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Abstract

:

Trophic resource partitioning is one of the main drivers of adaptive radiation. The evolutionary diversification of large African barbs, the genus Labeobarbus, seems to be related to mouth polymorphism. The chisel-mouthed or scraping phenotype has repeatedly evolved within Labeobarbus. At least five ecomorphs with a scraping mouth morphology were detected in the waters of the Ethiopian Highlands and can be provisionally classified into two groups: (i) “Varicorhinus”-like, and (ii) “Smiling”-like. Previously, all Labeobarbus with a scraping-mouth morphology were considered to be periphyton feeders. Using data on morphology, diet and stable isotope ratios (C and N), we addressed the question: does a scraping-mouth morphology predict feeding on periphyton? Our study revealed that five scraper ecomorphs exhibited three main feeding modes: (i) periphyton-eating, (ii) herbivory–detritivory, and (iii) insectivory. Two cases of the parallel divergence of sympatric ecomorphs with distinct feeding modes (herbivory–detritivory vs. insectivory) were revealed in two geographically isolated basins. A significant difference in δ15N values was detected among sympatric scraper ecomorphs. A periphytonophagous scraper was rich in δ15N values that are comparable with those in sympatric piscivorous fish. This data sheds light on the possibility of the utilization of periphyton as a protein-rich food by fishes.
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1. Introduction


Ecological diversification is a cornerstone of the process of adaptive radiation, considered as one of the main sources of biodiversity emergence [1,2,3,4]. The Ethiopian Highlands appears to be a hotspot of adaptive radiation in the cyprinid genera Labeobarbus, Enteromius and Garra, in both lacustrine and riverine environments [5,6,7,8,9,10,11,12,13,14,15,16,17]. Based on fish morphology, it was suggested that trophic resource partitioning was the main driver for these cyprinid radiations, and this has been proven for some lacustrine and riverine Labeobarbus assemblages [11,15].



Particular morphological traits (especially mouth shape and position, dentition, sieving apparatus and gut structure) can act as guides to fish trophic ecology [18,19,20]. Specifically, it is generally accepted that these cyprinids have a subterminal, often sectorial mouth, a cutting horny (keratinized) edge of the lower jaw, and a long gut scrape periphyton from submerged rocks and other substrates [18,20,21]. This type of scraping mouth structure, supplemented by an elongated gut, is found in many phylogenetically distant cyprinid lineages in North America (the genera Acrocheilus and Campostoma—[22], Asia (the genera Capoeta, Cyprinion, Garra, Chondrostoma, Labeo, Onychostoma, Scaphiodonichthys, Schizopygopsis, and Xenocypris—[20,23,24,25,26], and Africa (the genera Garra, Labeo, Labeobarbus and Varicorhinus—[21,27,28,29,30]. Along with the periphyton, such food items as macrophytes, detritus, insect larvae, macro- and microcrustaceans, and mollusks were reported for the European common nase, Chondrostoma nasus, the cyprinid scraper whose diet has been studied most comprehensively [25,31].



In Africa, in general, and in the Ethiopian Highlands, in particular, the cyprinids with a scraping head morphology belong to two distinct phylogenetic lineages: Labeonini (including Garra and Labeo) and Torini (including Labeobarbus and former Varicorhinus) in terms of Yang et al. [32,33]. The former lineage is beyond the scope of the present work, while phylogenetic relationships within the latter lineage are recently revised. Until recently, the African specialized scrapers were considered as belonging to the genus Varicorhinus, established by Rüppel (1835) for V. beso from the north of the Ethiopian Highlands. This genus encompassed 36 species [34,35]. There are, however, molecular data clearly proving the multiple origins of scraping morphologies within the African Torini lineage [36,37]. Therefore, the genus Varicorhinus was suggested to be monotypic [37] or even to be a synonym of the Labeobarbus [29,38].



In the context of multiple emergences of the scraping morphology among the Labeobarbus species, the origin of this genus is of particular interest. Labeobarbus are evolutionary hexaploids with 2n = 150 [39,40,41,42,43] with a complex genome originating via the hybridization of tetraploids (maternal Tor lineage) and diploids (paternal Cyprinion lineage), and then dispersed throughout Africa [33]. Thus, all Labeobarbus inherited the genomic template for building the scraping head morphology from the parental lineage, the genus Cyprinion being a highly specialized scraper. This is why the multiple proliferation of the scraping morphology among Labeobarbus species is not surprising. This occurs from the level of intraspecific variation to the most specialized (among African Torini) scraping morphology in L. beso [21,44,45].



