is consumed almost immediately by organisms without creating a surplus (Kjelland et al., 2015). However, the addition of phosphorus and nitrogen from the catchment  directly to the lake by human activities is known to increase the differences in key nutrient concentrations between different parts of a large lake (UNEP/WHO/UNESCO/WMO, 1992). In this case, these nutrients indicate the beginning of enrichment of the lake coastal waters with nitrogen and phosphorus, which would be transported to the nearby coastal waters by rainwater, gullies, and groundwater (Saal et al., 2020). The positive correlation observed between PO43– and NO2- with certain metrics suc as  (% EPT taxa, % Diptera, % Insects, % No insects taxa, % Moderate tolerant taxa, % Very tolerant taxa an Family Biotic Index ) evidenced that the increase in these two nutrients would have influences on both the composition and structure of benthic macroinvertebrates, as underlined by the values of the various biotic indices, which are an expression of the simple assessment of the effects of organic pollutants on benthic macroinvertebrates (Mandaville, 2002). 

The combination of the three water quality indices obtained based on macroinvertebrate communities (ASPT, BMWP, FBI) (Table 5) confirms the degradation of water quality along a gradient ranging from water of good water quality in the reference stations BK1, IS2 and IS4 to water of poor water quality in the degraded stations BK2, BK3 and IS3 (Table 4). This shows that at each station either   disturbed or not, the composition and structure of macroinvertebrates perfectly reflect the water quality of the water at the particular station. For example, Diptera and more particularly the Chironomidae, known to be the most dominant taxonomic groups in altered environments  (Mandaville, 2002; Tachet et al, 2010), are most abundant in the altered stations of BK3, BK4 where the water was of poor quality, a sign of probable severe pollution, whereas their proportions did not exceed 15% in all reference stations where the biological water quality is good, a sign of largely natural stations with little modification. Same observation was done for the proportions of taxa highly tolerant to pollution (Table 5), which are more abundant in all disturbed stations while taxa moderately tolerant to pollution have the highest proportions in all reference stations. The very low proportion of intolerant taxa in almost all the sampled stations (Table 4) would be related to the lack of excellent water quality in all these sites. 
The no significant difference in physico-chemical parameters between seasons and  interaction between stations and seasons, except for TDS (Table 4), suggests the quasi-permanent nature of potential sources of disturbance exogenous to the nearshore lake area. This  partly explains the fact that the analysis of metrics as discussed in this study was limited to the spatial level. Also, the physico-chemical parameters of waters are considered as the most important factors to be able to influence the species composition, diversity, stability, production and physiological conditions of biological community assemblage in a water bodies (Barinova and Mamanazarova, 2021; Pissaridou et al., 2021) 
4.2.  Macroinvertebrate metrics tested

The assessment of water quality using aquatic organisms, also known as biomonitoring, is an approach that is over a century old (; Carter et al., 2017, Odountan et al., 2019). It was originally developed for use in lotic systems (Barbour et al., 1996; Mandaville, 2002) and has been progressively extended to lentic systems (lakes, ponds, and reservoirs) (Gabriels et al., 2010; Odountan et al., 2019). Benthic macroinvertebrates are the most valued indicator species because their composition exhibits natural variations due to season, lake depth, and mesoscale habitat structure, as well as biotic effects (competition and predation) (Tachet et al., 2010; López-López and Sedeño-Díaz, 2015; Ligeiro et al., 2020 ). 
In the context of lack historical faunal data and resources for operational modelling of water quality in Lake Kivu, taking into account these biological variables linked to benthic macroinvertebrates would be a good option for assessing the individual and cumulative effects of several sources of disturbance, whether point or diffuse and for monitoring these effects over the medium and long term in qualitative and quantitative terms (Odountan et al., 2019). This is all the more so as these indicators act as a monitoring and warning system that addresses ecological, ethical, and economic concerns (Lévêque, 1994). The fact that most benthic macroinvertebrates are relatively long-lived, with cycles ranging from several months to several years, makes them important indicators of the status of a specific site over time (Tachet et al., 2010; López-López and Sedeño-Díaz, 2015; Ligeiro et al., 2020). In addition, these organisms are sensitive to the cumulative effects of physical and chemical disturbances, to which they respond with a range of sensitivities to many types of stressors (Tachet et al., 2010).
Despite the modifications and effects that the littoral zone of Lake Kivu undergoes (Muvundja et al., 2009, Lina, 2016) and that would have an impact on the macroinvertebrates of this zone, very few data exist on this community so that the choice of stations that are not or only slightly altered (= reference) and severely altered (= test) was paramount to compare metric values between the two groups. However, the identification of the reference state for a specific lake type based on benthic invertebrates is not easy due to natural variations caused by season, lake depth, mesoscale habitat structure, and biotic effects (competition and predation) (Carter et al., 2017). The use of hierarchical clustering of the sampling stations based on all tested metrics assessed by hierarchical clustering using the distance provided by the weighted arithmetic mean linkage method (WPGMA) (Figure 4). This  allowed the grouping of the selected stations into three categories along a disturbance gradient, which supported the station choices made a priori according to the criteria proposed by Jónasson (2004), Ntislidou et al. (2018), and Vitecek et al. (2021Community similarity indices (e.g. percentage similarity, hierarchical clustering) are another method for comparing macroinvertebrate composition between stations. They have already been used in several multi-metric and multivariate approaches (Sharifinia et al., 2016). Indeed, most similarity indices compare the composition of two samples on a taxon-by-taxon basis, which allows discriminating between stations based on their taxonomic composition and relative abundances (Weiss and Reice, 2005).
The identification of taxa down to the family level showed clearly how the natural variations and human events influence benthic macroinvertebrate variations linked to the dominance of an isolated species, to which metrics linked to faunal composition such as the percentage of taxa dominating the sample are sensitive based on the results of multivariate analyses (Ozoliņš et al., 2021). According to Warwick (1988), anthropogenic pollution and disturbance theoretically modify community structure at the highest taxonomic level, whereas natural environmental conditions affect the community structure only through replacement at the species level. Hence, Carter et al. (2017) advocate that the study of communities at higher taxonomic levels (family, phylum...) allows to free oneself from the influence of natural environmental factors.

