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Abstract

:

In total, 28 of the 29 fish species reported from the Lake Kivu basin occur in the littoral zone of the lake, but information about their structure, occurrence, and the habitats affecting their distribution is largely lacking. The lake’s inshore area is poorly heterogenous, with rock and macrophyte habitats representing the major habitats. The lack of heterogeneity in the habitats is probably an important factor influencing species richness, abundance, and the association between the species and habitats. We evaluated the fish diversity, abundance, and habitat parameters across 14 sites representing the major habitats of the lake, using data collected between April 2018 and October 2019. We calculated Hull and Jaccard indices and applied uni- and multivariate statistical approaches to the collected data. We identified 18 fish species in the lake. In the north, 17 species were found, with high abundance in rocky sites but low abundance in sandy habitats. In the south, 15 species were reported. We identified 12 species in the Ishungu Basin where the site with rock substrate had high abundance and 13 species in the Bukavu Basin with weak species richness and low abundance across degraded sites. Lamprichthys tanganicanus, a non-native species, was abundant in rocky (north) and macrophyte sites (south). Sand, rock, conductivity, depth, dissolved oxygen, and water transparency were significant parameters that could explain the fish distribution in the north while dissolved oxygen, vegetation cover, depth, and conductivity were significant in the south. A monitoring programme of the fish fauna in Lake Kivu is needed.
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1. Introduction


Lake Kivu is located in the western branch of the Great Rift Valley between the Democratic Republic of the Congo (DRC) and the Republic of Rwanda. A recent review of the geology, physics, chemistry, and biology of Lake Kivu highlights the paucity of knowledge of the spatial ecology of its fish [1]. The lake’s fish were taxonomically described, and comments on their zoogeography within the African ichthyogeographical provinces were highlighted [2,3,4]. Snoeks [2] provided useful comments on the ecology of the native species of Haplochromis (Cichlidae), but he did not discuss the distribution patterns of these species within the lake.



The lake is subdivided into five main basins: the north, the western, the eastern, and the Ishungu and Bukavu basins in the south (Figure 1) [5,6,7]. The shores of the east, west, and south basins are populated by macrophytes, and riparian vegetation still exist along the catchment of these basins, while the shores of the north basin are characterised by submerged rock habitats with irregular interruptions of sandy beaches. In general, the bottom in the littoral zone of Lake Kivu is steep with, in rare cases, some shallow and relatively flat sites such as sandy beaches. Due to the steep and deep coastal zone [5], the lake’s littoral is not well separated from the pelagic area except in some sites.



Our knowledge of fish distribution across the littoral zone and within basins is limited, and this can lead to unsustainable management because almost the entire ichthyofauna known from the lake occurs in the littoral zone either temporally or permanently [3,6]. The littoral zone represents only ~10% of the lake area [8]. In general, the native species inhabit the littoral zone although some haplochromine species occur in the littoral and pelagic zones [9]. Limnothrissa miodon (Clupeidae), an introduced pelagic species, which is the most fished species in the pelagic zone, spawns in the littoral zone [10]. Furthermore, Lamprichthys tanganicanus (Procatopodidae), another introduced species, inhabits both the pelagic and littoral zones [11].



Moreover, several anthropogenic activities are likely to be having adverse impacts on the lake ecosystem and particularly along the littoral zone including: the exploitation of methane gas [12], the expansion of cage fish farming since 2018 (our observation), agricultural activities and building construction within the catchment [13], human population growth (including sewerage release) along the lake catchment (without sustainable management policies associated with poor law enforcement), and climate change [1,14]. Although these anthropogenic activities have not been quantified and included in our dataset, they could cause adverse effects on the lake and particularly on the fish abundance across some basins of Lake Kivu such as the Bukavu Basin. For example, Darchambeau et al. [14] argued that climate variation may change the overall ecological functioning of tropical lakes as their primary production is related to the mixing pattern.



To date, studies associating the fish diversity along the shoreline of Lake Kivu with the ecological characteristics underpinning their occurrence at specific sites are lacking. We hypothesised that the composition of fish species along the littoral zone should be similar when habitats are poorly segregated. However, in Lake Kivu, the disparity in the distribution of substrates in the north basin and the anthropogenic activities on the lake shore across the southern basins (Ishungu and Bukavu) might influence the fish abundance between the sites and basins. The fish abundance and the abundance of some species would therefore be greater in some sites dominated by a specific habitat category.



Here, the overarching goal was to identify the fish species diversity in the littoral zone of the north and the southern end basins (the Ishungu and Bukavu basins) and to investigate to what extent habitat parameters can explain the current fish assemblage. The specific aims were to underline the fish diversity across sites which are characterised by a combination of habitat types. Then, we aimed to determine the abundance of individual taxa within a particular site and investigate the habitat parameters together with fish diversity to search for the habitats that might be qualified as key parameters influencing the fish assemblage in the north and south basins and hence in the littoral zone of Lake Kivu. Indeed, the northern and the southern parts of the lake represent the major landscapes of the lake. The findings will provide essential baseline data for conservation efforts in light of increasing anthropogenic activities.




2. Materials and Methods


2.1. Overview of Lake Kivu


Lake Kivu is one of the smaller lakes of the African Great Lakes, with a surface area of 2370 km2 and a volume of 650 km3 (Figure 1). It lies in a deep valley, reminiscent of its volcanic origin, at the foot of the active Nyiragongo Volcano. The lake’s maximum depth is 489 m. The water column is stratified into two layers: an oxic mixolimnion of 60–65 m and a deeper monimolimnion enriched with dissolved gases, mainly methane and carbon dioxide [15,16]. The sediments increasingly feed the methane reservoir through biological and geogenic processes, leading to the accumulation of methane in this deeper layer [12,17,18]. This is evidence that Lake Kivu has a highly active and stratified microbiome, as found in some other freshwater and saline eutrophic lakes [19].




2.2. Site Description


Sites were selected in the northeastern part of the basin (near the city of Gisenyi) and the southern Ishungu and Bukavu basins (Figure 1). The selected sample sites represent the typical habitats of the littoral zone of Lake Kivu. The landscape in the north is heterogeneous and weakly affected by human activities, with large fragments of magmatic rock along the shoreline and sandy beaches in other sections where the depth moderately increases. Anthropogenic activities at these sites include bathing, household washing, and unregulated fishing. For the purpose of the diversification of habitat types, two sandy sites were included in the north basin along a 5 km distance. Macrophytes are scarce, but vegetation overhangs the shore covering the shoreline.