It is noteworthy that all the radiating Labeobarbus assemblages from Ethiopian waters—from Lake Tana and the middle reaches of four rivers (Didessa, Sore, Gojeb and Genale—[16]—include or co-exist with the more- or less-specialized scraping congeneric form or forms [16]. The northern assemblages from Lake Tana and the Didessa River (both occurring in the Blue Nile basin) co-exist with the phylogenetically distant L. beso [11,16,45]. The apparently monophyletic and genetically distinct Labeobarbus gananensis/jubae complex from the Indian Ocean catchment in southeastern Ethiopia gave an origin to the assemblage in the middle reaches of the Genale River [15,16,37]. This assemblage includes two scraping forms that are genetically separated from the remaining sympatric Labeobarbus forms, and one of them is found beyond the limits of distribution of the other, trophically specialized, forms constituting the Genale assemblage [15]. Regarding the scraping forms from the Gojeb River (the enclosed Omo-Turkana basin) and the Sore River (the White Nile drainage)—both in southwestern Ethiopia—we failed to distinguish them genetically (with mt-DNA markers, whereas nuclear DNA markers are as yet hardly studied because of hexaploidy) from the other sympatric forms in their assemblages, while the independent evolution of the Gojeb and Genale assemblages is rather evident [16].



As already mentioned, the Genale and Gojeb assemblages each include two scraping forms. The morphological differences between sympatric scraping forms from the two different assemblages look rather similar (Figure 1). The scrapers that were earlier designated as “scraper 1” in both assemblages [16] exhibit so-called Varicorhinus-like (V-like) morphology [21,45]: a rather straight cutting edge to the lower jaw, shortened snout and deep body. In the Genale River, this form is identified as L. jubae, the species originally described by Banister [46] as belonging to the genus Varicorhinus. The other scraping forms from the Genale and Gojeb exhibit the head morphology that is seemingly unique for the African Torini (Figure 1): a rather rounded cutting edge to the lower jaw, elongated snout and shallow body. Both forms were designated as “scraper 2” by Levin et al. [16], but such forms from the Genale were also designated as “smiling” by Levin et al. [15] and Golubtsov et al. [14]. The latter variant is accepted herein, and the morphologically similar form from the Gojeb is designated herein as “smiling-like” or S-like.



We have to note that the Varicorhinus-like forms in both the Genale and Gojeb rivers appear quite frequently in the catches; their prevalence is next to that of the omnivorous form with a generalized morphology. The smiling-like form is moderately prevalent in the Genale [14], while the smiling-like form is extremely rare in the Gojeb.



The occurrence of the two distinct scraping forms of Labeobarbus in the Genale and Gojeb assemblages may indicate the availability of the different food resources exploited by these forms. Generally, the idea regarding the availability of different resources for the sympatric cyprinid scraping forms seems to be supported by the fact that two other lineages of scraping cyprinids—representing the genera Garra and Labeo, particularly the L. forsksalii group, in terms of Reid [47]—are found in sympatry with practically all the radiating Labeobarbus assemblages in Ethiopia; the only exclusion is an absence of Labeo in the Lake Tana basin [12,48].



The current study addresses the following questions: are there any differences in feeding modes between the scraping forms of Labeobarbus that constitute the radiating assemblages in the Ethiopian rivers? In the broader sense, are the diets of Labeobarbus with a scraping head morphology predictable, based on those morphological traits related to feeding? To answer these questions, we investigated feeding-related morphology, diet, and the stable isotope signatures of 15N and 13C in five supposedly scraping forms and one non-scraping form from the Genale, Gojeb and Didessa rivers in southern and western Ethiopia.




