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Abstract

:

Trophic resource partitioning is one of the main ecological mechanisms of adaptive radiation. The Garra is a highly specialized periphyton feeder that has widened jaws equipped with a horny cutting scraper. In a river located in the Ethiopian Highlands in East Africa, a diversification of Garra composed of six sympatric ecomorphs which were strikingly diverse in trophic morphology was revealed. A hypothesis on trophic resource partitioning was tested using data on diet composition, gut length, and stable isotopes. The obtained results confirmed the trophic diversification of Garra ecomorphs. Three feeding modes were revealed: (i) periphytonophagy, (ii) mixed periphytonophagy and zoophagy, and (iii) zoophagy. The periphyton feeders had a long gut and were enriched in δ13C values compared to the shorter gut and lowered δ13C values in the zoophagous ecomorphs. Therefore, Garra could respecialize out of its ancestral specialization. This finding does not support the generalists-to-specialists hypothesis on the origin of specializations, and suggests that Liem’s paradox is a more common phenomenon. In the case of specialists, we assume that new ecological opportunities can be ‘visible’ to specialists if they are preceded by relaxed selection constrains that lead to the widening of the ecological/morphological plasticity to jump out of a canalized mode of ancestral specialization.
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1. Introduction


Adaptive radiation is the evolution of ecological diversity within a rapidly multiplying lineage [1]. Fishes, being one of the most diverse groups of vertebrates, display numerous patterns of adaptive radiation, e.g., [2,3,4,5,6,7,8,9,10,11]. Trophic resource partitioning is one of the main ecological mechanisms of adaptive radiation. Trophic diversification is accommodating of many fishes’ adaptive radiation. For instance, the sympatric diversification of neotropical cichlids from Central and South America is based on trophic resource partitioning [12,13,14]. It has been suggested that trophic radiation preceded the diversification of African cichlids in Lake Tanganyika [15,16]. Adaptive radiation and diversification bursts based on trophic divergence were found not only in cichlids but also in other fish groups. Among these, white fishes and Arctic charrs are some of the best known examples [8,9,17,18,19,20,21]. Adaptive radiation driven by trophic resource partitioning was revealed also among cyprinid fishes [3,4,22,23,24,25,26,27,28]. The brightest example of trophic adaptive divergence among cyprinids falls to the genus Labeobarbus Rüppell, 1835, in Lake Tana (East Africa, Ethiopia), which was represented by 15 sympatric species/ecomorphs [3,4,29,30,31]. Remarkably, the majority of adaptive radiations of fishes have been documented in a lacustrine environment. The riverine environment has been commonly considered inappropriate for adaptive radiation due to various reasons (e.g., the instable hydrological regime, less diversified habitats, increased gene flow, etc.). At the same time, during the last two decades, novel examples of fish adaptive radiations have been revealed in rivers [14,27,32,33,34,35,36,37,38]. Among others, the Ethiopian Highlands seem to be a hotspot of riverine diversifications, being a home for several young fish radiations, i.e., Labeobarbus with four independently evolved riverine radiations, each represented by four–six sympatric ecomorphs [33], and the genus Garra Hamilton, 1822, represented by six young species/ecomorphs radiated in the Sore River, White Nile basin [34,39].



Garra are fish of moderate size (commonly up to 20 cm) with a sucking gular disc, and mostly inhabit the rhithron zone of river systems [40]. The genus Garra is species rich (ca. 90 species—[41]) and widely distributed from Southeastern Asia to West Africa. Garra species are highly specialized algae-scrapers that graze periphyton from rocks and stones using broadened jaws equipped with horny scrapers [42,43,44]. However, a recently discovered riverine assemblage of Garra cf. dembeensis from the Sore River (Ethiopia) composed of six sympatric ecomorphs displayed strikingly diverse trophic morphologies (Figure 1) that suggest trophic diversification and resource partitioning [39]. Genetic study confirmed a scenario of the recent evolution of this radiation, given the lack of mtDNA-divergences but the presence of genomic distinctness for all of the sympatric ecomorphs revealed in the genome-wide SNP study [34]. At the same time, little is known on the ecological drivers of this adaptive radiation, i.e., whether Garra ecomorphs partition trophic resources as it might be proposed based on phenotypic divergence. Therefore, our study aimed to check a hypothesis on the trophic diversification of six co-occurring ecomorphs of Garra cf. dembeensis from the Sore R. (White Nile basin) which evolved during recent adaptive radiation. For this purpose we studied the diet, gut length, and stable isotope (δ13C and δ15N) signatures of sympatric ecomorphs.