The shores of the southern sites are populated mainly by macrophytes, although occasional rocky patches occur along some sections of the shoreline. The Ishungu Basin is about 25 km from Bukavu, in the direction of Goma. It is, therefore, situated far from densely populated areas. Nevertheless, numerous fishermen operate in the Ishungu Basin. The Bukavu Basin is located at the southern end of the lake. Plot extension for house building over the lake waters, water transport activities, and urban pollution are recurrent impacts over this part of the lake. Most of the sites from the Bukavu Basin appeared to be highly degraded due to human activities. However, the shore of some sites was still naturally bordered by overhanging vegetation. The distribution of the habitat categories, covering the lake and the local constraints, imposed by the topography of each shore at the site influenced the selection of sites.



Fourteen sites were explored during this study, consisting of seven in the northern and seven in the southern basins (Table 1). Each site represents a particular habitat or combination of a couple of habitat types except for site 1 and 7 in the north (see below). In the north, the selection was based on the geological substrate characteristics at each site. We identified five littoral habitat types for sampling according to the dominance of one habitat or in association with some minor habitats: (1) sandy substrate, (2) igneous bedrock with submerged macrophytes, (3) igneous bedrock with riparian vegetation that overhangs the shoreline, (4) igneous bedrock mixed with sand, and (5) igneous bedrock alone. Sites (1–3) are situated in the bay, whereas sites (4–7) face the main lake body. Moreover, sites (6) and (7) were selected at ~5 km from sites (1) to (5), situated near a peninsula (Figure 1). Human activities at sites (1), (2), (4), and (7) included household washing and bathing (see Supplementary Materials: Figure S1, 1–7). Two sites were selected in the Ishungu Basin; one is characterised by macrophytes (8) and the other is characterised by a rocky shore (9). The bottom of the site with macrophytes is covered with clay, sand, and cobbles/pebbles, whereas large pieces of rock cover the site with bare bedrock (see Supplementary Materials: Figure S1, 8–9).



Five sites were selected in the Bukavu Basin. They are characterised mainly by the presence of macrophytes, but in some, macrophytes have disappeared. We included two within the five selected sites where macrophytes were cleared by human activities and one across which macrophytes and riparian vegetation were preserved (see further below). Lake Kivu’s shore is degraded by port construction, building, and pollution from households. The shore was devoid of macrophytes at site (10), presumably due to road construction. Although covered with macrophytes, site (11) receives numerous pollutants such as household and plastic waste from adjacent buildings. Site (12) was also devoid of macrophytes due to port construction. Site (13) is still covered with macrophytes at the beach near the office of the Société Nationale de Chemin de Fer du Congo (SNCC). However, the lake (water and shore) is altered by pollutants from small wooden buildings used for multiple commercial activities. Site (14) is situated at the edge of the peninsula of the governor’s palace, surrounded by a large park on Nyofu Street, where the lake is relatively pristine and covered mainly by macrophytes (see Supplementary Materials: Figure S1, 10–14).




2.3. Field Data Collection


The sampling was conducted between April 2018 and October 2019 during 14 sampling campaigns. A total of six and four sampling events were conducted in the north and south, respectively. Sampling of fish specimens was conducted during the daytime in both basins.



Twelve habitat variables, including the physico-chemical parameters, depth, type, and percentage cover of each substrate (clay, sand, cobbles/pebbles, or boulders), and macrophytes rooted in water and the coverage of riparian vegetation were assessed and collected from each site. Water temperature (°C), pH, dissolved oxygen (O2, mg/L), and conductivity (µS/cm) were measured in situ using a field multi-probe (Thermo Scientific Orion, sn G03427, Indonesia). Six depth measurements, including three taken during net dropping and three during net retrieval (one at each extremity and one in the middle of the net), were taken using a PlastimoEchotest II, 59588, and the mean depth was calculated and used for the analyses. The water transparency (cm) was measured in situ using a Secchi Disk following the same approach used for the depth measurement.



The coverage of macrophytes rooted in water in percentage consisting of either Phragmites spp., Scirpus spp., or, more rarely, Cyperus spp. was estimated along the distance of 30 m covered with the net. The percentage of vegetation cover over the site, i.e., from the shore to deep waters at about 5 m, was determined by eye along the shoreline of each site. Such a cover is the effect of riparian trees overhanging the shore. The type and percentage cover of each substrate, including clay, sand, cobbles/pebbles, and a large piece of rock/boulder, were determined separately and estimated along the section covered and on both sides of the net from the shore to about 5 m in open water in each site. A surface of 150 m2 (30 m × 5 m) was covered during the substrate composition assessment by eye at the surface and, when necessary, during diving.



A gillnet of multiple mesh sizes consisting of 8, 10, 12, 20, 30, and 50 mm covering each one with a length of approximately 5 m was used for fishing at each site. The net measures 30 m in length and 1.5 m in height. The nets were soaked between 6:00 a.m. and 8:00 a.m. and retrieved between 2:00 p.m. and 4:00 p.m.



Fish specimens were identified at the species level according to Snoeks [2] and Snoeks et al. [4] and counted. Specimens found live in the nets were anesthetised using clove oil before identification. Some specimens were preserved in the collection room of the ISP of Bukavu and the CRBEC for other studies.




2.4. Statistical Analyses


The consistency of occurrence (C, %) for species “i” was calculated using the formula C = (ni/N) × 100, where ni is the number of sites where the species “i” was reported and N is the total number of sites (e.g., [20]). Based on the values, a classification scheme of the species consistency was applied for each site: euconstants > 75%, constants 50–75%, subconstants 30–50%, accesoric 15%–30%, and accidental taxa < 15% [21].



Analysis of variance (ANOVA) was used to compare variances of physico-chemical parameters (i.e., temperature, conductivity, dissolved oxygen, and pH) between sites from the north and south to determine whether or not they could be ordinated together (results not shown). If all physicochemical parameters were significantly different among the northern and southern sites, the data from these sections of the lake could only be ordinated separately. This was not the case. Thus, both datasets were explored consecutively together and individually.



The total abundance of fish at the sites was tested using the non-parametric Kruskal–Wallis test followed by a Mann–Whitney U test with Bonferroni correction (KW/MWU/BC) to explore the effect of sites and sampling occasion on the abundance distribution [22]. Non-parametric tests were applied to the abundance data because the variance was different among the sites. As the sampling effort was different between the north and south basins, the total number of specimens obtained during the six sampling events in the north basin was divided by four sampling campaigns completed in the south basin to allow for unbiased comparisons.