2. Materials and Methods


2.1. Study Area and Sampling


The fish were sampled from three rivers in the Ethiopian Highlands, from three geographically separated drainages: (i) the Genale River in the Juba-Wabe-Shebelle basin, Indian Ocean catchment (05°42’08’’ N 39°32’39’’ E); (ii) the Gojeb River in the Omo-Turkana basin, Ethiopian Rift Valley drainage (07°15’15’’ N 36°47’40’’ E); (iii) the Didessa River, a tributary of the Blue Nile in the Atlantic Ocean catchment (08°41’32’’ N 36°24’52’’ E). Each location (Figure 2) was sampled using gill and cast nets in March–April 2009 or March 2019 (Genale R.), February 2011 (Gojeb R.) and February–March 2011 (Didessa R.). Fish sampling was conducted under the umbrella of the Joint Ethiopian–Russian Biological Expedition (JERBE) with the permission of the National Fisheries and Aquatic Life Research Center (NFALRC) under the Ethiopian Institute of Agricultural Research (EIAR) and Ethiopian Ministry of Science and Technology (presently the Ministry of Innovation and Technology). Fish were killed with an overdose of an anesthetic, MS-222, and were first preserved in 10% formalin and then transferred to 70% ethanol for studying the morphology and gut content. Some fish were preserved with salt to make the dried bone preparations for subsequent morphological analysis. This approach has worked well for estimating the morpho-ecological diversification of the Labeobarbus ectomorphs [6,49]. Fish were photographed using a Canon EOS 50D camera (Canon Inc. Ota City, Tokyo, Japan). In total, 65–117 specimens were analyzed, depending on the type of analysis (Table 1). All specimens are deposited at the A.N. Severtsov Institute of Ecology and Evolution, Russian Academy of Sciences, Moscow, under the provisional labels of JERBE. The map of the sampling sites (Figure 2) was created in ArcGIS 10.2 (www.esri.com) (accessed on 08 August 2020).




2.2. Examination of Morphological Characters


All fish were measured for standard length (SL) according to Hubbs and Lagler [50]. Upon preparation of the dried skeletons, the neurocranium and bones of the splanchnocranium were measured, following the scheme of Levin et al. [51], to estimate phenotypic relationships between the forms under consideration. In total, 28 characters from 85 individuals were estimated: BL—basal skull length, SEth—width of the skull at the ethmoidalia lateralia, SSph—width of the skull at the processes of sphenotica, SPt—width of skull at the processes of pterotica, SFr-min—width of the skull at the maximally concave edges of frontalia, H—greatest depth of the neurocranium, HEth—depth of the skull at the level of the ethmoidalia lateralia, WBsoc—width of the basioccipitale plate, Eth-Sph—the distance between the edge of the ethmoidale laterale and the apex of the process of the sphenoticum, Hm—length of the hyomandibulare, WHm—greatest width of the hyomandibulare, HHm—height of the hyomandibulare, Dff—length of the fifth ceratobranchiale, WDff—width of the fifth ceratobranchiale, Pm—length of the praemaxillare, HPm-pr—depth of the process of the praemaxillare, Pop—length of the praeoperculum, Wpop—width of the praeoperculum, Iop—length of the interoperculum, Mx—length of the maxillare, hMx—minimum depth of the maxillare, De—length of the dentale, HDe—depth of the dentale with coronoid process, Urh—length of the urohyale, WUrh—width of the urohyale, Pal—length of the palatinum, WPal—width of the palatinum, HPal—height of the palatinum. Measurements were made using a digital caliper to the nearest 0.1 mm by one operator for the purposes of consistency, as recommended by Mina et al. [52]. Gut length (GL) was measured with a ruler (to the nearest 1 mm). Gill arches were stained with Alizarin red, and gill rakers (GR) on both the lower and upper arches were counted together using a binocular microscope (Leica EZ4D, Wetzlar, Germany).




2.3. Diet and Stable Isotopes


Gut contents were dried on absorbent paper and each dietary item was weighed to the nearest 0.1 mg. The index of relative significance (IR) [53,54] was calculated as follows: IR = (Fi × Pi/∑Fi × Pi) × 100%, where Fi = frequency of occurrence of each food species, Pi = a part by weight; the value of i itself changes from 1 to n (n = the part of food organisms in the food bolus). In total, 65 individuals were investigated for diet.