2. Materials and Methods


2.1. Study Area and Sampling


The Sore River is a tributary of the Baro-Akobo-Sobat drainage in the White Nile basin (Ethiopia, East Africa). The region is covered by moist Afromontane forest that has been rapidly shrinking in recent decades due to agricultural development [45]. The Sore has a length of ~160 km; its catchment area is ~2000 km2, and is characterized by a substantial seasonal variation of rainfall (a dry season from December to March) [46]. The elevation difference between the Sore source (an altitude of ~2215 m above sea level) and its confluence with the Gabba River (alt. 963 m asl) is >1.2 km. The Sore River basin shares drainage boundaries with the Blue Nile in the northeast and Omo-Turkana in the southeast. We sampled the middle reaches of the Sore River at two sites: (i) at the City of Metu (8.3116° N, 35.5983° E, alt. 1550 m asl) and (ii) ~35 km downstream along the river course (8.3988° N, 35.4383° E, alt. 1310 m asl). The river width at the rapids sampled was 20–40 m at the beginning of the rainy season, with a depth < 1 m, and the bottom consisted of rocks and large boulders. Garra samples from the Sore River were collected using an electrofishing device (LR-24 Combo Backpack, Smith-Root), a cast, and frame nets in June 2012 and April 2014. The fish fauna of the river segment under consideration included (apart from Garra spp.) Labeobarbus cf. intermedius Rüppell 1835, Enteromius cf. pleurogramma (Boulenger 1902), Labeo cf. cylindricus Peters 1852, Labeo forskalii Rüppell 1835, Chiloglanis niloticus Boulenger 1900 (at the lower site only), and introduced Coptodon zillii (Gervais 1848) [34]. The fish sampling was conducted under the umbrella of the Joint Ethiopian–Russian Biological Expedition (JERBE) with the permissions of the National Fisheries and Aquatic Life Research Center (NFALRC) under the Ethiopian Institute of Agricultural Research (EIAR) and the Ethiopian Ministry of Science and Technology. The fish were killed with an overdose of MS-222 anaesthetic [47], and were first preserved in 10% formalin and then transferred to 70% ethanol for the study of their gut content. In total, 83–182 specimens were analyzed, depending on the type of analysis (Table 1). The designation of ecomorphs is taken from [34]: No. 1, «generalized»; No. 2, «stream-lined»; No. 3, «narrow-mouth»; No. 4, «wide-mouth»; No. 5, «predator»; No. 6, «thick-lipped». The map of the sampling sites (Figure 2) was created in QGIS Version 3.16.4-Hannover; the satellite images were taken from Google Maps [48].




2.2. Diet and Stable Isotopes


Intestines were taken from the body cavity of 182 preserved specimens of all of the ecomorphs, and were measured using a ruler to the nearest 1 mm. Gut length is a reliable indicator of diet. Carnivorous fishes generally have a shorter gut compared to the herbivorous ones, e.g., [49]. The sample size for each ecomorph is provided in Table 1. The SL of the examined individuals varied from 39 to 193 mm; one individual of ecomorph 5 had an extreme length of 193 mm. The ratio of the gut length (GL) to SL was used for subsequent analyses. Diet was assessed for the same individuals whose gut length was measured. Gut content was dried on filter paper and weighed using balance Pioneer PX84/E with 0.0001 g accuracy. The diet particles were identified using a Motic DMW-143-N2GG stereomicroscope (100–400× magnification) and Olympus CX41 microscope (100–1000× magnification). The diet components were grouped into: (i) periphyton, (ii) invertebrates, (iii) macrophytes, and (iv) others. Here, we follow the periphyton definition from Ewart-Smith [50]: periphyton consists mainly of freshwater algae, cyanobacteria and prokaryotes such as bacteria, fungi and protozoa that grow on rock substratum in all lotic systems. The group ‘Invertebrates’ included the larvae of amphibiotic insects, arachnids (Hydrachnidia), and their fragments. The group ‘Macrophytes’ included any fragments of plants—such as leaves, stems or seeds. The group ‘Others’ was composed of unidentified remnants of detritus and mineral particles (e.g., sand). A composite measure of diet, an index of relative importance (IR) [51,52], was used to assess the contribution of different components to a diet. The IR index was calculated as follows:   IR =     F i   ×   P i     ∑      (  F i   ×   P i  )    × 100 %  , where Fi = the frequency of occurrence of each food species, and 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).



For stable isotope analyses, 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. The samples were weighed using a Mettler Toledo MX5 analytical balance (Mettler Toledo, Columbus, OH, United States) with 2 μg accuracy, and were wrapped in tin capsules. The weight of the fish tissue samples varied from 250 to 500 μg. Stable isotope analysis was conducted at the Joint Usage Center of the 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, the nitrogen and carbon content (as %) and C/N ratios were determined in all of the samples. In total, 83 white-muscle samples were analyzed.