All univariate analyses and parametric and non-parametric tests were performed in Statistica 12 and Past 3 using Bonferroni correction for multiple comparisons [23]. Significant differences in the significance levels were simply referred to as ‘difference’ to smoothen the text flow.



Two indices were used to characterise the fish assemblage across the sites: Hill N1 (HN1) and Jaccard similarity (JSI). Hill N1 is derived from a transformation of the Shannon–Weaver index. Furthermore, HN1 is sensitive to the number of species reported at a site [24,25]. Since HN1 derives from H, it assesses the entropy and the distribution of specimens between species (see [26,27]). The similarity between the basins was assessed using the Jaccard similarity index (JSI) as a percentage, which compares the presence or absence of species between two communities without being influenced by the density of individual species (e.g., [28]).



Furthermore, site characterisation and the exploration of fish distribution with habitat variables across the sites were conducted using a multivariate approach, including principal component analysis (PCA) and redundancy analysis (RDA). The former provided a general pattern of fish distribution across the sites, while the latter sought to give the output of an ecological model of fish distribution in Lake Kivu. Principal component analysis plots were used to explore the fish and habitat datasets to highlight the relationships between the habitat variables (i.e., potential habitat predictors) and fish-community indices. Principal component analysis is often used together with redundancy analysis to explore the dataset of species and environmental variables (e.g., [29,30]). Principal component analysis ordination is an explorative approach capable of detecting orthogonal space links between habitat variables and communities. Principal component analysis is an unconstrained approach that reduces the dimensionality of a large dataset and increases interpretability while simultaneously creating new uncorrelated variables that maximise variance [31].



Five separate PCA plots were used to explore: (1) habitat variables across sites in the north and south (Figure 2a); (2) the distribution of species across sites (Figure 2b); and (3) the assemblage of sites based on the habitat variables and their fish communities (Figure 2c). Additionally, the PCA plots were computed independently within (4) the north (not illustrated as similar as that seen in the plot obtained in the third ordination) and (5) southern basins (figure illustrated: Figure 2d). The separation of the datasets of the northern and southern basins was justified owing to the different ecological landscapes of the shoreline between the northern basin and southern basins.



The significance of the habitat variables in the current pattern of fish distribution as observed in the PCA, i.e., the variables that are likely suitable for the fish fauna in Lake Kivu, was assessed using the linear RDA model [29,30,32,33]. The model was selected after a dendritic canonical correspondence analysis, which indicated the gradient length (<3). The selection of predictors was refined by using forward selection following the method of Blanchet et al. [34]. The significance of the RDA models was computed with Monte Carlo permutations (n = 999). Significant variables were retained using backward selection followed by forward selection. Three datasets were generated, on which we computed a series of RDAs: the datasets containing all species and predictors and successively on the dataset of the northern basin and the dataset of the southern basins. The latter two analyses sought to test whether the selected variables from the general analysis were similar, while the north and south diverged on the characteristics of the lake shore type. Twelve habitat variables were included in the first PCA and RDA conducted for the lake as a whole. The habitat variables used in the overall analyses were similar to the number of habitat variables used for computing the RDA on the dataset from the southern section of the lake (Ishungu and Bukavu basins). Only ten habitat variables were included in the dataset of habitat variables from the north for running both the PCA and RDA, as the northern sites were not generally covered with clay and cobbles/pebbles. For the PCA and RDA, temperature, conductivity, pH, dissolved oxygen, and depth were log-transformed. In contrast, the data on the substrates and macrophyte coverage in percentage were square-root arcsine transformed to reduce the large range of differences between the raw data. The matrix of species composition was Hellinger-transformed to improve the efficiency of ordination with the community quantitatively obtained: this approach provides suitable results in a Euclidian-based distance ordination [30,33,35]. The community data used for both PCA and RDA models were Hellinger transformed.



Multicollinearity among variables was assessed before running the RDA model. A variance inflation factor (VIF) cut-off value was used [36,37,38]. Sand and rock were needed in the RDA exploration as they, on the one hand, are the frequent and dominant substrate in the north, and, on the other hand, the absence of one notably reduced the VIF (see Results). In the north basin, three RDAs were computed, including the first with the entire dataset and the second and the third including sand and rock, respectively. In the southern basins, we noticed an increase in the VIF upon the substrate in the model regardless of our attempts to remove the most inflated variables. Finally, sand and rock were completely removed, and the final RDA in the southern basins was computed on the ten remaining variables. Furthermore, three species were removed from the PCA and RDA from the south because they were absent from this basin. The RDA model was run in R version 3.6.1 using the rda function of the Vegan package [39]. Principal component analysis plots were created in CaNOCO 4.5 [29,40].





3. Results


3.1. Fish Distribution within the Littoral Zone of Lake Kivu


A total of 18 species were collected belonging to four families, including Cichlidae, Clupeidae, Cyprinidae, and Procatopodidae. The Cichlidae was represented by 15 species, among which 13 were Haplochromis species (Table 2). The remaining families were represented by a single species only. Lamprichthys tanganicanus, an introduced species, and Haplochromis scheffersi were widely distributed over the sites.



The species richness in the north and the south basins was highly dominated by the Haplochromis species and L. tanganicanus. In contrast, Limnothrissa miodon, Enteromius kerstenii, Oreochromis niloticus, and Coptodon rendalli were scarce in the northern basin. Instead, L. miodon occurred more frequently in the sites of the south than in the north basins. It was once reported at site (2), similar to the Cyprinidae at site (4) and C. rendalli at site (7). Oreochromis niloticus was once observed at sites (4), (5), and (7). Enteromius kerstenii, C. rendalli, and H. insidae were absent from the southern basins.



The fish diversity appeared slightly higher in the north basin than in the southern basins, with 17 vs. 15 species from the south as a whole, where 12 and 13 species were identified from the Ishungu and Bukavu basins, respectively (Table 2). The sites dominated by rocky substrates (2, 3, 4, and 5) appeared to be the most diverse, with them harbouring higher species richness. Twelve species were identified from the Ishungu Basin in the south, where both sites (8) and (9) harboured nine species. In the Bukavu Basin in the south, 13 species were identified. Site (11) in Kalengera had seven species only, while ten species were found in sites (12) and (13) along the SNCC beach.