White muscle tissue from the dorsal side of the body under the dorsal fin was sampled from freshly collected specimens. White muscle samples were dried at 60 °C for subsequent stable isotope analyses. Samples were weighed using a Mettler Toledo MX5 analytical balance (Mettler Toledo, Columbus, OH, United States) with 2 μg accuracy and wrapped in tin capsules. The weight of fish tissue samples varied from 250 to 500 μg. Stable isotope analysis was conducted at the Joint Usage Center of the A.N. Severtsov Institute of Ecology and Evolution (RAS), Moscow. Briefly, a Thermo Delta V Plus continuous-flow IRMS was coupled with an elemental analyzer (Flash 1112) and equipped with a Thermo No-Blank device. The isotopic composition of N and C was expressed in a δ notation relative to the international standards (atmospheric nitrogen and VPDB, respectively): δX (‰) = [(Rsample/Rstandard) − 1] × 1000, where R is the ratio of the heavier isotope to the lighter. The samples were analyzed with a reference gas calibrated against the International Atomic Energy Agency (IAEA) reference materials USGS 40 and USGS 41 (glutamic acid). The measurement accuracy was ± 0.2 δ units. Along with the isotopic analysis, nitrogen and carbon content (as %), and C/N ratios were determined in all samples. In total, 108 white muscle samples were analyzed.



Four freshly collected stable isotope samples of L. beso were combined with 20 muscle samples obtained from preserved individuals (in 10% formalin in the field, with subsequent transfer to 70% ethanol in the laboratory) collected from the same locality. The difference between freshly collected and preserved samples was not significant for both δ13C (Mann–Whitney U test, p = 0.5055) and δ15N values (Mann–Whitney U test, p = 0.3657). Nevertheless, for the lipid normalization of preserved samples, we applied the equation [δ13C corrected = δ13C untreated –3.32 + 0.99 · C:N], as suggested by Post et al. [55], to correct δ13C values because the preserved samples had C/N (mass/mass) values higher than 3.50, compared to those in freshly collected samples (C/N mass/mass average = 3.24, SD = 0.07). After correction of the δ13C values for the preserved samples, the difference between the freshly collected and preserved samples remained insignificant (Mann–Whitney U test, p = 0.2862).





3. Statistical Analysis


Several R packages realized in R-studio v.1.2.5033 [56] were used for statistical analyses and plot construction: the summarytools library [57] was used for obtaining basal descriptive statistics, the ggplot2 library [58] was used to calculate Pearson correlation as well as to build violin boxplots, the posthoc.kruskal.dunn.test function in the PMCMR library [59] was applied for the Kruskal–Wallis post hoc Dunn’s test, the FSA library [60] was applied for the Mann–Whitney U test, and the prcomp function [56] was used for the principal component analysis (PCA) and for plotting the results. All measurements were divided by neurocranium basal length (BL); these proportions were used for PCA. Data were scaled.




4. Results


4.1. Morphology


V-like and S-like scrapers significantly diverged between each other in the space of PC1 and PC2 in osteological character within each sympatric pair, i.e., in the Genale and Gojeb rivers (Figure 3A,B). The pair from the Didessa River (L. beso/non-scraper omnivorous L. cf. intermedius) also demonstrates a high divergence in skull proportions (Figure 3C). PC1 explained 40–61% of the variance, while PC2 explained only 15–17%. The eigenvectors of the 10 most loaded characters for PC1 and PC2 are given in Tables S1–S3.




4.2. Gut Length


All scrapers had a gut length varying roughly within the range of 2.5–7 SL. The non-scraper, omnivorous ecomorph of L. intermedius from the Didessa river had an intermediate gut length of about 3.2 SL. The V-like scraper had a longer gut than the S-like scraper in both Genale and Gojeb radiations (Figure 4A) with significant differences for the Genale (means were 440% SL vs. 251% SL for V-like and S-like, respectively; p < 0.01). The Didessa pair was significantly (p = 0.02) divergent in gut length, having 479% SL (V-like) vs. 334% SL (non-scraper) (Figure 4A). Simultaneously, significant divergences in gut length were detected between non-sympatric scraper ecomorphs; this is especially true for the most divergent V-like specimens from the Didessa with the longest gut (up to 7 body lengths—Figure 4A). Gut length (% SL) in all ecomorphs, except for the S-like type from the Genale, was positively correlated with body length, sometimes significantly (see the values for the Pearson correlation in Figure S1). The gut length of Genale’s S-like scraper had a negative although non-significant correlation with body length. Nevertheless, this is an unusual pattern for scrapers, which may be a sign of a more carnivorous diet in late ontogeny.




4.3. Gill Rakers


All scrapers had a high number of gill rakers (20–28) compared to the omnivorous ecomorphs (15–19) (Figure 4B). No difference between sympatric (or non-sympatric) V-like and S-like ecomorphs was detected in both the Genale and Gojeb rivers, while the V-like scraper from the Gojeb River had significantly lower gill raker numbers compared to the V-like samples from the Didessa (p < 0.05). The non-scraper, omnivorous ecomorph significantly differed from the scraper ecomorphs (p < 0.05), except for the S-like samples from the Gojeb River, by a lower range of gill raker numbers (Figure 4B).