The examination of the sensitivity of 26 metrics tested based on the box-and-whisker plots method (Kashian et Burton, 2000; Baptista et al., 2007) (Figure 5),  selected 9 sensitive metrics which best discriminate the reference stations from those disturbed in the lakeshore zone. These are the percentage of EPT taxa (% EPT), percentage of dipteran taxa (% Dipt), percentage of Chironomid taxa (% Chiro), percent of no insect’s taxa (% No Ins.Tax), ratio EPT/Chironomid taxa (EPT/Chiro), percent of moderate tolerant taxa (% Mod.Tol.Tax), percent of very moderate tolerant taxa (% Ver.Tol.Tax) and Family Biotic Index (FBI). Comparisons of the sensitivity of these 9 metrics resulted in only 6 (number of EPT taxa, % Dipt, % Chironomidae, % Ephemeroptera or % EPT and FBI) being selected as the metrics that could properly discriminate between reference and disturbed sites as also observed elsewhere (e.g. Gabriels et al., 2010; Camargo, 2019). EPT and Dipteran groups including chironomids showed predictable responses to low oxygen levels and over-enrichment of key nutrients in the water, which explains their use in many studies to assess nutrient enrichment (e.g. Serra et al., 2016, Barinova and Mamanazarova, 2021). In thit study, there was correllation  between these groups  and  oxygen, a parameter that did not record very low values (> 6mg/l in 4 stations and < 5.3-5.8mgl/l > in 4 other stations). This observation can be partially explained by the waves, which would constantly have a re-oxygenating effect on 
the littoral lake waters, especially as this is noted in the stations with and without macrophytes. However, the metrics correlated negatively and/or positively with the nutrient PO43– (correlated with % EPT and % Diptera), a variable which was above the interval limits for aquatic life in all stations and the nutrient NO2- (correlated with % EPT) which had values that exceeded the threshold limits in the disturbed stations of BK3 and IS3. 

Metrics based on diversity indices such as taxonomic richness, Shannon-Weaver index and Simpson index did not discriminate between stations according to their degree of disturbance although they are widely used as tools to measure of disturbance in comparisons between different lake habitats (Odountan et al., 2019). This can be justified by the fact that in this study the faunal differences between the two categories of stations (reference vs. disturbed) seem to be better observed on the level of taxonomic abundances than on the number of family-level taxa present in the reference and disturbed stations. Similarly, the functional feeding groups did not show discriminating differences between the two categories of stations compared. This could partly be explained by the fact that many species exposed to stressors can change or shift their habitat and feeding preferences in response to degraded environmental conditions as observed by Camargo (2019). 