Lamprichthys tanganicanus and H. scheffersi were euconstants in Lake Kivu, i.e., collected at all sites (Table 2). In addition, H. astatodon, H. microchrysomelas, and H. olivaceus were euconstants from the whole lake, while H. crebridens, H. gracilior, H. graueri, and H. vittatus were constants. From the northern sites, additionally, H. astatodon and H. olivaceus were euconstants. Haplochromis adolphifrederici, H. crebridens, H. gracilior, H. microchrysomelas, H. paucidens, and H. vittatus were constants. From the southern sites, H. microchrysomelas, and H. vittatus were euconstants, and L. miodon, H. astatodon, H. crebridens, H. graueri, and H. olivaceus were constants.




3.2. Fish Abundance at the Sites


3.2.1. Quantitative Approach


A total of 2673 specimens were sampled. By standardising the number of specimens with respect to the sampling efforts (see the Materials and Method section), the number of specimens was high in the north (1087 specimens adjusted from 1631) compared to the south, where 639 and 403 specimens were collected in the Ishungu and Bukavu basins from the south, respectively. Nonetheless, the number of specimens at the Ishungu site with a rock habitat was higher (417 specimens) than in the remaining habitat categories (Table 2). Both sandy sites had the lowest number of specimens in the northern sites, with 36 at site (1) and 46 specimens at site (7). In contrast, the highest number of specimens was found at sites covered partially or totally with a rocky bottom surface ((398, 377, 304, 251, and 219 specimens at sites (3), (6), (5), (4), and (2), respectively)).



In the southern basins, the fish species were distributed differently between the Ishungu and Bukavu basins (Table 2). The site from Ishungu covered with rock (9) had a total of 417 collected specimens, the site from the Governor’s park at Nyofu (14) dominated by macrophytes had 231 specimens, and the site from Ishungu with macrophytes (8) had a total of 222 collected specimens. The remaining sites had a low number of specimens regardless of the characteristics of the littoral zone at those sites.



The fish abundance at site (1), covered mainly with sandy patches, was different from that of sites (2, 4, and 5) in the north and site (14) in the south. The abundance at site (2) covered with rocks and macrophytes was different from site (7) in the north and sites (10, 11, and 13) in the southern section. The abundance at site (4), with rocks mixed with sand, was different from site (7) in the north and sites (10 and 11) from the southern section. The abundance of fish at site (14), covered with macrophytes, was different from site (7) from the north (Table 3).




3.2.2. Diversity Indices: Hill N1 and Jaccard Similarity Index


The fish composition and abundance indicated different structures between the north and south (Table 4). A lower value of HN1 suggests the dominance of a species or a few species, whereas a greater value of HN1 suggests that the abundance of individual species oscillated in the same range. In the northern basin, the three sites covered with rocks as the main substrate (6, 3, and 5) had low HN1 (HN1 = 1.31, 1.39, and 1.69, respectively). These results underpinned the dominance of fewer species, principally L. tanganicanus. Instead, sites (1) and (7) had HN1 values of 5.10 and 4.62, respectively. No species was dominant at these sites. The HN1 value at site (2) was 4.01. At the Ishungu site with a rocky bottom, the HN1 value was 1.48, lower than 2.75 at the Ishungu site with macrophytes. In the Bukavu Basin, the HN1 values ranged between 1.92 (site 14) and 7.24 (site 13). At site (14), L. tanganicanus was abundant. The JSI between the north and south basins reflected high homogeneisation of fish species between these two communities, with about 78% of the JSI representing 14 common species. Between the north and Ishungu basins, the value was 61%, and the value for the north and Bukavu was 67%, representing 11 and 12 shared species, respectively. The similarity between Ishungu and Bukavu was about 67%, consisting of 10 common species.





3.3. Patterns and Factors Influencing Fish Assemblage in the Littoral Zone of Lake Kivu


3.3.1. Characterisation of Key Habitat Parameters at Each Site


An ordination of habitat variables over the different sites indicated two clusters on the first axis (PCI) and about three clusters on the second axis (PCII) (Figure 2a). The sites from the southern basins, excluding that of Ishungu Basin with laid bare bedrock at the shore (site 9), are mainly situated at the positive side of the first axis, where notably macrophytes, clay, cobbles/pebbles, and, to a lesser degree, pH are associated (Figure 2a). The remaining sites occupy the second cluster on the first axis (PCI).



Site (9) from the Ishungu Basin occupies an intermediate position. Conductivity, depth, and transparency were also revealed to be important habitat variables influencing the sites from the southern basins. Still, their effect seems to be strong at site (9), which is characterised by rock substrate in the Ishungu Basin.



The sites from the northern basin are split into three groups along a gradient following PCII, comprising: sites (3), (5), and (6), which are dominated by a rocky bottom as the main substrate and situated on the negative part of PCII close to site (9) from the Ishungu Basin with rocks too as the main substrate. Sites (2) and (4) contain rock mixed with other substrates, such as sand representing 60% at site (4) and macrophytes representing 20% at site (2) (Table 1). This second cluster is near the centre of the positive and negative parts of PCII. In this cluster, there are also sites (1) and (7) situated, as well as the remaining part of the sampling replications at site (4), representing sites where sand has been recorded as the major substrate. Cover of riparian vegetation overhanging the shore over sites with large coverage of laid bare bedrock at the shore (sites 3, 5, and 6) are also important.




3.3.2. Fish Taxa and Habitat Type Correlated Weakly for Indigenous Species but Strongly for Invasive Species


The ordination of the dataset of fish communities across the sites resulted in unsegregated clustering (Figure 2b), suggesting high homogenisation of species occurrence and abundance across the sites. However, L. tanganicanus seemed to be associated with several sites as addressed below.



Subsequently, another PCA was performed on the dataset of the fish communities and habitat variables (Figure 2c). Clusters of species distribution and abundance over the sites were detected. The dominance of L. tanganicanus across all sites (2–6, 9, 12, and 14) was influential for the present species and sample ordination. This species is clearly situated on the negative side of PCI, where also are situated some sites from the north and some from the south, such as site (14). The shore of these sites, excluding the southern ones, is dominated by laid bare bedrock, and a rocky substrate covers the bottom. The water is deeper and has a high degree of transparency, and the shore is populated by important coverage of overhanging riparian vegetation and seems to be relatively well-oxygenated and warmer (Supplemental Materials: Table S1). In contrast, site (14) is dominated by macrophytes (see Table 1). Instead, the macrophytes moved apart from the cluster that belongs to the site (14) in Figure 2c due to the high relationship between the sites (2 to 6 and 14) where L. tanganicanus was abundant. The sandy patch sites (1 and 7) are situated in the positive part of PCI, where sand is the dominant substrate, an opposite position relative to the major cluster comprising the north’s sites. Such a structure (clustering) reflects the impressible abundance of L. tanganicanus over the remaining species at these sites. The remaining sites from the south (10 to 13) are scattered mainly over the opposite side of the position of L. tanganicanus, denoting the lack of dominance of species over the concerned sites (Figure 2c).