4.4. Diet


The gut content was represented by invertebrates (mainly insects—Coleoptera, Diptera, Ephemeroptera, Heteroptera, Hymenoptera, Plecoptera, Trichoptera), macrophytes, periphyton, detritus, filamentous algae, and other sources (sporadically occurring Copepoda and Oligochaeta, along with unrecognizable half-digested particles). The six ecomorphs were characterized by four different diets, as estimated by IR values (Figure 5). The macrophytes strongly dominated the diet of V-like scrapers in both the Genale and Gojeb Rivers (IR = 97.6% and 86.4% respectively). We have to clarify that the term “macrophytes” in the rivers under consideration refers mainly to the remnants of helophytic and semi-aquatic plants, represented by seeds, leaves, stems, and flower parts, rarely coupled with filamentous algae. In this relation, we classify the types of the feeding of V-like scrapers from both the Genale and Gojeb rivers as herbivory–detritivory. The diet of S-like scrapers from both the Genale and Gojeb rivers remarkably differed from V-like scrapers, and mainly included insects (IR = 62% and 87%, respectively). Their diet could be considered insectivorous. Along with insects, the detritus (IR = 24% and 8%) and macrophytes (IR = 13% and 5%) were also significant parts of the gut contents of S-like scrapers. The diet of the V-like scraper from the Didessa River was largely different from any other ecomorphs under consideration and consisted of periphyton (IR = 99%) with occasional insects (Ephemeroptera and Diptera—Chironomidae and Simuliidae). The periphyton was composed of the algae Bacillariophyceae, Chlorophyta, and Desmidiales. The diet of the omnivorous ecomorph is different from all scrapers and is composed of detritus (IR = 51%) and insects (IR = 49%), represented by the larvae of amphibiotic Diptera, Ephemeroptera, and Trichoptera as well as imago of Hymenoptera (Figure 5).




4.5. Stable Isotopes


A significant difference in δ15N values was detected between sympatric ecomorphs in all three rivers (Figure 6; p < 0.05). The mean δ15N values of V-like and S-like scrapers from the Gojeb River differed by 2.1‰; this is close to the difference between adjacent trophic levels [61], while differences between analogous scraper ecomorphs in the Genale was only 0.7‰. No difference in the δ13C values between the V-like and S-like scrapers was detected in either the Genale or Gojeb rivers. The V-like scraper from the Didessa River had remarkably higher values of both δ15N and δ13C than a sympatric omnivorous ecomorph (Figure 6; p < 0.05). This scraper was also rich in 13C compared to other ecomorphs.





5. Discussion


Our study revealed a diversification of ecological niches, based on the utilization of different trophic resources within fish having a scraping mouth phenotype, and often classified as “Varicorhinus”-like mouth labeobarbs (see [29]). Three different feeding types were revealed, based on a combination of ecological (diet and stable isotope composition) and morphological data. Although ~40 species/morphs of “Varicorhinus”-like labeobarbs were described throughout Africa [16,29], a phenomenon of trophic resource partitioning for this group was detected for the first time. Remarkably, a divergence of feeding strategies was revealed in the sympatric forms that suggests ecological niche separation during sympatric speciation. Similar divergences of ecological niches of scrapers have evolved repeatedly in two geographically isolated river basins, within genetically divergent lineages (see [16], for the genetics data) that provide an example of parallel ecological speciation. We consider the obtained results in more detail below.



5.1. Trophic Resource Partitioning


The three feeding modes detected among Ethiopian scrapers in this study are: (i) periphytonophagy, (ii) herbivory–detritivory, and (iii) insectivory. This amazing diversification in feeding type was discovered based on a combination of data from the diet analysis and stable isotope signatures and was accompanied by morpho-ecological data-head proportions and gut length, in particular. The gut length was repeatedly reported as indicative of diet in different fish lineages, e.g., cichlids, cyprinids, poeciliids, etc. [11,15,62,63]. Remarkably, three different feeding modes have evolved within one group of mouth-type, which is rather rare among specialists like the scrapers [26]. Further diversification of feeding types for sub-types is more often realized among the large-mouthed phenotype of Labeobarbus, which is represented by 8 different types of piscivorous Labeobarbus spp. in Lake Tana [5,11] and by three types in the Didessa River [16,64]. It is the first, but predictably not the last, finding of niche diversification and trophic resource partitioning within a plethora of chisel-mouthed phenotypes of the widely distributed African genus Labeobarbus [29,65].