Conclusion
This study illustrated that metrics based on benthic macroinvertebrate assemblage are effective in distinguishing nearshore lake habitats along a disturbance gradient ranging from relatively stable to sufficiently impacted areas. Therefore, they can be used as an useful tool to assess the biological quality of littoral lake waters in order to contribute to the general water policy making in DR. Congo and the ecological sustainability of the natural environment of Lake Kivu. Overall, the descriptive results of the metric showed that the water quality is in the range of good to fair in the reference sites, while in the disturbed stations it varies frommoderateto poor" depending on the case. Within the macrobenthic assemblage, this is reflected in the low representativeness of sensitive taxa and the preponderance of moderately tolerant and highly tolerant taxa. This indicates that the human  activities in the watershed of the lake basin impact the water quality in the lake. It would be desirable to assess the performance of the macroinvertebrate-based metrics along a disturbance gradient in the littoral zone and its sub-watershed. The 9 metrics that showed sensitivity to station discrimination in the present study can serve as reference metrics that 
can be refined by long-term sampling and the use of sophisticated multivariate statistical analyses. Given that the basic principle of biomonitoring by macroinvertebrate assemblages is the comparison of disturbed with non-disturbed stations, and recognising that pristine reference conditions are rarely available in a study, the choice of stations to be sampled remains the most important factor to be considered in using this approach in future studies. Although the results obtained here have practical implications for ecological assessment and management of the littoral zone, it is important to advocate the development of other benthic invertebrate-based multimeric indices of the Lake Kivu littoral zone that are specific to the identified stressors. These stressors should be categorized beforehand to maximize the efficiency of such an approach, which is economically advantageous compared to ecotoxicological or physico-chemical approaches.
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Table 1.  Location coordinates and characteristics of sampling stations (The assessment of the percentage of vegetation cover was done via qualitative visual inspection)

	Station
	Depth (m)*
	Coordinates (in DMS)
	Nature of banks and major substrates

	BK1
	0.59±0.13
	S 02°29'70''
E 28°52'68''
	Reference station located in Nyalukemba Bay. The banks are swamp, with 80% of macrophyte plant cover. The dominant substrate is sandy-silt mixed with organic debris.  

	BK2
	0.47±0.11
	S 02°29'95''
E 28°51'84''
	Disturbed station with mud fill banks and a residential water channel carrying wastewater. The bottom is gravelly-clay and a 25% vegetation cover dominated by herbaceous plants.

	BK3
	0.47±0.12
	S 02°29'66''
E 28°51'23''
	Disturbed station located next to the mouth of the Kahwa River. Sandy-clay bottom, banks flooded with various wastes and less than 5% vegetation cover.

	BK4
	0.46±0.10
	E 02°28'80''
S 28°50'42''
	Disturbed station with banks modified by backfilling with a sand, silt and clay. 15% plant cover dominated by a mixture of grasses and macrophytes.

	IS1
	0.64±0.07
	S 02°19'75''      E 28°57'95''
	Reference station with banks mainly composed of rocks, gravel and silt, 10 % vegetation cover dominated by herbaceous plants.

	IS2
	0.60±0.11
	S 02°19'64''
E 28°58'94''
	Reference station with natural banks having a dominant substrate consisting of rock covered with clays mixed with organic debris. 90% plant cover dominated by macrophytes.

	IS3
	0.60±0.09
	S 02°18'49''
E 28°57'78''
	Disturbed station with banks completely barren, 2% vegetation covers by herbaceous plants. The bottom is dominated by rocks and clay.

	IS4
	0.58±0.41
	S 02°18'37''
E 28°57'56''
	Reference station located at the outlet of a small stream. Partially natural banks with muddy clay bottom mixed with organic debris and covered with 99% macrophyte plants.

	


Table 2: Twenty-six candidate metrics selected and tested, their definition and expected response to increasing disturbance and pollution 
	Metrics calculated
	Abreviation
	Definition of metrics
	Response to perturbation
	Reference having used these metrics in previous similar studies

	1. Community composition and diversity

	Total taxa on family level
	No.Tot.Tax
	Number of taxa on family level in the community
	Decrease
	Ntislidou et al. (2018), Odountan et al. (2019) and Vitecek et al. (2021).