Given the unclear segregation of the southern sites and their fish communities in the PCA (Figure 2c), two PCAs, on both datasets, i.e., from the north and south, were computed separately. The species cluster over sites in the north basin computed on the dataset from the north basin only did not change from that obtained in Figure 2c. Therefore, the plot is not shown. However, from the southern Bukavu and Ishungu basins, the investigated sites are weakly segregated using habitat predictors (Figure 2d). Although the general picture of the species over the habitat variables is comparable with that obtained from Figure 2c, the influential effect of the habitat variables on fish communities across the sites slightly changed. Most southern sites are situated on the negative part of PCI, where L. tanganicanus is located. The habitat variables were not strongly associated with this species, but a rocky shore and transparency could be regarded as the most influenceable (Supplementary Materials: Table S1). In addition, vegetation cover, namely transparency, depth, and rock, might have contributed to the observed pattern. The Haplochromis species were not well segregated, lacking good differentiation across specific sites.




3.3.3. Habitat Variables Influencing the Fish Community in Lake Kivu Using the RDA Model


RDA models were implemented on the full dataset to assess the significant effects of the habitat variables influencing fish abundance. Multicollinearity was detected for the data at the lake scale on the sand and rock variables (27.7 and 56.4, respectively). Indeed, the presence of rock denotes the absence of a sandy patch. After removing these variables, the VIF values on the remaining variables ranged between 1.1 and 4.8. The RDA model was significant (R2 adj = 0.19; p = 0.001). After forward selection, transparency (p = 0.001), vegetation cover (p = 0.002), dissolved oxygen (p = 0.004), clay (p = 0.008), depth (p = 0.023), cobbles/pebbles (p = 0.031), and temperature (p = 0.042) were revealed to be significant. Furthermore, in the two RDAs where sand and rock were separately added to reduce the VIF (the VIF varied between 1.0 and 5.0), both variables were also revealed to be important (p = 0.001 for sand and rock each). The RDA was significant (R2 adj = 0.2; p = 0.001 for both RDA models) with sand and rock separately. Nevertheless, macrophytes were revealed to be an additional important variable (p = 0.047) in the RDA model with rocks. The eigenvalues on RDA axis I and axis II were 9.3 and 5.3% for the RDA model with sand and 9.2 and 3.3% for the RDA model with rocks, respectively.



Subsequently, we tested the potential differential effects of habitat variables on the fish community separately in the north and south basins using two separate RDA models. From the north, the variables sand and rock were collinear (VIF: 26.0 for sand and 35.8 for rock). For the remaining variables, the VIF was less than 3. From this RDA model, the inflated variables shaded the stepwise selection of important variables. Consequently, separate RDA models, including only sand and rock alternatively and consecutively, were performed to refine the selection of habitat variables in this basin. Excluding sand, the VIF was decreased for all habitat variables (<4). The eigenvalues were 10.8 and 4.0% on RDA axis I and axis II, respectively. The model was significant (R2adj = 0.3; p = 0.001). Conductivity, depth, rock (p = 0.001), dissolved oxygen (p = 0.004), and transparency (p = 0.009) were revealed to be significant. These variables were steadily significant even when including sand which also proved to be significant.



In the RDA executed on the dataset of the habitat variables and fish community from the southern basins, clay, cobble/pebble, and sand were highly inflated (VIF 29.7, 64.0, and 125.7, respectively). Removing one of the most inflated variables in the model influenced the remaining variables, thus becoming highly inflated and adding some other inflated variables, such as rock coverage (4527.1). Such a VIF was alleviated in the RDA by excluding sand and rock completely (VIF < 4). The model was significant (R2adj = 0.24; p = 0.001). The eigenvalues on RDA axis I and II were 11.1 and 5.0%, respectively. The forward selection indicated that dissolved oxygen (p = 0.008), vegetation cover (p = 0.011), depth (p = 0.015), and conductivity (p = 0.031) were significantly contributing variables.






4. Discussion


4.1. Fish Diversity in Lake Kivu


4.1.1. Species Occurrence


In the present study, we detected 18 fish species out of the 29 reported by Snoeks et al. [4] in Lake Kivu. Nevertheless, two of these lacking species notably, H. kamiranzovu Snoeks and Thys van den Audernaerde, 1984 and Oreochromis macrochir (Boulenger, 1912), an introduced species, were reported by Joyeuse [41] in the northern part of the lake based on night fishing events. Collating all these species together, we may conclude that only Haplochromis nigroides (Pellegrin, 1928) was lacking from the northern basin among the Haplochromini. Indeed, the species has apparently been scarce since almost three decades ago [2]. The author documented the taxonomical variation of this species using the specimens found in the collection materials reported during the Kivu Edward Albert’s expeditions (1952–1953). Cypriniform species such as Enteromius apleurogramma (Boulenger, 1911), E. pellegrini (Poll, 1939), Labeobarbus altianalis (Boulenger, 1900), and Raiamas moorii (Boulenger, 1900) were also lacking in our catches. These species are scarce in the water body of the lake. The two minnows (Enteromius) are frequent in the affluents of the lake [28], while the two latter frequently occur in the Ruzizi outflow [42].



Furthermore, we have not yet observed a specimen of the loach catfish species (Amphilius) during our sampling occasions in the main waterbody of Lake Kivu in the almost 15 years we have been working on the fish fauna of Lake Kivu. Although an Amphilius species is known in Lake Kivu [4], most amphiliids occur in upland streams with clear waters or large rivers with moderate flow and across rocky habitats [43]. We presume that the species might be scarce in Lake Kivu; sensu stricto, instead, it would seldom occur in affluents of the lake, although explorations along the western lake branch did not support this because the species was lacking during five years of exploration completed by the authors [28].



Similarly, the clariid and one cichlid species were absent during our study. The cichlid Oreochromis leucostictus (Trewavas 1933) is also scarce in the waterbody of the lake. While Clarias gariepinus (Burchell, 1822) and C. liocephalus Boulenger, 1898 might have been overlooked due to our fishing approach because mostly, these catfish are caught with specific fishing equipment such as trap nets or angling [44]. Nevertheless, C. liocephalus was reported and seemed to be frequent in the headwaters of some western affluents of the lake [28].




