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Abstract
Patterns of intra- and interspecific variation based on environmental conditions in which populations live may reflect adaptive responses to their habitat. This is particularly relevant in a lake habitat where closely related species occur sympatrically. This study was aimed at determining consistency in morphological traits in head and body shapes in two haplochromine species (Haplochromis insidiae and Haplochromis kamiranzovu) in littoral and/ pelagic zones and to estimate the extent to which the habitats affect variations between the species. Specimens of both species were taken from littoral and pelagic zones, in the northern and southern parts of Lake Kivu. Morphometrics and landmark-characteristics were recorded and compared within and between habitats.  The results showed that differences were found among the two species, among the two zones and for both. The most prominent difference was in the head; including the relative size of the jaws, head length and position of the pectoral fin insertion. Variation in head morphology is normally related to feeding. Changes in body shape can be linked to differences in environment and food availability between the two habitats which could have enabled the species to co-exist. This capacity is important in lakes like Kivu which have low habitat diversity compared to other African Great lakes like Malawi, Tanganyika and Victoria and provide some explanation in the differences in the number of haplochromine species in these lakes. The genetic basis of these phenotypic changes should be examined in future research.
 
 Key words: Morphometrics, Cichlids, Sympatric species, Feeding, Lake Kivu
 

Introduction
Understanding the interaction of environment and phenotypes across a lake in vertebrates, including fish, is important in understanding evolutionary ecology of a species. The conditions of an aquatic system have strong effects on the phenotype of the fish (Härer et al., 2017; Husemann et al., 2017; Rajkov et al., 2018).  Deeper and larger heads, for example, may represent a morphological response with larger size of gill arches that relate to waters with low levels of dissolved oxygen (Crispo and Chapman, 2011).  The head volume and eyes size decreased while the cheek depth increased in response to the hypoxic habitat conditions (Chapman, 2008).  Van Rijssel et al. (2016) found change in head shape of some haplochromine fish species between the pristine and the perturbed period of Lake Victoria with the introduction of the predatory Nile perch that enabled them to adapt to changing conditions by filling new niches inaccessible to the invasive fish. 
In Lake Tanganyika, the most important ecological variable for predicting head shape and showing the most extensive phenotypic response of a fish was the feeding preference, followed by water depth/ habitat (Stewart and Albertson, 2010; Raffini and Meyer, 2019). Difference in body shape have also been related to food and feeding habits and habitat. The pelagic feeders living at greater depths have elongated head (Law et al., 2019; Sadeghi et al., 2019), while fish inhabiting the littoral zone (feeding more on fixed and passive prey such as plants and plankton), typically have a shorter head (Evangelista et al., 2019).
Habitat dichotomy could give rise to a speciation event (Stiassny and Mamonekene, 2007; Harrod et al., 2010; Aguire and Bell, 2012). The differences between littoral and pelagic zones of lakes have been explained in several studies. Normally, the littoral zone offers plenty of food resources and predators are diverse (Maraun et al., 2019; Siddiqui et al., 2019; de Oliveira et al., 2019). In Lake Kivu, the littoral area is narrow, with vegetation important for fish reproduction, feeding, and refuge against predator (Munyandamutsa and Agbebi, 2016). This littoral area defined as the nearshore areas from the shoreline to 50 meters deep (Snoeks et al., 2012), while, the pelagic zone is the open water pelagic zone beyond 50m depth. In the pelagic habitat, food resources are scarce (Gowell et al., 2012; Siwertsson et al., 2013; Abdelhady et al., 2019). In most deep African lakes such as Malawi, Tanganyika and Kivu, haplochromines inhabit mostly the littoral zone of the lake with only a few in the pelagic zone.
[bookmark: _Hlk104657328]Lake Kivu has very few haplochromine species compared to neighboring African Great Lakes like Tanganyika, Malawi and Victoria. There are several reasons why the Kivu fauna is poorer than the one of other Great lakes, such as regular degassing events that might have led to repeated extinction and radiation cycles. Additionally, lake size, depth, elevation and latitude, prevalence of sexual selection (Wagner et al. 2012), aridity and presence of large predators (McGee et al. 2020) have been named as other important factors that could explain the position of Lake Kivu. Even though lake size correlates with habitat diversity, it also allows the allopatric speciation (van Alphen, 1999). The high number of haplochromine cichlids in these lakes is associated with the diverse habitats especially of rocky, sandy and vegetated near shore.  These habitats are lacking over most of Lake Kivu which might have restricted allopatric speciation of haplochromines (Villanueva et al., 2008; Snoeks et al., 2012).  
       Multiple strategies have been used by haplochromine cichlids of the African Great lakes to adapt to their environments. In Lake Victoria, haplochromine species that had changed their diet were accompanied by a change of their mouth anatomy (van Rijssel, 2014) and size of their intestine (Kishe-Machumu et al., 2008) based on the new type of food. In other African Great Lakes, including Lake Kivu, the ecomorphological diversification of cichlid fishes is associated with trophic adaptation in terms of dental shape (Munyandamutsa et al, 2020) and pharyngeal specializations of the jaw morphology (Snoeks et al., 1994), as well as dietary specialization (Ulyel et al., 1990).  These are considered as the most important traits promoting radiation, coexistence and how haplochromine species have remained in sympatry or neighboring but with distinct ecology, morphology and behavior by occupying distinct niches and habitat types (Salzburger et al., 2002; 2014) and in particular to the studied Lake Kivu haplochromine species with specific traits (Munyandamutsa et al, 2020; Munyandamutsa et al, 2021). An elongated body shapes was found to be an adaptation to living in open, clear and deep waters compared to the murky and shallow waters in Uganda lakes (Machado-Schiaffino et al., 2015).
Despite existence of littoral and pelagic habitats in Lake Kivu, both habitats are occupied by the same cichlid species (like Haplochromis crebridens Snoeks 1990, H. insidiae Snoeks 1994, H. kamiranzovu Snoeks 1984, Haplochromis nigroides Pellegrin 1928, Haplochromis vittatus Boulenger 1901), and provide an opportunity to study parallel patterns of local adaptations related to the environmental differences between the two zones.  Understanding the morphology of haplochromine species in Lake Kivu could provide knowledge on how the fish adapt to changing natural environment amidst factors like methane extraction and climate change.  This study examined differences in body shape of two haplochromine species, H. insidiae and H. kamiranzovu, as well as the characteristics that enable the two to live sympatrically, in the littoral and pelagic zones in the north and south of the lake. 
The main focus of the study was to test the hypothesis that habitat differences induce local adaptations in the phenotype and there are similarities of body shape in littoral and pelagic areas (Lee et al., 2015; Parsons et al., 2016) by addressing the following questions: (1) Are the two haplochromine fish species morphologically different? (2) Does habitat (littoral versus pelagic) induce specific body shape in a similar way across haplochromine species in Lake Kivu and enhance ecological separation that facilitate their coexistence? (3) Do similar habitats reflect convergent phenotypes irrespective of the location (north versus south)?
Material and Methods 
Study area and sampling
A total of 160 adult fish specimens for both species were used in this study. 10 females and 10 males for each fish species in each habitat of the littoral and pelagic zones of the northern and southern regions were collected from Lake Kivu. Four sampling areas were chosen for repeated sampling campaigns (Fig.1.) taking into account the following four criteria: abundance of the studied haplochromine species in the site, site accessibility, the presence of similar physical habitat and suitable water velocity.
Fish samples were collected from June 2018 till June 2019 using 15m x1m monofilament nylon gillnets 10 mm mesh size. Fishing was done during active period and conducted once a month. The fish samples were preserved in formalin solution (5%) for two weeks. Subsequently, fishes were washed overnight with running water, then transferred into alcohol of 30%, 60% then in 70% as in Kishe-Machumu et al., (2008).
 