	Total number of individuals 
	No.Tot.Ind
	Number of individuals in the community
	Variable
	

	% EPT taxa
	% EPT
	Percentage of individuals Ephemeroptera-Plecoptera-Trichoptera family
	Variable 
	

	% Insects no Diptera taxa 
	%.Ins-Dipt.Tax
	Percentage of individuals of insects no Diptera taxa in the community
	Decrease
	

	% Diptera 
	% Dipt
	Percentage of individuals of  Diptera families
	Increase
	

	% Chironomids 
	% Chiro
	Percentage of individuals of  Chironomids family
	Increase
	

	% Insects 
	% Ins
	Percentage of individuals of  insects families
	Increase
	

	% Non insects taxa
	% No Ins. Tax
	Percent of individuals of non insects families
	Variable
	

	Shannon’s diversity index 
	H
	Shannon’s (1948) index of diversity
	Decrease
	

	Simpson’s dominance index 
	D
	Simpson’s (1949) index of dominance
	Decrease
	

	Eveness
	eH/S
	Sheldon (1969) index of eveness
	Decrease
	

	Equitability 
	J
	Jaccard (1901) index of Similarity
	Increase
	

	2. Tolerance to perturbation/sensitivities to pollution

	Ratio EPT/Chironomids 
	EPT/Chiro
	Ratio of the Number of EPT / Chironoimid individuals in the community
	Decrease
	Ntislidou et al. (2018), Odountan et al. (2019) and Vitecek et al. (2021).

	% dominance 
	% Dom.
	Percentage of the most dominant family in the community
	Increase
	

	%  3 most dominant taxa 
	% 3 Dom.Tax
	Percentage of the 3 most dominant family in the community
	Increase 
	

	% intolerant taxa  (tolerance value <4)
	% Int.Tax
	Percentage of family intolerant to disturbance (tolerance value <4)
	Decrease
	

	% moderately tolerant taxa (tolerance value 4-6)
	% Mod.Tol.Tax
	Percentage of family moderately tolerant to disturbance (tolerance value 4-6)
	Increase
	

	% very tolerant taxa (tolerance value > 6)
	% Ver.Tol.Tax
	Percentage of family very tolerant to disturbance (tolerance value > 6)
	Increase
	

	3. Functional  feeding groups

	% Predators 
	% Prd
	Percentage of individuals in predators 
	Variable
	Ntislidou et al. (2018), Odountan et al. (2019) and Vitecek et al. (2021).

	%  Gathering- collectors 
	% Gth
	Percentage of individuals in Gathering- collectors
	Variable
	

	%  Filters-collectors 
	% Flt
	Percentage of individuals in predators filters-collectors
	Decrease
	

	%  Scavengers 
	% Scv
	Percentage of individuals in scavengers
	Decrease
	

	%  Shredders
	% Shr
	Percentage of individuals in shredders
	Decrease
	

	4. Biotic Indices 

	Average Score Per Taxon Index 
	ASPT
	Average tolerance score of all family within the community
	Decrease
	Ntislidou et al. (2018), Odountan et al. (2019) and Vitecek et al. (2021).

	Biological Monitoring Working Party Index 
	BMWP
	Representative of pollution tolerant organisms at the family level
	Decrease
	

	Family Biotic Index 
	FBI
	Unique "tolerance value", resulting from the tolerance values of all families in the benthic community.
	Increase 
	


Table 3. Mean and standard deviation (Mean ± Sd.) of physico-chemical parameters of all sampling stations in Bukavu and Ishungu sub-basins (N=12) and standard limit values of parameters for the maintenance of aquatic life according to the guidelines of three reference agencies. For the same parameter, the stations with the same letter are not different (+: reference stations, x: Disturbed stations, **: limit value recommended for aquatic fauna: 1: CCME, 1999; 2: USEPA, 1986, 1995 and 3: ANZECC, 2000. Values in bold denote average values of parameters that are outside the limit values for the maintenance of aquatic life). 

	
	               Bukavu Sub-basin sampling stations
	Ishungu Sub-basin  sampling stations
	     ANOVA or Kruskal-Wallis

	Parameters
	BK1+
	BK2x
	BK3 x
	BK4 x
	IS1+
	IS2+
	IS3 x
	IS4+
	F or H
	   p
	**

	Temp. (°C)
	24.0±0.9b
	24.1±0.9b
	23.7±0.8b
	24.3±0.7ab
	24.5±0.4ab
	24.5±0.4a
	25.0±0.6a
	25.0±0.4a
	    6.20
	  0.000
	   -

	DO (mg/l)
	5.3±0.6b
	5.8±0.6ab
	5.9±0.6ab
	6.3±0.6a
	6.0±1.0ab
	6.4±0.2a
	5.8±1.0ab
	6.1±0.5ab
	3.01
	0.007
	61,2, 3

	pH
	8.9±0.4ab
	8.9±0.5ab
	8.6±0.7b
	8.8±0.3ab
	9.0±0.1ab
	9.0±0.1ab
	9.0±0.1a
	8.9±0.4ab
	2.26
	0.037
	6.5-91, 2,3