4.1.2. Qualitative and Quantitative Fish Composition in the North and South at Specific Sites


The lake’s northern part seemed to be more diversified than the south. Two putative reasons can be put forward: (i) the pattern of habitat heterogeneity on the one hand and (ii) insight into human activities, although indirectly assessed as a proxy of site characteristics on the other hand. The sites in the north were denoted to be more ecologically diversified than in the south. Fish fauna might have found hosting on various habitat types present along the shoreline of the north basin. Diversification through habitat fragmentation has been advocated for the Lake Malawi fish fauna, representing about 1000 species where rock and sand habitats frequently alternate [45,46,47,48]. This diversification model has been qualified as the microallopatry model [49]. In the south, the lake is populated mainly by macrophytes, although patches of rocky substrates seldom occur (particularly in the Ishungu Basin).



The sites covered with rock substrates and those covered with macrophytes were quantitatively rich in fish fauna, whereas the sandy sites in the north and those where human activities have already removed macrophytes had weak abundance. Rocky and macrophyte habitats are the major ecological shore features in Lake Kivu. The north is dominated by rock and the south is dominated by macrophytes [5]. Rocky shores are also common in lakes Malawi and Victoria, where this habitat is known to drive the distribution of some species [45,50,51]. Referring to the results from the north, Lake Kivu could host high fish diversity if habitat alternation was more frequent.





4.2. Patterns of and Factors Influencing Fish Assemblage in Lake Kivu


While the PCA did not unequivocally allow segregation between the sites vis-à-vis the habitat variables nor between sites and native species, the RDA model enabled the detection of even small variations between the sites, habitat predictors, and species.



The association between the fish diversity and habitats was not clear for the native Haplochromis species but rather somehow straightforward for a non-native species L. tanganicanus. We observed that Haplochromis species were identified across all sites without a clear association with one of the major sampled habitats. Indeed, it appears that Haplochromis species are ecologically unspecialised when they live under conditions like those in Lake Kivu, where the ecosystem is not well segregated into various habitat types. The geological events in the Lake Kivu basin had caused adverse effects on the lake’s ecological stability up to constraining, likely, Haplochromis species to become generalist and eurytopic species occurring throughout various habitats [52], consistent with our findings. A similar case was also observed in Lake George, where Haplochromis species were ecologically unspecialised, dwelling in a lake characterised by the physical continuity of the available habitat types and the relatively young age of the lake [53]. The author [53] stated that Haplochromis species presumably lack rigid ecological (habitat) requirements under some circumstances. In the same line of thinking, Sturmbauer [54] postulated that some fish species within the Great Lakes of East Africa are more or less specialised sympatric groups inhabiting all existing habitat types. We therefore hypothesise that Haplochromis species coexist by using a highly specialised partition of feeding resources instead of habitat partition. This is a novel avenue to be addressed in the future.



Conversely, the non-indigenous L. tanganicanus is well associated with the presence of laid-bare bedrock and macrophytes. The expansion of this species, occurring with high abundance throughout the lake, is striking. This species was first found in the catches in Lake Kivu between March and September 2006 [55]. Since then, the occurrence and abundance of the species have exponentially increased to colonise the entire lake, from the littoral to pelagic zones as well [11]. The flexibility of its feeding behaviour increases its capacity to occupy the entire lake across all substrate types apart from the sandy patches. Yet, in the pelagic zone, it feeds on mesozooplankton, whereas in the lake’s littoral zone, it consumes a large range of food items [11]. In Lake Tanganyika, in contrast, L. tanganicanus is a rocky dweller and rarely occurs in the pelagic zone [56], with it probably constrained by predators. Such behaviour in exploiting different niches in a new environment makes this species a fast invader, which may compete with native species for habitats and prey and probably, it would subjugate autochthonous species. In the offshore area of Lake Kivu, Masilya et al. [11] expected possible competition for food resources between this species and L. miodon, another species introduced into the lake in 1958–1959 [6].



The effect of habitat variables on Lake Kivu’s fish fauna was different between the northern and southern basins. Fish assemblage in the northern and southern parts of the lake seemed to be influenced by different habitat variables, underpinning the lake’s morphology and the landscape of the riparian zone. The uniform bedrock dominates the north basin’s shoreline, and the sandy site rarely occurs. The pattern of fish distribution seems to concord with the heterogeneity between the rock and sand substrates along the lake’s littoral zone. The remaining habitat predictors rely on the presence of these primarily independent variables.



The sites having primarily rock on the shore are deeper due to the marked vertical profile, where the species richness and abundance were relatively much greater. We noted the almost total absence of clay and cobbles/pebbles from the investigated sites in the north basin. However, they could have been underestimated due to their feeble coverage. The sites covered with sand were shallow due to the gentle extension of sandy beaches in the lake where low fish diversity was recorded.



Fish communities and the habitats underpinning their distribution are poorly known across the Eastern Upper Congo basin sensu lato [22], including Lake Kivu and Lake Tanganyika [3]. Nevertheless, habitat drivers of Labeobarbus spp. distribution in the Luhoho basin have been recently undertaken [22]. These findings underscore the role of hard substrates and some physico-chemical factors in the distribution of scrapped and some rubber-lipped species, respectively. The results based on the RDA model provided in the present study are the first for the fish fauna of Lake Kivu. Although the RDA model has identified different habitats that may drive fish communities, it can be deduced based on the JSI results that the native fish distribution is homogenously distributed across the various explored sites as well as at the basin level (see JSI). Thus, we hypothesised that the fish fauna in Lake Kivu is driven by the ‘mass effect’ [57], a model stipulating that the dispersion of species prevails in determining the fish assemblage/distribution over the variation in environmental predictors. In the coastal region of Lake Kivu, fish may quickly disperse along the littoral zone by swimming from one site to another. The observed results might rely on the interaction between dispersal and poor habitat variables.



Human activities such as port construction and plot extension along the littoral zone of the Bukavu Basin might have, at a local scale, an adverse effect on the water depth at the southern basins. In contrast, household activities might have induced differences among sites with regard to physico-chemical parameters. Vegetation cover on the shore seems important in the southern basins, probably due to a high number of cleared and degraded sites (10–13) where fish abundance was low. Abundance was high at site (14), where macrophytes entirely populated the site, whereas low abundance was recorded in sites where macrophytes were cleared.