For the lipid normalization of the samples with C/N (mass/mass) values higher than 3.50, we applied the equation δ13C corrected = δ13C untreated −3.32 + 0.99 C:N, as suggested by Post et al. [53]. In order to avoid the influence of seasonal or other factors, we used only samples collected in 2014 for the stable isotope analyses.




2.3. Statistical Analyses


The comparison of multiple samples obtained from different Garra ecomorphs in terms of gut length and stable isotope values (δ13C and δ15N) was performed using the Kruskal–Wallis test with a post-hoc Dunn’s test. Several R packages realized in R-studio v. 4.1.1 [54] were used for the statistical analyses and plot construction: the summarytools library [55] was used to obtain basal descriptive statistics; the ggplot2 library [56] was used to calculate the Pearson correlation, and to build the violin boxplots; and the kwAllPairsDunnTest function in the PMCMRplus library [57] was applied for the Kruskal–Wallis post hoc Dunn’s test. The package SIBER v.2.1.6 [58] was used to assess the differences in the isotopic trophic niche features. The total convex hull areas (TA), core trophic niche breadths, and correction for variable sample sizes (SEAc) were estimated. The total trophic overlap values for 95% TA were estimated using nicheROVER, a method that is insensitive to the sample size and incorporates statistical uncertainty using Bayesian methods [59].





3. Results


3.1. Gut Length


All of the Garra ecomorphs had a gut length varying from 72.5 to 741.4% SL (Figure 3). Based on gut length, ecomorphs can be divided for two groups: (i) long guts were detected in ecomorphs no. 1 (mean = 409.3% SL), no. 4 (359.6% SL), and no. 2 (379.8% SL), and (ii) short guts were detected in ecomorphs nos. 3 and 5 (194.7 и 123.8% SL, respectively). Ecomorph no. 6 had an intermediate gut length (237.1% SL). The ecomorphs with a longer gut significantly differed from the ecomorphs with a shorter gut (p < 0.001—Figure 3). Relative gut length was positively correlated with body length in ecomorphs nos. 1 and 4 (p < 0.05, Figure S1). The gut length of ecomorph no. 5 had a negative correlation with its body length (although non-significant—Figure S1).




3.2. Diet


The diets of the six sympatric Garra ecomorphs are diverse, and include (i) periphyton represented by diatoms (Bacillariophyceae), green algae (Chlorophyta) and charophytes (Cosmarium); (ii) invertebrates (mainly insects: Diptera, Trichoptera, Ephemeroptera, Coleoptera); (iii) macrophytes; and (iv) others. According to the IR index, the ecomorphs were divergent in the composition of various food items (Figure 4). We will now consider the diet of certain ecomorphs in more detail.



Regarding ecomorph no. 1, 68 guts were filled (85%) while 12 (15%) were empty. The average gut fullness was 56%. Periphyton significantly predominated (IR = 99.7%), and was detected in 80% of the individuals studied. Macrophytes were detected in 16% of the examined guts but with a very low proportion in relation to periphyton (IR = 0.2%). The same was found for amphibiotic insects: their fragments were detected in 20% of the examined guts, but with IR = 0.1%. Among insects, larvae of Chironomidae and Trichoptera as well as imago of water beetles Coleoptera were recorded.



Regarding ecomorph no. 2, 21 guts (91%) were filled with food items and two (9%) were empty. The average gut fullness was 68%. Periphyton greatly dominated (IR = 96.2%) among the other items, and was detected in 87% of the individuals studied. Macrophytes were detected in 39% of the examined guts (IR = 2.6%). Larvae of amphibiotic insects were found in 60% of the guts (IR = 1.1%). Among these were Trichoptera (2–4 larvae per a gut) Ephemeroptera (up to 53 larvae), Chironomidae (up to 19 larvae), and Simulidae (up to 9 larvae).



Regarding ecomorph no. 3, 18 guts (82%) were filled by food items and four (18%) were empty. Average gut fullness was 40%. Periphyton was still a major item (IR 79.8%); it was found in 13 guts (59%). However, portion of larvae of amphibiotic insects was notably heightened compared to ecomorphs 1–2. Insects recorded in 77% of guts (IR = 14.8%). The following taxonomic groups of insects were detected: Trichoptera (one to five larvae per a gut), Chironomidae (up to 235 larvae), Ceratopogonidae (sporadically), and Simuliidae (one to three larvae). Arachnids (Hydrachnidia, two to five imago) were recorded in two guts.