	EC (µS.cm-1)
	1189.1±28.4ab
	1203.2±30.5a
	1182.4±10.2ab
	1222.1±56.9a
	1192.8±17.0ab
	1193.5±5.7ab
	1201.0±6.9a
	1158.2±54.1b
	2.78
	0.012
	15003

	TDS (ppt)
	0.66±0.01a
	0.65±0.01a
	0.66±0.00a
	0.66±0.01a
	0.66±0.01a
	0.67±0.02a
	0.65±0.01a
	0.66±0.02a
	1.53
	0.169
	11

	Turbid. (NTU)
	4.8±3.1cd
	12.8±9.8ab
	4.5±3.3cd
	9.2±5.6bcd
	3.0±1.1d
	3.0±1.1bcd
	17.0±6.9a
	10.4±3.3abc
	7.80
	0.000
	51

	Chl.a (µg/l)
	0.50±0.42abc
	0.53±0.23abc
	0.75±0.49a
	0.53±0.34abc
	0.53±0.34bc
	0.45±0.30abc
	0.23±0.08c
	0.64±0.33ab
	2.62
	0.017
	123

	SiO44– (mg/l)
	4.95±2.19a
	5.41±1.55a
	5.41±1.55a
	5.41±1.55a
	5.85±1.39a
	5.44±1.83a
	5.38±1.04a
	5.38±1.04a
	1.95
	0.072
	-

	PO43– (mg/l)
	0.23±0.22a
	0.35±0.33a
	0.36±0.28a
	0.34±0.20a
	0.27±0.27a
	0.22±0.13a
	0.22±0.13a
	0.27±0.23a
	1.10
	0.367
	0,11

	NO2– (mg/l)
	0.01±0.01a
	0.01±0.01a
	0.06±0.11a
	0.01±0.01a
	0.01±0.01a
	0.01±0.01a
	0.05±0.03a
	0.01±0.01a
	1.56
	0.157
	0,021

	NH4+ (mg/l)
	0.27±0.13b
	0.29±0.13ab
	0.35±0.12ab
	0.25±0.06b
	0.25±0.11b
	0.26±0.13b
	0.22±0.18b
	0.50±0.34a
	2.85
	0.010
	1,371


Table 4. Results of the two-way ANOVA for physico-chemical parameters according to sampling stations disturbance and seasons periods (SS: sum of squares, DF: degree of freedom, MS: mean of squares, *: p<0.05, **: p<0.01 et ***: p<0.001).

	Parameters
	Source of
	DF
	SS
	MS
	F-Value
	P-Value

	
	 Variation
	
	
	
	
	

	Temp.
	Station disturbance
	1
	0.982
	0.982
	1.58
	0.212

	
	Seasons 
	1
	0.539
	0.539
	0.87
	0.355

	
	Station disturbance *seasons
	1
	0.433
	0.433
	0.69
	0.407

	
	Errors
	92
	57.511
	0.625
	
	

	DO
	Station disturbance
	1
	0.034
	0.034
	0.07
	0.795

	
	Seasons
	1
	0.961
	0.961
	1.92
	0.169

	
	Station disturbance *seasons
	1
	0.005
	0.005
	0.01
	0.917

	
	Errors
	92
	46.525
	0.505
	
	

	pH
	Station disturbance
	1
	0.297
	0.297
	1.88
	0.174

	
	Seasons
	1
	0.020
	0.020
	0.13
	0.718

	
	Station disturbance *seasons
	1
	0.284
	0.284
	1.81
	0.182

	
	Errors
	92
	14.44
	0.156
	
	

	EC
	Station disturbance
	1
	8463
	8462
	7.04
	0.009**

	
	Seasons
	1
	4
	3.99
	0.00
	0.954

	
	Station disturbance *seasons
	1
	1851
	1850
	1.55
	0.217

	
	Errors
	92
	109944
	1195
	
	

	TDS
	Station disturbance
	1
	789.1
	789.1
	4.86
	0.030*

	
	Seasons
	1
	582
	582
	3.59
	0.060

	
	Station disturbance *seasons
	1
	796.1
	796.1
	5.12
	0.026*

	
	Errors
	92
	14303.7
	155.5
	
	

	Turb.
	Station disturbance
	1
	518.37
	5.18.37
	12.66
	0.001**

	
	Seasons
	1
	18.74
	18.74
	0.46
	0.500

	
	Station disturbance *seasons
	1
	141.83
	141.83
	3.56
	0.062

	
	Errors
	92
	3666.75
	39.86
	
	