Although chisel-mouthed scrapers were heretofore presumably considered as periphyton feeders [27], only one of the five studied scrapers could be classified as periphytonophagous, while others had different feeding modes. A periphyton feeder detected in the rivers of the Ethiopian Highlands refers to L. beso, while other scraper ecomorphs belong to the L. gananensis complex (Genale River) and L. intermedius complex (Gojeb River) (see Levin et al., 2020) [16]. Remarkably, one periphyton feeder (L. beso) was rich in 15N (δ15N 11.4–13.7‰); this is comparable to sympatrically co-occurring piscivorous Labeobarbus (δ15N 11.1–13.2‰, n = 11, data not shown). It was also rich in 13C compared to other ecomorphs (average δ13C = −17.1‰, Figure 6). Periphyton is a rich community composed of algae (mainly green algae and diatoms), detritus, bacteria, fungi, protists, zooplankton and other invertebrates hiding within algal mats [66]. Algal periphyton consumed by L. beso (Bacillariophyceae, Chlorophyta, and Desmidiales) is rather rich in proteins [67,68]. Elevated δ15N values in L. beso may be considered as due to the possibility of utilizing protein-rich but not easily digested food, i.e., periphyton. We suppose that specialized periphyton feeders such as L. beso (see [45]) have a complex of morphological, physiological, biochemical and microbiome adaptations to successfully digest and utilize the periphyton food. This may explain why L. beso had δ15N values equal to such sympatrically occurring piscivorous fish; however, this hypothesis should be tested further.



The evolution of periphytonophagous adaptations probably occurred over millions of years. Specialized lineages of periphitonophagous scrapers can be found among a type of Asian cyprinids of a rather old origin (Miocene), e.g., Capoeta (Valenciennes 1842), Cyprinion (Heckel 1843), Garra (Hamilton 1822), Onychostoma (Günther 1896), Scaphiodonichthys (Vinciguerra 1890), Schizothorax (Heckel 1838), Schizopygopsis (Steindachner 1866) [28,32,33]; however, note the exceptions in feeding specialization for some members of these genera [17,26,69]. In the case of chisel-mouthed fish, periphyton feeding is accompanied by morpho-ecological adaptations, such as modified jaws, a long gut with thin walls, increased gill raker numbers, and often a black peritoneum ([27,45], this study). This could be the result of a long evolution process, as is true for the Ethiopian periphyton feeder L. beso, which is the oldest branch among all Ethiopian Labeobarbus and is considered a relic of ancient adaptive radiation (see Levin et al., 2020).



The other four scraper ecomorphs of more recent origin (probably of Pleistocene origin—see Beshera et al. [70] are herbivores–detritivores or insectivores. Insectivory has not yet been reported for the Labeobarbus scrapers, although it is known for some representatives of evolutionarily distant lineages of scrapers, like Capoeta, Schizopygopsis, and Sarcocheilichthys (Bleeker 1860) [26,69,71,72]. It is noteworthy that the divergence of sympatric pairs of scrapers was confirmed in both the Genale and Gojeb rivers, not only by diet and stable isotope data but also by head morphology and gut length.




5.2. Parallel Ecological Speciation among Ethiopian Labeobarbus Scrapers


In our view, the main finding of our study is a sympatric eco-morphological divergence of scrapers into two different types (V-like and S-like) in a parallel manner, in two geographically isolated drainages within different evolutionary lineages—L. gananensis (Genale River) and L. cf. intermedius (Gojeb River). This suggests repeated and rapid adaptive radiation within scraping phenotypes since sympatric scrapers have little or no genetic differences between each other [15,16]. The parallel ecological divergence of scrapers, as reported in our study, is part of a more global system of repeated adaptive radiations within a lineage of Labeobarbus that evolved in water bodies of the Ethiopian Highlands [5,6,15,16]. The main features of this radiation are: (i) trophic resource partitioning that is mainly based on the diversification of mouth phenotypes—generalized, lipped, scraping, and large-mouthed; this was demonstrated for Lake Tana [5,11] and the Genale River [15]; (ii) parallelism in the origin of mouth phenotype polymorphism in genetically divergent lineages [16]; and (iii) further diversification of niches within certain mouth phenotype in some radiations—e.g., several types of large-mouthed phenotypes (piscivory feeding strategies—[5,6,64], and scraping mouth phenotypes (this study). The adaptive radiation of fishes is often repeated (e.g., [73,74,75,76,77,78]. The origin of the scraping mouth phenotype is fairly parallel since most of the ~40 species/morphs have evolved independently within the Labeobarbus lineage [36,37]. Our study shows that further diversification of the scraping phenotype as a way to utilize the different trophic resources (ecological speciation) is possible, and that this is realized in a parallel route.