Regarding ecomorph no. 4, 28 guts (97%) were filled by food, while only one (3%) was empty. The average gut fullness was 38%. Periphyton greatly dominated (IR = 99.9%), being detected in 93% of the examined guts. The portion of larval insects (Trichoptera, Chironomidae, Ceratopogonidae) was exceptionally low (IR = 0.1%), with occurrence in 31% of the examined guts. Macrophyte fragments were found in 20% of the guts, and their portion was extremely low (IR < 0.1%).



Regarding ecomorph no. 5, 23 guts (88%) were filled by food and three (12%) were empty. The average gut fullness was minimal (20%) among all of the ecomorphs. Contrary to the previous ecomorphs, the diet was composed mainly of the larvae of amphibiotic insects (IR = 87.4%), which were recorded in 85% of the investigated guts. The following taxonomic groups of insects were detected: Ephemeroptera (up to 15 larvae per a gut) and Chironomidae (one to two larvae), and larvae of Trichoptera and Simuliidae were recorded sporadically. Arachnids (Hydrachnidia) were also found singly. One gut contained fragments of Hymenoptera imago. The portion of periphyton was low (IR = 10.5%), with occurrence in 23% of the investigated guts. Macrophytes were detected sporadically (IR = 1.9%), and were represented by seeds and fragments of plant tissues. Only 19% of the guts contained macrophytes.



Regarding ecomorph no. 6, two individuals were studied. Gut fullness was 32 и 50%. One gut contained periphyton, with a predominant portion of diatoms (Bacillariophyceae). Another gut contained mainly insects (Diptera, n = 121 larvae), and arachnids (Hydrachnidia, n = 3 imago). Plant fragments were occasionally detected.



Briefly, ecomorphs 1, 2 and 4 may be considered periphyton feeders, ecomorphs 3 and 6 may be considered as periphyton feeders with a significant portion of benthic invertebrates, and ecomorph 5 may be considered to be zoophagous.




3.3. Stable Isotopes


The first dataset based on wide range of body sizes (34.5–193.0 mm SL, n = 83) did not reveal significant divergence between the ecomorphs (Figure S2) due to high differentiation between small- and large-sized individuals. Upon excluding the too-small and too-large individuals, the second dataset included individuals from 50 to 90 мм SL (n = 44), and showed that some of the ecomorphs are significantly divergent in their δ13C values (Figure 5). In particular, periphyton feeders—ecomorphs nos. 1, 2, and 4—had larger δ13C values of –17.3‰, –16.4‰ и –15.5‰ (means), respectively, compared to ecomorphs nos. 3 and 5 (Figure 5). The latter ecomorphs with an increased (no. 3) or predominating (no. 5) portion of benthic organisms had lowered δ13C values: –20.5‰ and –19.7‰, respectively. Significant divergencies were revealed in δ13C values between ecomorphs nos. 1 and 5 (p < 0.01), and between nos. 1 and 3 (p < 0.05). It is noteworthy that the zoophagous ecomorphs (3 and 5) had slightly increased (although non-significant) δ15N values (13.0–13.4‰) compared to the periphyton feeders (12.5–12.9‰). Significant changes in δ15N values along the body length were revealed in ecomorph 1 (negative correlation; p < 0.05; Figure 5), and ecomorph 3 (positive correlation; p < 0.05; Figure 6a). Ecomorph 2 presented a significant negative correlation of δ13C values with body length (p < 0.05), while ecomorph 6 displayed a near-significant negative correlation of δ13C values.



Values of δ13C and δ15N correlate with body size and gut length in some ecomorphs (Figure 6, Figures S3 and S4). In particular, ecomorph 1 had a negative correlation of δ15N values with body size (p < 0.05), while ecomorph 3 had a positive correlation (p < 0.05). Only ecomorph 2 had a (negative) correlation of δ13C with body size (p < 0.05). In relation to gut length, ecomorph 3 and ecomorph 4 had negative (p < 0.01) and positive (p < 0.05) correlations of δ15N values, respectively. At the same time, ecomorphs 1, 2, and 4 (all are periphyton feeders) had a positive correlation of δ13C values with gut length (p < 0.01–0.05) (Figure 6).



The ‘thick-lipped’ ecomorph was represented by four individuals in the stable isotope analyses, and did not display significant differences or correlations. However, it had high δ15N values (Figure S3).



The total area (TA), standard ellipse area (SEA), and corrected standard ellipse area (SEAc) were measured for two datasets for all of the individuals (n = 83) of a broad size range (SL = 39–193; Figure S5, Table S1) and for the reduced dataset (n = 44) with a size range 50–90 mm SL (Figure 7; Table 2). The average niche area, SEAc, significantly overlapped between the ecomorphs when all of the individuals were included, which was supposedly due to ontogeny shift in the dietary preferences. Based on the reduced size range (50–90 mm SL), the largest SEAc values were in ecomorph 5 (8.16) and 3 (6.54), while the smallest SEAc values were in ecomorphs 2 (1.34) and 4 (1.29) (see Table 2). Generally, SEAc was larger in the zoophagous ecomorphs compared to periphyton-feeding ecomorphs (Figure 7, Table 2).