Morphometrics and geometric morphometrics
We measured Standard Length (SL) and other traditional measurements shown in Figure 2 to detect size variations between and within the two haplochromine species. We counted some meristics following several descriptions (Snoeks,1994; Staeck et al., 2019; Alonso et al., 2019; Walsh et al., 2019). These data were used in principal component analysis.
[bookmark: _Hlk104706903]We analysed the head region and overall body shape variation of the two species in both habitat types using landmark-based geometric morphometrics (Figure 3). Previous studies suggested that geometric morphometrics was a powerful statistical tool to visualize the shape of an object (Cardini, 2019; Chaiphongpachara and Laojun, 2019; Lorenzoni et al., 2019; Multini et al., 2019; Walace et al., 2019).  We digitized the Cartesian coordinates of 17 landmarks (Fig.3) representing the major parts of the overall body using images taken with a Nikon D40X camera with an 18-55 mm zoom lens in a standardized manner. Only the left lateral side of all specimens was photographed. These images were taken on a 20cmx15cm dissection board with a white 21 cm x11 cm paper background. Specimens were centered for the photograph in the same plane as the camera objective lens to avoid optical distortion of the images. The camera was fixed on a vertical support parallel to the ground plane. A scale was included in each picture using a plastified millimeter paper of different sizes to allow the acquisition of a scaling factor afterwards. The TPS UTIL software version 1.38 (Rohlf, 2006) was used to create a TPS file to be used for the digitization of the landmarks with TPS DG2 (Rohlf, 2005). The landmarks configurations were then aligned and superimposed using a generalized Procrustes analysis (Rohlf and Slice,1990). Landmarks coordinates of the shape variables were analysed using Morpho J (Klingenberg, 2011).  To estimate digitization error, landmarks were repeatedly digitized four times for 10 individuals; two of each sex of each Operational Taxonomic Units (OTU). In total, we worked on sixteen OTUs. For H. insidiae, they were: H. insidiae South littoral female (ISLF); H. insidiae South Pelagic female (ISPF); H. insidiae South littoral male (ISLM); H. insidiae South Pelagic male (ISPM); H. insidiae North littoral female (INLF); H. insidiae North pelagic female (INPF); H. insidiae North littoral male (INLM); H. insidiae North Pelagic male (INPM). For H. kamiranzovu, they were: H. kamiranzovu South littoral female (KSLF); H. kamiranzovu South Pelagic female (KSPF); H. kamiranzovu South littoral male (KSLM); H. kamiranzovu South Pelagic male (KSPM); H. kamiranzovu North littoral female (KNLF); H. kamiranzovu North pelagic female (KNPF); H. kamiranzovu North littoral male (KNLM); H. kamiranzovu North Pelagic male (KNPM).

The amount of orientation error was calculated for all species, habitats and locations. When positioning the specimens, we followed the procedure of Adriaens (2007). The same 10 specimens were photographed four times, after removing and repositioning them each time. The error testing protocol revealed that 3.97% of the variation was due to the digitization error and 28.08 % due to the combination of orientation and digitization error. The Euclidean distances in the tangent space were found to be highly correlated to Procrustes distances (correlation=1, slope=0.999) and could therefore be used as an accurate approximation of the original shape distances between specimens. 
 