	PO43-
	Station disturbance
	1
	0.308
	0.308
	5.43
	0.022*

	
	Seasons
	1
	0.118
	0.118
	2.09
	0.152

	
	Station disturbance *seasons
	1
	0.009
	0.009
	0.16
	0.692

	
	Errors
	92
	5.279
	0.57
	
	

	NO2-
	Station disturbance
	1
	0.011
	0.011
	6.65
	0.011*

	
	Seasons
	1
	0.004
	0.004
	2.72
	0.102

	
	Station disturbance *seasons
	1
	0.002
	0.002
	1.36
	0.246

	
	Errors
	92
	0.164
	0.001
	
	

	NH4+
	Station disturbance
	1
	0.044
	0.044
	1.33
	0.253

	
	Seasons
	1
	0.013
	0.013
	0.39
	0.533

	
	Station disturbance *seasons
	1
	0.008
	0.008
	0.24
	0.628

	
	Errors
	92
	3.122
	0.033
	
	

	Chl a.
	Station disturbance
	1
	0.061
	0.061
	0.51
	0.479

	
	Seasons
	1
	0.041
	0.041
	0.34
	0.560

	
	Station disturbance *seasons
	1
	0.263
	0.263
	2.18
	0.143

	
	Errors
	92
	
	
	
	

	SiO2
	Station disturbance
	1
	0.031
	0.031
	0.01
	0.913

	
	Seasons
	1
	2.574
	0.574
	0.99
	0.322

	
	Station disturbance *seasons
	1
	0.186
	0.186
	0.07
	0.791

	
	Errors
	92
	241.450
	2.624
	
	


Table 5. Values of biological metrics and indices at sampling stations in Bukavu and Ishungu Sub-basins. For water quality biotic indices CM: critical modified = very poor quality, SOP: severe organic pollution likely = very poor quality, LM: largely modified = poor quality, VSP: very substantial pollution likely = poor quality, SP: substantial pollution likely = fairly poor quality, MM: moderately modified = fair quality, FSP: fairly substantial pollution likely = fair quality,  MI: moderately impacted = moderate quality, LN: largely natural with few modifications = good quality, CI: clean but slightly impacted = good quality, U: unpolluted or unimpacted = very good quality*: the overall average water quality taking into account the water quality values deduced from the ASPT, BMWP and IBF indices at each sampled station.
	 Metrics assessed
	BK1
	BK2
	BK3
	BK4
	IS1
	IS2
	IS3
	IS4