Niche overlap estimates revealed an extensive overlap of the niche region of ecomorph 1 with other periphython-feeding ecomorphs (95.74% in ecomorph 4, and 87.51% in ecomorps 2), while ecomorphs 4 and 2 had lower niche overlapping with ecomorph 1 (30.55% and 29.03% respectively) (Table 3). At the same time, the probability that zoophagous ecomorphs (3 and 5) are included within the niches of periphyton-feeding ecomorphs was significantly lowered (1.22–35.66% in various comparisons—Table 3). The niche overlapping in zoophagous ecomorphs is moderately high (76.33–78.96%).



When all of the size individuals were analyzed (n = 83), niche overlap estimates revealed more extensive overlapping of niches although the tendency of fewer overlapping between periphyton feeding and zoophagous ecomorphs remain (Table S2).





4. Discussion


Our study revealed trophic diversification of the Garra cf. dembeensis complex, which radiated in the Sore River (White Nile basin) and was composed of six ecomorphs. The data on diet coupled with gut length and stable isotope ratios strongly suggest trophic resource partitioning. According to our results, three feeding modes can be proposed for this Garra complex: (i) periphytonophagy (ecomorphs 1, 2, and 4), (ii) a mixed mode of periphytonophagy and zoophagy (mainly insectivory) in ecomorph 3, and (iii) zoophagy (ecomorph 5). The feeding mode of ‘thick-lipped’ ecomorph (no. 6) was not yet substantiated due to low sample numbers, but combined data on its diet, gut length, stable isotopes, and type of mouth phenotype may point to its more zoophagous habits. The periphyton feeders had a significantly longer gut compared to partially or predominately zoophagous ecomorphs, which confirmed the results of previous studies that specialized algae eaters have elongated guts [49,60,61]. Remarkably, the divergent feeding modes (periphytonophagy and zoophagy) are masked when only the δ15N values compared due to their high level in periphyton feeders. Garra’s periphython feeding ecomorphs had higher δ15N values (12.5–12.9‰) than the sympatric labeobarbs Labeobarus sp. with an omnivorous diet (δ15N mean = 10.5‰; n = 34; our unpublished data). The obtained results look like an anomaly, given the well-accepted results that algae eaters with elongated guts have low trophic position, i.e., characterized by low δ15N values (e.g., Tanganyikan cichlids—[49,62]). Generally, little is known on the trophic position of periphyton feeders. Our results coincide with recently obtained data on the high δ15N values in another periphyton-scraping feeder, Labeobarbus beso, the nitrogen level of which matched such for sympatrically co-occurring piscivorous fish [28]. Periphyton is a community mostly composed of algae (mainly green algae and diatoms) but also contains detritus, bacteria, fungi, protists, zooplankton and other invertebrates hiding within algal mats [63]. Algal periphyton is rather rich in proteins [64,65,66,67], which may explain the remarkably high δ15N values in Garra periphyton feeders. Despite periphyton being protein-rich, it is not easily digested. Apparently, periphyton feeders are adapted for efficient digestion, having a longer gut and a complex of physiological, biochemical and microbiome adaptations (e.g., [68]). Being indistinguishable from zoophagous ecomorphs in δ15N values, periphyton feeders of Garra in the Sore River could be well differentiated from zoophagous sympatric ecomorphs by higher δ13C values that confirm an algal diet, and especially diatoms [62,69]. Generally, the sympatric Garra ecomorphs under study are characterized by a broad range of δ13C values (from –24.06‰ to –12.43‰), which is rather uncommon for sympatrically co-occurring fishes, e.g., [27,70].



Despite the fact that Garra are fishes highly specialized in their foraging strategy, being periphytonophagous [40,42], Garra cf. dembeensis from the Sore River could give rise to a new kind of trophic specialization out of its ancestral feeding mode. We consider the obtained results further in the context of ecological speciation during adaptive radiation, and will try to answer the question of how a phenotypically highly specialized periphyton feeder could radiate out of its specialization.



It is generally accepted that an ancestor radiating into an array of specialized forms had a generalized feature. Indeed, theoretically, the generalists-to-specialists hypothesis is much more plausible considering that populations of generalized species more likely immigrate to a new and distant location with wide dispersal compared to (narrowly) specialized species, the distribution of which may be restricted by a certain type of trophic resource and its restriction from the utilization of other resources. However, related studies did not support the generalists-to-specialists hypothesis (summarized in [1]) assuming that specialization is not an impediment to ecological diversification [71].