The variation in fish abundance could be ascribed to the ecological state in each basin. High fish abundance in the north and the Ishungu Basin could result from the lake’s good environmental state, while in the most southern part, human activities seem to stress the fish fauna. Several authors have argued that human populations are still impacting the lake’s ecological integrity [1,13].



Methane extraction activities in the deep hypolimnion of Lake Kivu are expected to increase to alleviate the region’s energy shortage and prevent the risk of gas eruption. Based on the species richness in the north basin, where methane exploitation has been initiated and developed, we suggest undertaking monitoring of chemical parameters in relation to the fish community in search of any critical point of decline in the lake’s fish community in respect to environmental changes. During the same program, it is necessary to quantify the habitat percentage across the sites carrying out the methane exploitation because these activities may reduce the coverage of habitats that will likely affect the fish community.





5. Conclusions


The results of this study did not indicate a strong link between the presence of native species and environmental parameters. However, for L. tanganicanus, a non-native species, a strong association with rocks and macrophytes was found. The species is a major component of the fish fauna across the littoral habitats because submerged rock, rocky shores, and macrophytes form the major components of the lake’s landscape along the shoreline. The species was rare in sandy habitats. This dominance raises a question with regard to the sustainability of the fisheries in Lake Kivu as all fish and especially Limnothrissa miodon spawn in the littoral habitats. Between the north and south, there was a difference in the fish composition reminiscent of the difference in landscape between the two parts of the lake. The north is covered with rock substrate, supporting high species diversity. The southern part is populated by macrophytes, and the shoreline is irregularly covered with rock habitats also hosting high fish diversity in the lake. Furthermore, the northern side is more pristine than the south. Our results provide an insight into anthropogenic impacts on the lake. Indeed, at the sites where macrophytes and riparian vegetation were cleared, poor fish species richness and low abundance were observed. Thus, changes in fish assemblage in Lake Kivu are likely to happen.
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Figure 1. Lake Kivu situated between the east part of the DR of Congo and Rwanda. (★) indicates the sampling sites. Two major sites from the northern basin are indicated. The first star in the north represents five sites (sites: 1 to 5, from north to south), and the second one stands for two sites (sites: 6 and 7). In Ishungu, two adjacent sites were sampled (sites: 8 and 9). Finally, five sites were sampled near Bukavu (sites 10 to 14), from west to east. For details about the sampled sites, see the text. 
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Figure 2. Ordination plot of principal component analysis (PCA) of sites with (a) ecological variables, (b) species composition of the fish fauna of Lake Kivu, (c) ecological variables and species composition (community), and (d) ecological variables and species composition from the southern basins (Ishungu and Bukavu basins). The circles, triangles, squares, and diamonds represent the samples. Solid circle (site 1), dashed circle (site 2), dotted (site 3), black filled (site 4), and grey filled (site 5). Empty triangle (site 6) and black filled triangle (site 7). Empty square (site 8) and filled square (site 9). Empty diamond (site 10), dashed diamond (site 11), black filled diamond (site 12), grey filled diamond (site 13), and brown–grey filled diamond (site 14). The following species were plotted at the centre, pinpointing their feeble occurrence over the sites where they occurred. Therefore, they were omitted in the figure to smooth figure reading: Limnothrissa miodon was deleted in (b), whereas Coptodon rendalli, Haplochromis adolphifrederici, H. insidae, H. paucidens, H. rubescens, H. occultidens, and Oreochromis niloticus were removed in Figure 2c. The number of symbols for each locality corresponds to the number of sampling replicates. 
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Table 1. Proportion of each substrate category, cover, and macrophytes in all 14 sampling sites. SNCC: Société Nationale de Chemin de Fer du Congo.
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Clay (%)

	
Sand (%)

	
Cobble/Pebble (%)

	
Large Coarse (%)

	
Cover (%)

	
Macrophytes (%)






	
North basin




	
(1) Sandy patch

	
0.0

	
100.0

	
0.0

	
0.0

	
0.0

	
0.0




	
(2) Rock and macrophytes

	
0.0

	
0.0

	
0.0

	
80.0

	
0.0

	
20.0




	
(3) Rocky shore

	
0.0

	
0.0

	
0.0

	
100.0

	
10.0

	
0.0




	
(4) Rocks mixed with sand

	
0.0

	
60.0

	
0.0

	
40.0

	
0.0

	
0.0




	
(5) Rocky shore

	
0.0

	
0.0

	
0.0

	
100.0

	
0.0

	
0.0




	
(6) Rocky shore—shaded

	
0.0

	
0.0

	
0.0

	
100.0

	
10.0

	
0.0




	
(7) Sandy patch

	
0.0

	
100.0

	
0.0

	
0.0

	
0.0

	
0.0




	
South basin




	
(8) Ishungu with macrophytes

	
25.0

	
25.0

	
50.0

	
0.0

	
0.0

	
100.0




	
(9) Ishungu with a rocky shore

	
0.0

	
0.0

	
0.0

	
100.0

	
0.0

	
0.0




	
(10) Kalengera with a denuded shore

	
50.0

	
25.0

	
25.0

	
0.0

	
0.0

	
0.0




	
(11) Kalengera with macrophytes

	
50.0

	
25.0

	
25.0

	
0.0

	
0.0

	
100.0




	
(12) Alleluia Port with a denuded shore

	
0.0

	
25.0

	
50.0

	
25.0

	
0.0

	
0.0




	
(13) SNCC beach with macrophytes

	
50.0

	
25.0

	
25.0

	
0.0

	
0.0

	
100.0




	
(14) Governor’s park with macrophytes

	
50.0

	
25.0

	
25.0

	
0.0

	
5.0

	
100.0











 





Table 2. Species richness and distribution over the lake according to the different sites (1 to 14). Sites (1) to (7) are from the northern basins and sites (8) to (14) are from the southern basins. For details about the names, see the Materials and Methods section. We have provided the occurrence in percentage for each species for the entire area of Lake Kivu (LK), C: occurrence, i: introduced species, and N and S refer to the name of the major basin where the sites were selected, i.e., from the north basin and south basin, respectively.
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North

	
South

	




	

	

	

	

	

	

	

	

	

	
Ishungu

	
Bukavu

	

	




	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
C (%N)

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
C (%S)

	
C (%LK)






	
Clupeidae

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Limnothrissa miodon (Boulenger, 1906) (i)

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
14

	
141

	
15

	
0

	
0

	
0

	
6

	
7

	
57

	
36




	
Cyprinidae

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Enteromius kerstenii (Peters, 1868)