Statistical Analysis
A Canonical Variate Analysis (CVA) run using Morpho J 1.02c was performed on geometric morphometric data (Klingenberg, 2010) for both species combined but specifying group variables that represent each of the species, habitat and region so that it was easy to extract them from the whole dataset and compare targeted data to find for example the shape features that best distinguish the littoral versus pelagic habitats of the north and south of Lake Kivu (Foster et al., 2014). That multivariate method was used also to identify relationship between group variables in a dataset (Hotelling, 1963; Afifi et al., 2019; Hosseini et al., 2019). Grouping variables suggested in this study were pre-defined as follow: species (H. insidiae or H. kamiranzovu), habitat (littoral or pelagic) and regions (north and south).  
The collection-location combination variables were also incorporated in the statistical model of Morph J 1.02c. The shape data were quantified through CVA and visualized using wireframes from scores along CV1 (Klingenberg, 2011) that represent positive and negative maximum deviations from the mean shape. The two wireframes, each representing the mean shape of the specific ecotype were superimposed for comparison of images from littoral and pelagic habitats for each species and for each habitat. This facilitated visualization and inferences of the body shape changes between littoral-pelagic ecotypes and illustrated how they occurred in parallel directions (Colombo et al., 2012; Muschick et al., 2012; Munyandamutsa et al., 2020).
Furthermore, the CVA maximizes the between group differences and therefore, finding significant differences along CV axes. This is a very robust test of group differentiation and provide results as well as cross-validation tests. This is also suitable with the CV axes and give the reader an idea of how well the groups is differentiated by showing how many individuals are assigned to group given the CV axes.
To reduce data dimensionality, a principal component analysis (PCA) was run on the linear morphometric dataset of both species combined but individual data of the species, habitat and regional were differently colored (highlighted) in the PAST data table entry. We performed a PCA to examine patterns of morphological variation of both species related to the habitats types as well. The test for normality for the linear measurements showed that body and head shape variations in the both species were not normally distributed (p< 0.05).  Consequently, the linear morphometric data were subjected to a non-parametric MANOVA (Anderson, 2001) using PAST (Hammer et al., 2001). This non-parametric multivariate analysis of variance (NP MANOVA) was used to test for significant differences in the distribution of habitat types (littoral versus pelagic) for all populations in morphospace because the assumptions of multivariate normality were not met. The non-parametric MANOVA is an equivalent design to an ANOVA that allows testing multiple factors, interactions and relies on a permutation procedure.
Results
Morphological differences between the two species.
Morphometrics and meristic data of the two haplochromines species were obtained and analyzed (Tables 1; 2; 3 and 4). The linear traits were size-corrected. The standard length was a cofactor in the linear model and were included into multivariate analysis of variance (NPMANOVA). They showed significant differences (p < 0.05) in morphological characteristics between H. insidiae and H. kamiranzovu (Fig.4). The results of Wilks' Lambda test and Pillai trace test were 0.05 and 1.26, respectively. The degrees of freedom and F values of the above tests were Df1 = 7; Df2 = 142; and the F = 42.97 and Df1 = 9; Df2 = 143; and F = 30, respectively.
Both haplochromine species differed in size (linear traits were size-corrected) expressed with 59.06% in PC1. Their shape differences were expressed with little variation of 14.21 % in PC2.The parameters that induced variations and differences in shape of both haplochromine species were: upper jaw length, lower jaw length, preorbital distance, cheek depth with factor loadings of 0.77; 0.36; 0.23; 0.23, respectively. 
The H. kamiranzovu has more protruding jaws than H. insidiae in littoral as well in pelagic zones. The parameters that determined shape difference of the body were the head depth, the prepelvic distance, body depth and caudal peduncle length with factor loadings of 0.18; 0.15; 0.12 and 0.12, respectively. The head and the body depths at the anterior-dorsal pre-opercle region had   more pronounced head profile curvature of the H. insidiae than in H. kamiranzovu in littoral and in pelagic zones.
[bookmark: _Hlk104468489]Permutation tests (10000 permutation rounds) for Procrustes distances among groups of H. insidiae and H. kamiranzovu showed significant differences as well (p <0.05). The results of Wilks' Lambda test and Pillai trace test were 0.06 and 1.36, respectively. The degrees of freedom and F values of the above tests were Df1 = 9; Df2 = 145; and the F = 45.99 and Df1 = 11; Df2 = 149; and F = 33, respectively.
 H. kamiranzovu has longer upper jaw, longer lower jaw, larger cheek depth, shorter body depth, shorter (and more posterior) pectoral fin insertion and a caudal peduncle longer, a caudal peduncle depth shorter(robust) while the opposite pattern existed in H. insidiae (Figs. 5, 6 and 7). H. kamiranzovu has a more protruding jaw than H. insidiae (Figs. 5 and 6).
Variation in shape within and between littoral and pelagic habitats
The comparisons between the two species in the littoral zone across the Lake Kivu, showed that the two haplochromine species differed significantly in body shapes (p<0.05). The most pronounced shape variation between the two species occurs in the head region (including: center of the eye, upper jaw, head length) with -269.12; -255.56; 247.36; 153.58 of Canonical coefficients of factor loadings. Through inspection of the wireframes, it was illustrated that the H. kamiranzovu has an elongated upper and lower jaws (or an elongated snout), a longer head that H. insidiae. H. kamiranzovu is represented by a blue-sky wireframe while H. insidiae is in blue dusky wireframe (Fig.5).
The comparisons between the two species in pelagic areas across the lake, also showed significant differences in head shape (p <0.05). The results of Wilks' Lambda test and Pillai trace test were 0.08 and 1.37, respectively. The degrees of freedom and F values of the above tests were Df1 = 12; Df2 = 147; and the F = 43.95 and Df1 = 12; Df2 = 149; and F = 34, respectively. The two haplochromine species differed at the level of the head region, including: head length, center of the eye and the upper jaw with -116.89; 64,58 and 62.56 canonical coefficients of factor loading, respectively. H. kamiranzovu has longer upper and lower jaws (with an elongated snout), and a longer head than H. insidiae (Fig.6).
The comparisons of each species between littoral and pelagic areas showed that they are significantly different in body shapes as shown by permutation tests (10000 permutation rounds) for Procrustes distances among pelagic and littoral studied haplochromines population (p< 0.05). The results of Wilks' Lambda test and Pillai trace test were 0.08 and 1.46, respectively. The degrees of freedom and F values of the above tests were Df1 = 9; Df2 = 136; and the F = 43.98 and Df1 = 13; Df2 = 138; and F = 35, respectively.
 