In relation to trophic fish ecology, Liem revealed that even species with highly specialized trophic morphologies have dietary flexibility [72]—this phenomenon was later named “Liem’s paradox”. There are many examples corroborating Liem’s paradox, making it a well-established phenomenon among fishes (e.g., [28,49,68,73,74,75,76]). First, this phenomenon reduces the prediction of diet by phenotype, and second, it provides evidence for the unexpectedly greater trophic plasticity of specialists that allows them to more efficiently utilize available resources in some circumstances. This flexibility may result in a relaxation of specialization that, in turn, may facilitate a respecialization.



The diversification of sympatric Garra ecomorphs in the Sore River is particularly interesting because since this diversity evolved in situ [34] and includes two modes of radiation. First, it is a further diversification within ancestral specialization: three ecomorphs were periphytonophagous, having a well-developed gular sucking disc (the ancestral state of character). Two of these, ecomorphs 1 and 2, were similar in all of the studied traits (diet, gut length, stable isotope ratios) but differed strikingly in body shape (see Figure 1), which implies that they prefer different ecotopes. Ecomorph 2, possessing the same shape of the gular disc, has much more slender body and more developed fins (Figure 1), which suggests its adaptation to rapid habitats. Ecomorph 4, also being periphytonophagous, is somewhat divergent from ecomorphs 1 and 2. In particular, it has a modified gular disc and greatly developed labellum (sensu [40]). In addition, it has another pattern of correlation of stable isotopes values with gut length as well as a correlation of δ13C with δ15N values compared to other periphyton feeders (see Figures S6–S8), which that suggests that it might occupy another ecological niche within a periphyton-feeding foraging strategy. As such, this part of Sore’s radiation can be considered a radiation within Garra’s ‘key innovation’—a gular sucking disc accommodated by widened jaws modified into scrapers. This ‘equipment’ corresponds to the algae-scraping mode of feeding.



The remaining three ecomorphs (nos. 3, 5, and 6) manifest modes of feeding other than periphyton consumption, with a transition to zoophagy that means respecialization despite they still retaining jaw-scrapers. Ecomorphs 3 and 6 have significantly modified lower jaw-scrapers that are drastically narrower and shovel-like. A similar shape of lower jaw-scraper is known in the specialized benthivorous cyprinid fishes Sarcocheilichthys lacustris (Dybowski, 1872) from the Eurasian Far East and Exoglossum maxillingua (Le Sueur, 1817) from North America [77,78]. The gular sucking disc of zoophagous ecomorphs is significantly modified or even completely reduced (ecomorph 5). The rare ecomorph 6 has a ‘thick-lipped’ mouth phenotype that was never found before for the whole of the genus Garra, despite its species richness (ca. 190 species) and wide distribution across the Old World. Hypertrophied lips may be considered as a morphological novelty within this genus. In relation to the evolutionary origin of Sore’s Garra, the phylogenomic analysis of Ethiopian Garra [34] showed the following: (i) Sore’s ecomorphs originated from an ancestor with a normally developed gular disc inhabiting the same White Nile system within Ethiopia; (ii) Sore’s ecomorphs are of recent divergence, with a basal position of periphyton feeders on the tree, while the respecialized (zoophagous) ecomorphs are the derived ones; (iii) the ‘thick-lipped’ phenotype has originated due to a past hybridization of other ecomorphs originating in situ. These results strongly suggest the local respecialization of Garra during its adaptive radiation within the periphyton feeder lineage. How is this possible?



The ecological theory of adaptive radiation suggests that adaptive radiation results from divergent natural selection stemming from environment and resource competition [1,79]. It often happens after the dispersal of the species out its ancestral range, i.e., the colonization of a new environment which suggests ecological opportunities. The textbook examples fall to islands and archipelagoes [80,81,82,83], but in relation to fishes this would also be lakes which are fully or half-isolated, as well as other geographic isolates (e.g., riverine segments isolated by waterfalls).



We assume that the ecological opportunities may not be ‘visible’ to specialists even in a new range/environment if it they are not preceded by relaxed selection that permits the increasing/broadening of ecological plasticity and morphological variability, allowing the specialists to relax their diet and jump out of a narrow/canalized way of specialization. The rivers of the Ethiopian Highlands are rich in waterfalls, which are serious barriers for fish dispersal. Some segments of the rivers are characterized by depauperated fauna that suggest lower competition (relaxed selection). When this coincides with other ecological opportunities (e.g., available non-occupied niches, lowered predator’s pressure), it creates a great combination of the conditions necessary for adaptive radiation to unfold. Therefore, the occupying of such species-poor riverine segments by specialists may (under relaxed selection) facilitate phenotypic and ecological variability followed by the respecialization.