	Community composition and diversity

	No.Tot.Tax
	16
	18
	15
	22
	15
	21
	16
	22

	No.Tot.Ind
	1896
	1774
	1552
	2004
	1109
	2580
	1108
	6020

	% EPT
	0.84
	0.23
	0.26
	0.20
	3.25
	2.02
	0
	8.36

	% Dipt
	14.98
	32.24
	77.02
	51.90
	11.18
	15.66
	24.19
	14.34

	% Chiro
	14.98
	21.42
	72.85
	47.11
	11.18
	15.50
	23.83
	14.34

	% Ins
	34.39
	74.07
	83.29
	88.22
	44.09
	38.60
	71.48
	35.43

	% Ins-Dipt.Tax
	19.41
	41.83
	6.27
	36.33
	32.91
	22.95
	47.29
	21.09

	% No Ins.Tax
	65.61
	25.93
	16.71
	11.78
	55.91
	61.40
	28.52
	64.57

	H
	1.57
	2.12
	1.13
	1.96
	1.66
	1.75
	1.89
	2.03

	D
	0.34
	0.15
	0.55
	0.26
	0.30
	0.30
	0.20
	0.18

	eH/S
	0.30
	0.49
	0.19
	0.34
	0.35
	0.27
	0.41
	0.35

	J
	0.57
	0.75
	0.41
	0.64
	0.61
	0.57
	0.68
	0.66

	Disturbance tolerance and pollution sensitivity

	EPT/Chiro
	0.06
	0.01
	0
	0
	0.29
	0.13
	0
	0.58

	% Dom.
	54.85
	21.42
	72.85
	47.11
	49.77
	50.08
	29.96
	33.38

	% 3 Dom.Tax
	78.48
	57.27
	87.47
	62.08
	79.80
	77.52
	72.56
	66.50

	% Int.Tax
	0
	1.13
	0.52
	0,40
	0
	0
	0 .36
	7.85

	% Mod.Tol.Tax
	63.08
	45.55
	18.02
	28.14
	72.23
	68.84
	38.63
	62.32

	% Ver.Tol.Tax
	34.81
	53.33
	80.42
	71.06
	26.69
	29.46
	61.01
	29.71

	Trophic functional groups

	% Prd
	18.14
	53.33
	8.88
	30.14
	33.27
	23.10
	47.29
	32.60

	% Gth
	16.24
	22.32
	74.93
	60.88
	64.20
	19.84
	26.35
	25.43

	% Flt
	0
	0
	0
	0.09
	0
	0
	0
	7.33

	% Scv
	64.98
	24.35
	15.93
	8.58
	2.52
	56.74
	25.99
	34.25

	% Shr
	0
	0
	0
	0
	0
	0.16
	0
	0

	Biotic indices

	ASPT
	5LN
	3.9CM
	4.8 LM
	4.1LM
	4.5 MM
	4.8 LN
	4.2LM
	5.6 LN

	BMWP
	80CI
	67MI
	62MI
	95CI
	77CI
	101U
	63MI
	123U

	FBI
	6.4SP
	6.8VSP
	7.5SOP
	7.1VSP
	5.8SP
	6.2SP
	6.7VSP
	5.7FSP

	*Overall water quality
	Good
	Poor
	Poor
	Fair
	Moderate
	Good
	Poor
	Good


Table 6. Responses from the comparison of metrics between reference and disturbed stations and the results of the Mann-Witney U-test (U-values and p-level). (*sensibility test value-based box-and-whisker plots observations). 
	Metrics assessed
	Sensibility test value* 
	U
	p-level
	Metric Validation

	No.Tot.Tax
	0b
	17.5
	1.000
	-

	No.Tot.Ind
	0a
	14.0
	0.312
	-

	% EPT
	3
	18.0
	1.000
	-

	% Dipt
	3
	25.5
	0.032
	valid

	% Chiro
	3
	26.0
	0.030
	valid

	% Ins
	3
	26.0
	0.030
	valid

	% Ins-Dipt.Tax
	0b
	22.0
	0.312
	-

	% Non Ins.Tax
	3
	10.0
	0.024
	valid

	H
	0b
	20.0
	0.665
	-

	D
	0b
	18.0
	1.000
	-

	eH/S
	0b
	20.0
	0.665
	-

	J
	0b
	21.0
	0.470
	-

	EPT/Chiro
	3
	10.0
	0.026
	valid

	% Dom.
	0b
	20.0
	0.665
	-

	% 3 Dom.Tax
	0a
	17.0
	0.885
	-

	% Int.Tax
	0b
	20.0
	0.657
	-

	% Mod.Tol.Tax
	3
	13.0
	0.193
	-

	% Ver.Tol.Tax
	3
	24.0
	0.112
	-

	% Prd
	0b
	17.0
	0.885
	-

	% Gth
	1
	20.0
	0.665
	-

	% Flt
	0b
	17.5
	1.000
	-

	% Scv
	0a
	17.0
	0.885
	-

	% Shr
	-
	-
	-
	-

	ASPT
	2
	17.5
	1.000
	-

	BMWP
	0a
	18.0
	1.000
	-

	FBI
	3
	26.0
	0.030
	valid


Tableau 7. Metrics that correlated with individual physico-chemical variables using Spearman's correlation including correlation coefficient (r) and significance (p) with *: p<0.05 and **: p<0.01.
	Metrics
	Variable
	r
	p

	% EPT taxa
	PO43–
	-0.839
	0.009**

	 
	NO2–
	0.814
	0.013*

	
	
	
	

	% Diptera 
	pH
	-0.752
	0.031*

	 
	PO43–
	0.713
	0.047*

	
	
	
	

	% Chironomids 
	pH
	-0.785
	0.021*

	
	
	
	

	% Insects 
	PO43–
	0.885
	0.003**

	 
	NO2–
	-0.746
	0.033*

	
	
	
	

	% Insects no Diptera taxa
	pH
	0.804
	0.016*

	
	SiO44–
	0.873
	0.004**

	
	
	
	

	% No insects taxa
	PO43–
	-0.811
	0.014*

	
	
	
	

	Simpson dominance index 
	Turbidity
	-0.773
	0.024*

	
	
	
	

	Equitability index
	pH
	0.756
	0.029*

	 
	SiO44–
	0.788
	0.019*

	
	
	
	

	% Most dominant taxon
	Turbidity
	-0.786
	0.021*

	
	
	
	

	% Moderate tolerant taxa 
	pH
	0.775
	0.023*

	 
	PO43–
	-0.756
	0.029*

	 
	NO2–
	0.761
	0.028*

	
	
	
	

	% Very tolerant taxa 
	PO43–
	0.878
	0.004**

	 
	NO2–
	-0.829
	0.010*

	
	