Convergence in phenotype in similar habitats
Most variations within haplochromines between littoral and pelagic were located at the tips of the upper and lower jaws with 188.14; -125.44 of canonical coefficient of factors loadings. The body shape of the two haplochromine species displayed consistent patterns. The body shape of H. insidiae and H. kamiranzovu was shaped in a similar way, both in the pelagic as in the littoral zone in Lake Kivu (Figs. 8, 9 and 10). The differences in each species between littoral and pelagic areas showed also evidence of convergence phenotype. Pelagic specimens of both species, in both parts of the lake, have longer heads, longer jaws, and a more posterior insertion of the pectoral fin while the opposite trends occurred in both littoral haplochromine specimens. The littoral and pelagic zones-maintained patterns in body shape convergently at interspecific level across haplochromines species of the Lake Kivu. At interspecific level, the pelagic specimens of the both species and in both regions conserved the above cited morphological trends (Fig.10).


Discussion
The findings of this study highlight consistent morphological characteristics that distinguish littoral and pelagic populations within species of the two haplochromine species.
The pelagic individuals in both parts of the lake, have longer heads, longer jaws and a more posterior insertion of the pectoral fine while littoral haplochromine specimens displayed an opposite trend. At interspecific level, consistent morphological traits distinguish both species in the littoral as well as in the pelagic zones.  In the littoral zone of Lake Kivu, the H. kamiranzovu has an elongated upper and lower jaws (or an elongated snout), a longer head and a longer standard length than H. insidiae. In the pelagic zone of Lake Kivu, H. kamiranzovu has longer upper and lower jaws (with an elongated snout), a longer head than H. insidiae.
Morphological differences between the two species
Analysis of the body shape of the two haplochromine species showed species specific-differences. The species seem to have adapted their body shapes to the ecological condition of their habitat and food availability (Bouton et al., 1999; Kassam et al., 2003; Albertson, 2008; Albertson et al., 2018). This finding is consistent with previous studies on body shape in a pair of closely related, sympatric Maylandia zebra cichlid species from Lake Malawi. The difference between the species were observed in the slope of the head and body depth (Husemann et al., 2014: Kratochwil et al., 2015; Husemann et al., 2017; Saha et al., 2019).
 