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
14

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
7




	
Procatopodidae

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Lamprichthys tanganicanus (Boulenger, 1898) (i)

	
2

	
145

	
374

	
183

	
274

	
357

	
15

	
100

	
58

	
385

	
7

	
7

	
27

	
3

	
200

	
100

	
100




	
Cichlidae

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Coptodon rendalli (Boulenger, 1897) (i)

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
14

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
7




	
Haplochromis adolphifrederici (Boulenger, 1914)

	
0

	
1

	
1

	
1

	
0

	
1

	
0

	
57

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
14

	
36




	
H. astatodon Regan, 1921

	
0

	
12

	
4

	
7

	
2

	
13

	
1

	
86

	
0

	
4

	
3

	
0

	
1

	
2

	
4

	
71

	
79




	
H. crebridens Snoeks, de Vos, Coenen, and Thys van den Audenaerde, 1990

	
0

	
9

	
0

	
0

	
2

	
1

	
17

	
57

	
0

	
0

	
1

	
1

	
2

	
1

	
0

	
57

	
57




	
H. gracilior Boulenger, 1914

	
5

	
8

	
0

	
14

	
7

	
2

	
0

	
71

	
0

	
0

	
2

	
3

	
4

	
0

	
0

	
43

	
57




	
H. graueri Boulenger, 1914

	
6

	
3

	
0

	
26

	
0

	
0

	
0

	
43

	
0

	
1

	
6

	
17

	
0

	
12

	
8

	
57

	
57




	
H. insidae Snoeks, 1994

	
0

	
7

	
3

	
0

	
0

	
0

	
4

	
43

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
21




	
H. microchrysomelas Snoeks, 1994

	
8

	
15

	
4

	
2

	
2

	
0

	
0

	
71

	
2

	
3

	
5

	
4

	
0

	
9

	
2

	
86

	
79




	
H. occultidens Snoeks, 1988

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
2

	
43

	
29




	
H. olivaceus Snoeks, de Vos, Coenen, and Thys van den Audenaerde, 1990

	
1

	
8

	
6

	
1

	
1

	
2

	
0

	
86

	
14

	
5

	
9

	
0

	
4

	
3

	
0

	
71

	
79




	
H. paucidens Regan, 1921

	
0

	
4

	
4

	
3

	
2

	
0

	
0

	
57

	
0

	
0

	
0

	
0

	
4

	
1

	
2

	
43

	
50




	
H. rubescens Snoeks, 1994

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
14

	
0

	
1

	
3

	
0

	
6

	
0

	
0

	
43

	
29




	
H. scheffersi Snoeks and Thys van den Audenaerde 1987

	
13

	
1

	
2

	
8

	
6

	
1

	
5

	
100

	
2

	
1

	
1

	
3

	
5

	
1

	
3

	
100

	
100




	
H. vittatus (Boulenger, 1901)

	
1

	
5

	
0

	
3

	
7

	
0

	
0

	
57

	
1

	
2

	
0

	
3

	
3

	
2

	
3

	
86

	
71




	
Oreochromis niloticus (Linnaeus, 1758)

	
0

	
0

	
0

	
1

	
1

	
0

	
3

	
43

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
14

	
29




	
Total number of specimens

	
36

	
219

	
398

	
251

	
304

	
377

	
46

	

	
222

	
417

	
37

	
38

	
57

	
40

	
231

	

	




	
Species richness

	
7

	
13

	
8

	
13

	
10

	
8

	
7

	

	
9

	
9

	
9

	
7

	
10

	
10

	
9

	

	




	
Species richness per basin

	
17

	

	
12

	
13

	

	











 





Table 3. P-value results of Mann–Whitney U-tests between fish abundance among the sites. Correction of alpha was achieved after dividing 0.05, 0.01, and 0.001 by 2 as each pair comparison was independent. * refers to pairwise comparison where the significant difference was obtained after correction of the alpha value.
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	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)





	(1) Sandy patch
	
	
	
	
	
	
	
	
	
	
	
	
	



	(2) Rock and macrophytes
	0.00 *
	
	
	
	
	
	
	
	
	
	
	
	



	(3) Rocky shore
	0.03
	0.57
	
	
	
	
	
	
	
	
	
	
	



	(4) Rocks mixed with sand
	0.00 *
	0.93
	0.57
	
	
	
	
	
	
	
	
	
	



	(5) Rocky shore
	0.01 *
	0.81
	0.68
	0.93
	
	
	
	
	
	
	
	
	



	(6) Rocky shore—shaded
	0.05
	0.81
	0.68
	0.93
	0.93
	
	
	
	
	
	
	
	



	(7) Sandy patch
	0.80
	0.00 *
	0.07
	0.01 *
	0.03
	0.12
	
	
	
	
	
	
	



	(8) Ishungu with macrophytes
	0.11
	0.91
	0.91
	0.91
	0.91
	0.91
	0.16
	
	
	
	
	
	



	(9) Ishungu with a rocky shore
	0.03
	0.59
	0.74
	0.59
	0.59
	0.59
	0.04
	0.47
	
	
	
	
	



	(10) Kalengera with a denuded shore
	0.23
	0.01 *
	0.10
	0.01 *
	0.11
	0.11
	0.32
	0.31
	0.11
	
	
	
	



	(11) Kalengera with macrophytes
	0.16
	0.01 *
	0.11
	0.01 *
	0.06
	0.11
	0.33
	0.31
	0.14
	1.00
	
	
	



	(12) Alleluia Port with a denuded shore
	0.16
	0.06
	0.16
	0.11
	0.28
	0.33
	0.23
	0.31
	0.19
	0.45
	0.47
	
	



	(13) SNCC beach with macrophytes
	0.13
	0.01 *
	0.10
	0.03
	0.11
	0.11
	0.23
	0.31
	0.11
	0.65
	0.88
	0.66
	



	(14) Governor’s park with macrophytes
	0.01 *
	0.45
	1.00
	0.59
	0.59
	0.59
	0.01 *
	0.88
	0.88
	0.03
	0.03
	0.06
	0.03










 





Table 4. Hill N1 index obtained at each site.
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Sites

	
HillN1 Diversity






	
North




	
(1) Sandy patch

	
5.10




	
(2) Rock and macrophytes

	
4.01




	
(3) Rocky shore

	
1.39




	
(4) Rocks mixed with sand

	
2.97




	
(5) Rocky shore

	
1.67




	
(6) Rocky shore—shaded

	
1.31




	
(7) Sandy patch

	
4.62




	
South




	
(8) Ishungu with macrophyt