	
	

	% Predators 
	pH
	0.720
	0.043*

	 
	SiO44
	0.830
	0.010*

	
	
	
	

	% Filters-collectors 
	EC
	-0.713
	0.046*

	
	
	
	

	Family Biotic Index
	PO43–
	0.712
	0.047*

	 
	NO2–
	-0.750
	0.031*


	Order/Family
	BK1
	BK2
	BK3
	BK4
	Tot BK
	IS1
	IS2
	IS3
	IS4
	Tot. IS
	Tot. Gen

	Coleoptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Elmidae
	8
	 
	 
	144
	152
	 
	4
	8
	8
	20
	172

	Hydraenidae
	 
	 
	 
	4
	4
	 
	 
	 
	 
	 
	4

	Hydrophilidae
	 
	 
	 
	24
	24
	 
	4
	 
	12
	16
	40

	Decapoda
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Atyidae
	12
	 
	4
	4
	20
	 
	4
	4
	2076
	2084
	2104

	Potamonautidae
	4
	4
	 
	 
	8
	 
	4
	4
	0
	8
	16

	Diptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Athericidae
	 
	20
	8
	 
	28
	 
	 
	 
	 
	 
	28

	Chironomidae
	284
	380
	1116
	944
	2724
	124
	400
	264
	892
	1680
	4404

	Empididae
	 
	 
	 
	28
	28
	 
	 
	4
	 
	4
	32

	Muscidae
	 
	160
	28
	4
	192
	 
	 
	 
	 
	 
	192

	Syrphidae
	 
	8
	20
	52
	80
	 
	 
	 
	 
	 
	80

	Tabanidae
	 
	4
	8
	12
	24
	 
	 
	 
	 
	 
	24

	Tipulidae
	 
	 
	 
	 
	 
	 
	4
	 
	 
	4
	4

	Ephemeroptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Baetidae
	 
	 
	4
	 
	4
	 
	12
	 
	12
	24
	28

	Caenidae
	12
	4
	4
	 
	20
	36
	40
	 
	36
	112
	132

	Leptophlebidae
	 
	 
	 
	 
	 
	 
	 
	 
	12
	12
	12

	Polymitarcydae
	 
	 
	 
	 
	 
	 
	 
	 
	456
	456
	456

	Gastropoda
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Ampullariidae
	8
	8
	36
	 
	52
	 
	4
	 
	336
	340
	392

	Bithynidae
	1040
	360
	188
	116
	1704
	16
	1292
	208
	1168
	2684
	4388

	Planorbidae
	164
	60
	20
	44
	288
	4
	84
	52
	420
	560
	848

	Thiaridae
	16
	4
	0
	8
	28
	8
	72
	28
	8
	116
	144

	Tricoptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Hydropsychidae
	4
	 
	 
	 
	4
	 
	 
	 
	 
	 
	4

	Heteroptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Belostomatidae
	4
	88
	 
	28
	120
	12
	24
	12
	40
	88
	208

	Naucoridae
	92
	268
	 
	156
	516
	209
	308
	128
	208
	853
	1369

	Plecoptera
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Perlidae
	 
	 
	 
	 
	 
	 
	 
	 
	4
	4
	4

	Odonata
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Aeshnidae
	 
	 
	 
	 
	 
	 
	 
	4
	16
	20
	20

	Coenagrionidae
	144
	276
	40
	248
	708
	60
	128
	332
	320
	840
	1548

	Cordilluidae
	12
	 
	4
	12
	28
	12
	4
	28
	48
	92
	120

	Gomphidae
	40
	 
	16
	8
	64
	12
	44
	 
	8
	64
	128

	Lestidae
	 
	16
	 
	16
	32
	 
	 
	 
	 
	 
	32

	Libellulidae
	52
	90
	32
	84
	258
	20
	20
	12
	132
	184
	442

	Protoneuridae
	 
	 
	 
	 
	 
	4
	4
	 
	 
	8
	8

	Annelida
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Glossiphoniidae
	 
	 
	 
	 
	 
	4
	 
	 
	4
	8
	8

	Hirudinidae
	 
	24
	 
	8
	32
	36
	64
	4
	4
	108
	140

	Lumbiculidae
	 
	 
	8
	56
	64
	552
	60
	16
	 
	628
	692

	Total per station
	1896
	1774
	1536
	2000
	7206
	1109
	2580
	1108
	6220
	11017
	18223


Appendix 1.  Table of the main families identified and the abundances of macroinvertebrates 
by sampling station