Body depth of H. insidiae and H. kamiranzovu across littoral and pelagic zones were linked to the pectoral fin area. Greater body depth expands the pectoral fin insertion and vice versa. This pattern was consistent throughout the lake in both haplochromine species. Similar studies in cichlids, Oncorhynchus mykiss and Lepomis macrochirus reported that body depth was highly correlated with larger pectoral fin surfaces (Drucker and Lauder, 2002; Feilich, 2016; Hulsey et al. 2018; Raffini et al., 2019). Body depth differentiations have normally been attributed to swimming performance in fish (Starrs et al., 2011; Raffini et al., 2019). The shorter size of the pectoral fin insertion and the robustness of the caudal fin observed in H. kamiranzovu suggests that it swims more effectively than H. insidiae in terms of speed, thus helping them capture planktons and swimming in water column (Masoomi et al., 2019; Shi et al., 2019; Ramamuti et al., 2019). Hulsey et al., (2013) argued that cichlid pectoral fin muscles have evolved differently. This divergence could be related to differences in locomotory capacity that allow them to exploit different habitats.
The pectoral fin is an essential element in locomotion ability of a cichlid fish and it is thought to be highly important in adaptive radiation of many numbers of fish (Hulsey et al., 2013). Hulsey et al., (2013) found that the cichlid feeding on benthos often require much larger pectoral fin therefore requiring more powerful and larger pectoral muscles.  Hulsey et al. (2018) found also that pectoral fin morphology may determine the ecological divergence between fish species and to be activated by mechanical and hydrodynamic forces when they are feeding on attached material of the substrates or feeding on the plankton in the water column (Hulsey et al., 2013; Rupp and Hulsey, 2014). The size of the body depth and pectoral fin insertion were suggested as anatomical structures for consideration to differentiate many fish species (Hulsey et al. 2018).  Increased body depth has been explained to be an adaptive response to predation and competition (Bronmark and Miner, 1992; Magnhagen and Heibo, 2004).
The oral jaws of the two haplochromines species were different. They displayed striking fluctuation in the size of their upper and lower jaws relative to the rest of the head. The cichlid morphology of oral jaws has consistently diverged in the three principal East African Great Lakes. Their differences were suggested to determine the feeding ecology of the cichlids (Cooper et al., 2010; Martinez et al., 2018; Gidmark et al., 2019; Hulsey et al., 2019). In several studies, jaws or head length species differentiation has been shown to be correlated with ecological divergence of the cichlids (Hjelm et al., 2001; Hegrenes, 2001; Adams et al., 2003). It is believed that the protruding jaws improve the foraging efficiency of algivorous haplochromines (Conith et al., 2018).
H. kamiranzovu seems to protrude its jaws further than H. insidiae, which means that it has the ability to graze more planktons than H. Insidiae.
Both species showed size differences of the preorbital distance. This is an important trait of trophic ecological difference of both species as it was extensively investigated and explained for other cichlids within African Rift- Lakes (Cooper et al., 2010). The shorter jaws and smaller preorbital size of H. insidiae permit a stronger bite than H. kamiranzovu. Cooper et al., (2010) noted that the evolution of preorbital size is an important feature of craniofacial divergence among Lake Victoria cichlids.
Variations between littoral and pelagic habitats
The center of the eye, head length and jaw length of the two haplochromine species showed more variation in the littoral than in the pelagic zone of the lake. Such changes imply large effects on feeding biomechanics, and can enhance expansion into multiples unoccupied niches along littoral –pelagic ecomorphological axis (Munyandamutsa et al., 2021). This was noticed as a critical component of adaptive radiations of Great Lakes cichlids functional morphology (Cooper et al., 2010).
Among cichlids, head morphology is associated with food type and feeding habits (Tsuboi et al., 2015; Henning et al., 2017; Koblmüller et al., 2019; Raffini and Meyer, 2019). In cichlids also, mouthbrooding could play an important role in shaping head (Tkint et al., 2012). The studied haplochromine species displayed discrete shifts in head skeletal and body anatomy that are related to habitat difference and predation strategies (Stewart and Albertson, 2010). The jaw divergence in Lake Kivu haplochromine might have appeared rapidly during early period of lake colonization when riverine haplochromines species invaded and occupied vacant niches in the Lake Kivu ecosystem. Larger cheek depth in H. kamiranzovu than in H. insidiae suggests that H. kamiranzovu has higher capacity to capture larger prey than H. insidiae in accordance to all four resurgent haplochromine species in Lake Victoria during the upsurge of the predatory Nile perch (van Rijssel and Witte, 2013).
Variation in shape within and between littoral and pelagic habitats
Body shape changes associated with littoral and pelagic habitat shift included head, jaw size and position of pectoral fin insertion. These results are in line with previous findings on morphological analyses of two-colour cichlids morphs in East African Crater Lake and in other lakes where the pelagic morph has relatively longer head and jaw (Malinsky et al., 2015; Powder et al., 2015; Parson et al., 2016).  Most morphological changes of Poromitra crassiceps also occur among different areas of major oceanic water masses in tropical Indo-Pacific (Parin and Ebeling, 1979). Its specimens had relatively longer heads, upper jaws and wider cheeks; in addition, they have shorter caudal peduncles as is the case in the studied Lake Kivu haplochromines. 
Joyce et al., (2005) observed that in Lakes Malawi and Victoria, pelagic zooplanktivore fish had relatively wide heads and large eyes. They observed, particularly; in Lake Malawi that pelagic piscivores are long-headed fish while for the same lake fish with short, wide heads and shorter jaws tend to be epilithic-feeding rocky shore dwellers.
Transition of fishes from the littoral to the pelagic is associated with the shift of the pectoral fin insertion (Olson et al., 2019; Marklund et al., 2019; Pépino et al., 2019). Similar findings were noticed in sympatric versus non-sympatric Tropheus populations of Lake Tanganyika (Kerschbaumer et al., (2014). The non-sympatric ones inhabit open water. This kind of fin shape variation assist the fish in strong steady swimming, to improve their manoeuvrability and stability in a current (Webb, 1984; Swain and Holtby, 1989; Beacham et al., 1989). The pectoral fin is also used by fish to improve their ability to orientate in current (Cresci et al., 2019; Mussen et al., 2019). The positions of the insertion of the pectoral fin in the littoral versus pelagic is explained by the kinematic of antagonist adductor muscles that act on the pectoral fin (Dickson and Pierce, 2019). Our data, suggest that in pelagic haplochromines species, the adductor muscles of pectoral fins distally expand, thus creating a large area for muscle attachment while the opposite pattern occurred in littoral haplochromines species (Munyandamutsa et al., 2021). These types of shifts are likely due to the hydrodynamic forces imposed on the fish in each habitat and to which they respond to when feeding on attached material in the littoral or when the fish is swimming to capture planktons in water column.
These results revealed a high level of habitat-specific phenotypic plasticity in overall body shape variation. But they may have also a genetic basis not yet explored in Lake Kivu (Kerschbaumer et al., 2013; Franchini et al., 2014; Husemann et al., 2017). Linking these forms to resource use and habitat (littoral versus pelagic), these results are in accordance with the ones stating that variations located on the head are related to functional performance in feeding of a fish (Tkint et al., 2012). The two haplochromines collected from open water zones of the Lake Kivu contained higher frequencies of copepod, cladocera, P. undulata, Microcystis sp. than those from littoral zones. The occurrence of zooplankton in H. kamiranzovu stomachs was significantly higher in the open water than in the littoral zone (p< 0.05), while the opposite pattern was true for H. Insidiae. This is to explain that there feeding performance in those both habitat types could be different. 
Haplochromis insidiae and H. kamiranzovu reflected species-specific head morphology that reflect trophic differences as described to other cichlids species (e.g. Lake Malawi)  (Albertson and Kocher, 2001; Kerschbaumer et al., 2011), for which biting types are described to have shorter and more robust jaws (Albertson and Kocher, 2001), that correspond to H. insidiae and to H. kamiranzovu as a sucker.
 