We consider the possibly lowered competition and relaxed natural selection in fauna-poor mid-upper reaches of the rivers as a possible prerequisite for ongoing adaptive radiation of Labeobarbus in the waters of the Ethiopian Highlands [14,15,16]. In addition, the mid-upper reaches are characterized by the increased availability of ecological niches compared to the most-upper reach (i.e., more diverse ecotopes/habitats in this section offer more ecological opportunities, see [3]). The combination of these conditions (lower competition and diverse habitats) could promote adaptive radiation among the Ethiopian cyprinids [17].
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Figure 1. Mouth and lateral views of different scraping forms that evolved within the genus Labeobarbus, from three Ethiopian rivers: top, V-like (L. jubae) and S-like (“smiling”) from the Genale; middle, V-like and S-like from the Gojeb; bottom, V-like (L. beso) and non-scraping forms (for comparison) from the Didessa. Both forms from Genale represent the L. gananensis complex, both forms from the Gojeb and the non-scraper from the Didessa represent the L. intermedius complex. 
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Figure 2. Map of sampling localities: 1—Genale River, 2—Gojeb River, and 3—Didessa River. 
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Figure 3. PCA of skull divergence between sympatric pairs from three riverine radiations: (A) Genale, (B) Gojeb, and (C) Didessa. 
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Figure 4. Violin plots of gut length (A) and gill raker numbers (B) regarding the distribution in scraper and non-scraper ecomorphs from the Genale, Gojeb and Didessa rivers. Min-max values (whiskers), 1st and 3rd quartiles (white vertical bars), median values (black horizontal bars), and outliers (black points) are indicated. Lowercase letters above the violin plots indicate significant differences between ecomorphs (p < 0.05, Kruskal–Wallis test with Dunn’s post hoc test). 
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Figure 5. Food spectrum (IR: the index of relative importance) of the five ecomorphs of scrapers and one ecomorph of the omnivorous barb of the genus Labeobarbus from three Ethiopian rivers. The category “Other” represents sporadically occurring Copepoda and Oligochaeta, along with half-digested unrecognizable food particles. 
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Figure 6. Biplots of stable isotope composition (mean δ13C and δ15N values ± SD) of the sympatric V-like and S-like scraper ecomorphs from the Genale (A) and Gojeb (B) rivers, and V-like scraper and non-scraper (omnivorous) ecomorphs from the Didessa River (C). All sympatric ecomorphs differed from each other in δ15N values; δ13C values only differed in the Didessa River samples (Mann–Whitney U test, p < 0.05; see details in the text). 
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Table 1. Sample size of the studied ecomorphs.
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Ecomorphs (SL Range, mm)

	
Gut Length (n)

	
Osteology (n)

	
Gill Rakers (n)

	
Stable Isotopes (n)

	
Diet (n)






	
Scrapers within L. gananensis/jubae complex—Genale River (Indian Ocean basin)




	
V-like (89–349)

	
22

	
26

	
15

	
13

	
12




	
S-like (82–360)

	
22

	
13

	
14

	
14

	
12




	
Scrapers within L. cf. intermedius complex—Gojeb River (Omo-Turkana basin)




	
V-like (142–361)

	
40

	
28

	
23

	
32

	
17




	
S-like (251–256)

	
2

	
1

	
1

	
2

	
1




	
L. beso and L. cf. intermedius—Didessa River (Blue Nile basin)




	
V-like scraper (L. beso) (65–230)

	
21

	
17

	
16

	
24

	
20




	
Non-scraper, omnivorous ecomorph (L. cf. intermedius) (90–378)

	
10

	
8

	
9

	
23

	
3




	
Total

	
117

	
85

	
78

	
108

	
65
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