The Sore River is poor in fish fauna (five indigenous species apart from Garra and one introduced species, Coptodon zillii (Gervais 1848)—[34]), and is characterized by the presence of waterfalls which are unpassable for fish. Isolation by waterfalls is beneficial for fortuitous upstream colonists to occupy new niches, as well as for the prevention of gene flow from downstream populations that may collapse incipient adaptive radiation. In addition, the depauperated fauna of the Sore River do not include predatory fishes or crocodiles (our data), which means lowered predator pressure and favors relaxed selection. This being coupled with rather complex habitats represented by ponds, swift areas, and rapids (ecological opportunities) in this segment of the Sore River suggests: (i) escape from the pressure of stabilizing/canalized selection (relaxed constrains of selection), and (ii) entering into new niches with subsequent trophic diversification (respecialization). Respecialization may also happen in other way due to the gain of phenotypic novelties, as a thick-lipped mouth resulted from a hybridization of ecomorphs of Garra in the Sore River [34]. It is noteworthy that Sore’s ecological opportunities have been confirmed by another diversification of cyprinids detected in the same riverine segment: Labeobarbus’ monophyletic radiation comprising four sympatric ecomorphs with divergent mouth phenotypes (see [33]).



Another example of possible respecialization among Garra in Ethiopia falls to lacustrine species G. tana Getahun and Stiassny, 2007, and G. regressus Getahun and Stiassny, 2007, from Lake Tana. Although the data on their trophic ecology are rather scarce, one may suggest a lacustrine respecialization of these species based on frequent occurrence in a pelagic zone, weakly developed gular disc, zooplankton in the diet, and short guts [84]. Another Garra species, G. quadrimaculata (Rüppell 1835), inhabiting Lake Awassa in the Ethiopian Rift Valley, demonstrates a rather relaxed diet, being omnivorous in fact [85]. The gut of another African Garra species from the Cameroun highlands of Niger basin-G. allostoma Roberts, 1990, contained terrestrial (including winged forms) and aquatic insects that also may indicate respecialization [86].



Apart from Africa, feeding respecialization among Garra has apparently occurred in cave-dwelling species or populations in West Asia. Timmermann et al. [87] assumed that a cave-dwelling population of G. barreimiae (Oman) feed on bat guano, organic matter washed into the cave, and small invertebrates compared to algae feeding in the surface-dwelling population. However, thorough studies on the ecology of the cave populations confirming this are lacking.



Remarkably, Garra is not alone among highly specialized algae scrapers which experienced respecialization. The ecological diversification of Schizopygopsis stolickai Steindachner, 1866, inhabiting mountain Lake Yashilkul (3734 m above sea level) in Pamir resulted in four sympatric ecomorphs consuming different foods [26,88]. The ancestral mode of feeding is algae and macrophyte eating (riverine populations), while piscivorous, detritivorous, benthivorous, and phytophagous ecomorphs were detected based on diet, gut length and stable isotope signatures [26]. Notably, this extremely young diversification happened in a lake formed after an earthquake [89] ca. 800 years ago. One more example of the relaxation of specialization among cyprinid scrapers belongs to Capoeta banarescui Turan, Kottelat, Ekmekçi and Imamoğlu, 2006, inhabiting West Asia, Anatolia and Transcaucasia. This species is nested within a widely distributed monophyletic lineage of algae eaters, genus Capoeta, which is not a basal lineage [61]. In spite of the presence of a horny scraper on its lower jaw, C. banarescui displays great feeding plasticity accompanied by gut length variation [90]. Another scraper, Chondrostoma nasus (Linnaeus 1758), widely distributed in Europe, presents a highly variable diet being greatly relaxed [91]. Hence, the relaxation of diet among specialists is a not-so-rare event that sometimes results in respecialization. Based on the above-mentioned examples of Garra and Schizopygopsis, a trophic respecialization can happen very rapidly.