Convergence in phenotype in similar habitats
Patterns of similar morphological traits in species sharing the same habitat have long been considered as strong evidence of adaptation (Simpson, 1953; Schluter, 2000; Losos et al., 1998; Adams, 2010; Losos, 2011; Rivera et al., 2014) and were called ecological character displacement. They allow competitive sympatric species to coexist (Kerschbaumer et al., 2014). 
At interspecific levels, the two competing species, co-occurred in different geographic localities and were treated on the same selective regimes that drove parallel evolution (Adams, 2010). As an example, to support our results, parallel phenotypic evolution occurring in independent populations of Coregonus lavaretus were found to evolve similar traits in response to similar selective regimes (Siwertsson et al., 2013). In the same line, body shape and trophic morphology (e.g., dentition characters) of eretmodine cichlids in Lake Tanganyika resulted into morphological convergence as well as in response to selection for similar dietary niches (Ruber and Adams, 2001) and were associated with adaptations to specific habitats and resources in Lake Tanganyika (Muschick et al., 2012).
Consistency patterns in head and morphological variation in H. insidiae and H. kamiranzovu in Lake Kivu is a result of phenotypic variation among individuals which might reflect a combined effect of phenotypic plasticity, genetically based differences and ecological character displacement. This was observed in Tropheus moorii " Kaiser" and T. moorii" Kirschfleck" in Lake Tanganyika (Kerschbaumer et al., 2014), for Stickleback fish, Pumpkinseed (Aguire and Bell, 2012; Gillespie and Fox, 2003). Morphological changes in response to fluctuating natural environments are a common phenomenon in species that undergo adaptive radiation. A smaller and bigger head for the two haplochromine species found in littoral and in pelagic zones of Lake Kivu, suggest adaptive response to environmental differences between littoral and pelagic waters. These changes have been extensively documented for Lake Victoria haplochromine cichlids for which three out four resurgent haplochromines had a smaller head surface during the upsurge of the predatory Nile perch (van Rijssel et al., 2014).
Both haplochromine species showed a significant level of habitat-specific phenotypic plasticity in body shape, which could be genetic. To figure out what this was, we recommend conducting further research. Phenotypic responses to environmental changes are adaptive. Trends have been noticed, which could indicate local adaptations to habitat changes within Lake Kivu, similar to what has been observed with other cichlids in Lake Tanganyika (Kershbaumer et al., 2014).
Observed patterns of habitat-specific shape variation may also be applied to other haplochromines living in Lake Kivu. Further research could include vertical distribution in the water column. The genetic basis of these consistent phenotypical changes are still unknown and so are the reasons for a larger body height as a response to a hypothetic fish predation in the pelagic zone of Lake Kivu.
We conclude that the most prominent difference between the species was in the head in respect to the relative size of the jaws, head length and position of the pectoral fin insertion. Variation in head morphology is normally related to feeding and body shape to swimming performance. The changes in body shape can be linked to differences in the environment and the food available in the two habitats which could have enabled the species to co-exist in similar habitats. This finding is important in lakes like Kivu which have low habitat diversity compared to other African Great lakes like Malawi, Tanganyika and Victoria and provide some explanation in the differences in the number of haplochromine species in these lakes.
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Fig. 1 Map of Lake Kivu and fish sampling locations. Dots and triangles represent fish sampling locations in the littoral and pelagic zones, respectively.
Dots represent littoral sampling locations; triangles represent pelagic sampling locations. Blue lines represent the expansion of the sampling area; northern and southern regions. GPS coordinates of Nyamasheke 1 are closer to an island of less than 40 meters depth. Other GPS coordinates of Nyamasheke sampling locations are closer to the coastal zone. In the littoral north, two berries of Paradise Motel and one brewery bay of Gisenyi counted also for our fish sampling. 
[image: ]
Fig.2. Traditional measurements done of haplochromine fish specimens.
(1) Standard length (SL), (2)Body depth (BD), (3)Head length (HL), (4)Preorbital distance (PoD), (5)Post orbital distance (Post o D), (6)Eye diameter (EyD), (7) Eye height, (8)Cheek depth(CkD),(9)Lower jaw length(LjL),(10)Upper jaw length(UjL), (11)Premaxillary pedicel length(PpL), (12)Head depth(HD),(13)Predorsal distance(PdD),(14)Dorsal fin base length(DFL),(15)Preanal distance(PaD),(16)Anal fin base length(AFL), (17)Prepectoral distance(PpD),(18)Prepelvic distance(PpD),(19 ) Caudal peduncle lenth (CpL), (20) Caudal peduncle depth (CpD).
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Fig.3. Landmarks digitized to capture the shape of the H. kamiranzovu 

Seventeen landmarks (with biological meanings) were digitized on the left size for several images of fish specimens using « helplines » to position acurately and consistently landmarks on the fish images. The landmarks were: (1) Ventral intersection point of the suboperculum and interopercle  (2) Most posterior point of the lower jaw (3) Posterior extremity of the dentary (4) Anterior most tip point of the snout at the level of the lower jaw  (5) Anterior most tip point of the snout at the level of the upper jaw (6) Base of the dorsal fin; leading edge  (7) Base of the dorsal fin; trailing ed ge  (8) Dorsal- caudal margin of the caudal peduncle (9) Caudal end of lateral line in caudal fin peduncle (10) Ventro-caudal margin of the caudal peduncle or Base of the caudal fin at the ventral edge (11) Base of anal fin: trailing edge (12) Base of anal fin: leading edge (13) Base of pelvic fin; leading edge (14) Base of trailing (ventral) edge of the pectoral fin (15) Base of leading (dorsal) edge of the pectoral fin  (16) Posterior extremity of the operculum  (17) Centre of the eye.
[image: ]
Fig.4. PC1 versus PC2 plot that illustrates differences in both H. insidiae and H. kamiranzovu
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Fig.5. The wireframes illustrating shape difference of H. kamiranzovu (in blue sky) and
 H. insidiae (in blue dusky) sympatrically living in littoral zone of Lake Kivu.
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Fig.6. The wireframes illustrating shape difference of H. kamiranzovu (in blue sky) and 
H. insidiae (in blue dusky) sympatrically living in pelagic zone of Lake Kivu.
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Fig.7. Histogram and frequency distribution of both haplochromine species with their wireframes illustrating their shapes differences in scores and morphologies
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Fig.8. CVA scatterplot of the means shapes of H. insidiae in morphospaces associated with their wireframes related -habitats.
Legends: N= North, S= South, L= Littoral, P= Pelagic
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Fig.9. CVA scatterplot of the means shapes of H. kamiranzovu in morphospaces associated with their wireframes related -habitats.
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Fig.10. Convergence patterns in both haplochromines species of the (a) pelagic and (b) the littoral at interspecific level.
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	H.insidiae
	H. insidiae littoral
	H. insidiae pelagic

	Variables (mm)
	Mean±SD
	Mean ±SD
	Mean±SD

	HL
	21.8±1.3
	20.8±1.2
	22.1±1.2

	Post Od
	9.4±0.6
	8.8±0.5
	9.5±0.5

	PoD
	6.3±0.6
	6.0±0.7
	6.4±0.6

	UjL
	5.6±0.7
	5.4±0.6
	5.6±0.7

	LjL
	8.1±0.8
	7.8±0.7
	8.1±0.8

	PpL
	5.9±0.7
	5.6±0.8
	5.9±0.7

	CkD
	4.9±0.6
	4.4±0.5
	5.0±0.5

	EyD
	6.4±0.5
	6.0±0.4
	6.5±0.5

	EyH
	6.4±0.5
	6.0±0.5
	6.5±0.4

	HD
	19.4±1.7
	18.3±2.3
	19.8±1.2

	SL
	68.9±3.8
	65.6±3.4
	69.8±3.4

	BD
	21.5±1.6
	19.8±1.3
	21.9±1.3

	DFL
	35.3±2.4
	32.9±1.9
	36.0±2.1

	AFL
	12.6±1.6
	11.4±1.4
	13.0±1.4

	PdD
	24.4±1.4
	23.4±1.4
	24.0±1.4

	PaD
	46.3±3.0
	44.2±2.3
	46.8±2.9

	PpD
	23.0±1.5
	22.0±1.3
	23.3±1.4

	PvD
	28.5±2.3
	27.7±2.7
	28.7±2.2

	CpD
	10.1±0.8
	9.6±0.7
	10.3±0.8

	CpL
	12.0±1.2
	12.0±1.1
	12.0±1.3
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[bookmark: _Toc68099853][bookmark: _Toc82934748][bookmark: _Toc82935711][bookmark: _Toc82936451]Table 2: Meristics results of all specimens of H. insidiae, H. insidiae littoral and H. insidiae pelagic.
Number and frequencies
	
	All specimens of
H. insidiae
	H. insidiae littoral
	H. insidiae pelagic


	Upper jaw teeth
	18-24 (Median=24)
	18-30(Median=24)
	19-31 (Median=24)

	Lower jaw teeth
	16-21 (Median=21)
	16-27(Median=20)
	16-27 (Median=21)

	Inner tooth rows
	3/3(f12),3/2(f12),
2/3(f2), 2/2 (f42)
	3/3(f7),3/2(f9), 2/2(f21),2/3(f2),2/2(f21)
	3/3 (f5), 3/2(f4),2/2(f20)

	Gill rakers
	14-1-4(f2),13-1-4(f5), 
 13-1-3(f4), 12-1-5(f2), 
12-1-4(f19),12-1-3(f6), 
11-1-4(f15),11-1-3(f13), 10-1-3 (f2)
	14-1-4(f2),13-1-4(f4),
12-1-4(f10),12-1-3(f5),
11-1-4(f7),11-1-3(f6),
10-1-3(f2)
	13-1-4(f1), 13-1-3(f1), 
12-1-5(f2),12-1-4(f9),
12-1-3(f1), 11-1-4 (f8),
11-1-3(f7)

	Dorsal fin formula
	XVII 9(f1), XVI 10(f6)
XVI 9(f12),XV10(f32)
XV9(f12),XIV 11(f1)
XIV 9(f4).
	XVII9(f1),XVI10(f4),
XVI9(f9),
XV10(f16),
XV9(f9).
	XVI 10(f2),XVI 9 (f3),
XV 10 (f16), XV9 (f3)
XIV 11(f1), XIV9 (f4)

	Anal fin formula
	III9(f43), III8(f25)
	III9 (f24),III8(f15)
	III 9 (f18), III (f11)

	Pectoral fin formula
	13(f6),12(f58),11(f4)
	13(f4),12(f32),11(f3)
	13(f2), 12(f27)

	Lateral line scales
	35(f3),34(f1),33(f1),
32(f11),31(f14)30(f19),
29(f10),28(f5),27(f3),
24(f1)
	35(f3),34(f1),32(f4),31(f10)
30(f12),29(f5),28(f4)
	32(f7),31 (f4), 30(f7),9(f5)
28(f3),27(f3).