5. Conclusions


The adaptive radiation of Garra in the Sore River, White Nile basin (East Africa) was accompanied by trophic resource partitioning. Six sympatric ecomorphs partition resources in different manners. First, a further sub-diversification within the ancestral periphyton feeding strategy (driven assumedly by different habitat exploitations) was detected. Second, a novel feeding strategy—zoophagy—with subsequent diversification was gained due to respecialization. Respecialization was possible in faunistically poor segments of the river (lowered competition) with a low pressure of predators. All together, this could lead to relaxed selection constrains that facilitate the phenotypic and ecological (dietary) plasticity of specialists. Relaxed selection here was combined with rather complex habitats presuming vacant niches (ecological opportunities). Thus, we suggest a next hypothetical sequence of process of the trophic respecialization of fishes: (a) relaxed selection; (b) increased phenotypic and/or ecological plasticity due to relaxed selection (relaxed feeding); (c) entering into vacant niches; (d) the actuation of divergent natural selection; and (e) respecialization. Respecialization may go another way at initial stages: via hybridization, as shown for the ‘thick-lipped’ ecomorph [34], for example. The case of the riverine diversification of Garra in the Sore River is seemingly unique among all of the known riverine adaptive radiations, being rapid, rich in ecomorph/species numbers, and characterized by a bright pattern of trophic novelties.
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Figure 1. Garra ecomorphs from the Sore River: 1, ‘generalized’: 136 mm SL; 2, ‘stream-lined’: 99 mm SL; 3, ‘narrow-mouth’: 100 mm SL; 4, ‘wide-mouth’: 100 mm SL; 5, ‘predator’: 193 mm SL; 6, ‘thick-lipped’: 128 mm SL. 
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Figure 2. Map with sampling sites of Garra in the Sore River, White Nile basin, East Africa (left); satellite images of the riverine segments with certain sampling points (right). The map was created using QGIS v.3.16.4-Hannover. 
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Figure 3. Violin plots of the relative gut length of six sympatric ecomorphs, Garra, from the Sore River. Min–max values (whiskers), first and third quartiles (white vertical bars), median values (black horizontal bars), and outliers (black points) are indicated. The 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 4. Food spectra (IR: the index of relative importance) of the six Garra ecomorphs from the Sore River. 
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Figure 5. Biplots of stable isotope composition (means of δ15N and δ13C values ± SD) of the sympatric ecomorphs of the genus Garra (length of fish individuals: 50–90 mm, n = 44). The ellipses delineate zoophagous and periphython-feeding ecomorphs. 
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Figure 6. (a) Pearson correlation of the δ15N values with body length in six Garra ecomorphs from the Sore River. (b) Pearson correlation of the δ13C values with body length in six Garra ecomorphs from the Sore River. 
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Figure 7. Stable isotope Bayesian ellipses showing the trophic niche widths and overlaps in sympatric ecomorphs of the genus Garra from the Sore River (subset of individuals of 50–90 mm SL, n = 44). Ellipses with 95% credible intervals for the means are based on standard ellipses corrected for small sample sizes (SEAc; isotopic niche metrics; SIBER package). Each mark corresponds to the isotopic values. A broken line connects the extreme points in each sample and delineates the total area (TA). The ecomorphs (1–5) are colored by the same colors as in Figure 5. 
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Table 1. Sample size of the studied ecomorphs of Garra in the Sore River.
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	Ecomorphs
	SL Range, mm
	Gut Length (n)
	Diet (n)
	Stable Isotopes * (n)





	‘generalized’ (1)
	40–162
	80
	80
	30



	‘stream-lined’ (2)
	71–112
	23
	23
	15



	‘narrow-mouth’ (3)
	47–107
	22
	22
	11



	‘wide-mouth’ (4)
	51–96
	32
	29
	9



	‘predator’ (5)
	39–193
	26
	26
	14



	‘thick-lipped’ (6)
	39–41
	2
	2
	4



	Total
	
	185
	182
	83







* Sampling was performed in 2014 only.
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Table 2. Estimated isotopic niche areas in the sympatric Garra ecomorphs from the Sore River (subset of 50–90 mm SL, n = 44); TA, SEA, and SEAc (SIBER package) are the total area of the convex hull, the standard ellipse area, and the corrected standard ellipse with a correction for small sample sizes, respectively.
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	Ecomorphs
	1
	2
	3
	4
	5





	TA
	12.97
	1.15
	7.89
	0.90
	7.90



	SEA
	3.95
	1.07
	5.45
	0.97
	6.53



	SEAc
	4.17
	1.34
	6.54
	1.29
	8.16










[image: Table] 





Table 3. Niche overlap estimates (NicheROVER package) showing the posterior probabilities (α = 0.95) that individuals from rows will be found within the niches indicated by the column header. Results (%) are provided for sympatric Garra ecomorphs from the Sore River (subset of 50–90 mm SL, n = 44).
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	Ecomorphs
	1
	2
	3
	4
	5





	1
	NA
	29.03
	37.85
	30.55
	29.33



	2
	87.51
	NA
	48.93
	36.50
	40.87



	3
	35.66
	11.54
	NA
	2.36
	78.96



	4
	95.74
	34.23
	16.20
	NA
	8.48



	5
	34.06
	9.94
	71.31
	1.22
	NA
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