	Cheek scales
	5(f3),4(f6),3(f54),2(f5)
	5(f1),4(f4),3(f30),2(f4)
	5(f2), 4(f3), 3(24)

	Pectoral pelvic scales
	7(f3),6(f19),5(f39),4(f4), 3(f3)
	7(f3),6(f13),5(f18),4(f2),3(f3)
	6(f4), 5(f21), 4(f2),3(f2)
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[bookmark: _Toc86759744]Table 3: Morphometrics measurement results of all specimens of H. kamiranzovu, H. Kamiranzovu  littoral and H. kamiranzovu pelagic.
	
	All H. kamiranzovu
	H. kamiranzovu littoral
	H. kamiranzovu pelagic

	Variable
	Mean±SD
	Mean±SD
	Mean±SD

	HL
	25±1.5
	25.0±1.3
	25.7±1.7

	Post o D
	10.7±0.7
	10.6±0.6
	10.9±0.7

	PoD
	7.5±0.7
	7.5±0.7
	7.6±0.8

	UjL
	6.5±0.8
	6.3±0.7
	6.7±0.8

	LjL
	9.4±0.9
	9.2±0.8
	9.6±1.0

	PpL
	6.6±0.8
	6.4±0.7
	6.7±0.9

	CkD
	5.8±0.6
	5.8±0.6
	5.8±0.7

	EyD
	7.6±0.5
	7.5±0.5
	7.6±.6

	EyH
	7.2±0.5
	7.1±0.5
	7.4±0.5

	HD
	21.0±1.3
	20.9±1.2
	21.2±1.5

	SL
	77.6±4.2
	76.6±3.8
	78.9±4.5

	BD
	22.8±1.2
	22.6±1.1
	23.1±1.3

	DFL
	38.6±2.3
	38.1±2.2
	39.3±2.3

	AFL
	13.6±1.4
	13.5±1.4
	13.9±1.4

	PdD
	27.6±1.9
	27.3±2.0
	28.1±1.8

	PaD
	50.9±3.1
	50.1±2.8
	51.7±3.4

	PpD
	26.6±1.7
	26.3±1.6
	27.0±1.9

	PvD
	32.2±2.2
	32.0±1.8
	32.6±2.6

	CpD
	10.5±0.7
	10.5±0.7
	10.6±0.8

	CPL
	14.3±1.2
	14.2±1.2
	14.6±1.1
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[bookmark: _Toc82934750][bookmark: _Toc82935713][bookmark: _Toc82936453][bookmark: _Toc86759745]Table 4: Meristics results of all specimens of H. kamiranzovu, H. kamiranzovu littoral and H. kamiranzovu pelagic
                                                        Number and frequencies
	
	All specimens of
H. kamiranzovu
	H. kamiranzovu littoral
	H. kamiranzovu pelagic


	Upper jaw teeth
	17-31 (Median=23)
	17-30 (Median=23)
	17-31 (Median=23)

	Lower jaw teeth
	15-25 (Median=20)
	15-25 (Median=20)
	14-27 (Median=20)

	Inner tooth rows
	3/3(f19),3/2(f12),
2/3(f5), 2/2 (f59)
	3/3(f2),3/2(f5),2/3(f5), 2/2(f20),
	3/3 (f5), 3/2(f7),2/2(f40)

	Gill rakers
	18-1-4(f2),18-1-4(f3), 
 17-1-4(f13), 
17-1-3(f5), 
16-1-5(f1),16-1-4(f5), 
16-1-3(f21),
15-1-4(f15), 
15-1-3 (f11),15-1-5(f1).
	14-1-4(f3),14-1-3(f1),
13-1-4(f5),13-1-3(f3),
12-1-4(f5),12-1-3(f8),
11-1-4(f2), 11-1-3(f5),
	15-1-3(f1), 14-1-4(f1), 
13-1-5(f1),13-1-4(f4),
13-1-3(f3), 12-1-4 (f8),
12-1-3(f9),11-1-5(f1),
11-1-5(f1),11-1-4(f1),
11-1-3(f10)

	Dorsal fin formula
	XVI 10(f5), XVI 9(f41)
XVI 8(f1), XV10(f23)
XV9(f13), XIV 2(f1)

	XVI 10(f2),XVI 9(f21),
XV 10 (f6), XV 9(f3)

	XVI 10(f3), XVI 9 (f20),
XVI 8 (f1), XV10 (f17)
XV 9(f10), XIV 2 (f1)

	Anal fin formula
	III 9(f17), III 8(f66),
III 7(f1)
	III 9 (f5), III 8(f27)
	III 9 (f12), III8 (f39), 
III7 (f1)

	Pectoral fin formula
	13(f9),12(f75)
	13(f4),12(f28)
	13(f5), 12(f46)

	Lateral line scales
	35(f3),34(f8),33(f13),
32(f14),31(f14)30(f13),
29(f10),28(f4),27(f3),
25(f2)
	35(f2),34(f3),33(f7),
32(f7)
31(f5),30(f4),29(f2),
27(f1),
25(f1)
	32(f1),34 (f5), 33(f6),32(f7)
31(f9),30(f9).29(f8),28(f4),
27(f2),25(f1).

	Cheek scales
	4(f6),3(f72),2(f6)
	4(f1),3(f27),2(f4)
	4(f4), 3(f46), 2(f2)

	Pectoral pelvic scales
	8(f1),7(f12),6(f31),5(f44), 4(f5),3(f1)
	7(f1),6(f10),5(f18),4(f2),3(f1)
	8(f1), 7(f1), 6(f26),5(f21),4(f3)
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