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Abstract:  19 

Background: Whether hybridization plays a positive or negative role in 20 

speciation remains a controversial issue to date. Genetic factors have been 21 

widely studied, but ecological factors also play an important role. Although 22 

studies on the ecological adaptation of hybrids between different niche parents 23 

have been widely reported, cases of extreme niche parental hybridization have 24 

not been documented, which may show more ecological phenomena in the 25 

fields of hybrid speciation and ecological species isolation. 26 

Results: Taking Cyprinidae fish parents (Schizothorax wangchiachii and 27 

Percocypris pingi) with extreme ecological niches (herbivorous and 28 

carnivorous) and their F1 hybrids as research objects, fish, shrimp, blood 29 

worms and periphytic algae were selected as food correspond to four different 30 

ecological niches. Morphologically, most external and skeletal traits in the F1 31 

hybrids were balanced between the parents, but digestive traits were closer to 32 

those of herbivorous parents. In terms of diet, the F1 hybrids weakly foraged 33 

for parental food resources, but can more effectively forage for intermediate 34 

food resources. In foraging abilities, the F1 hybrids showed low foraging 35 

enthusiasm and abilities for parent resources, although the former was the 36 

more important factor. Interestingly, the F1 hybrids showed high foraging 37 

enthusiasm and success rates when they first foraged for fish, but then they 38 

vomited fish debris as a result of mechanical difficulty in chewing rather than 39 

taste, and the reason was a contradiction between the genetic behaviours and 40 
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intermediate morphology. This behaviour was harmful and was persistent in 41 

some individuals, representing a new mechanism in ecological species 42 

isolation. However, the F1 hybrids have also shown evidence of new 43 

ecological niche formation in favour of hybrid speciation by abandoning 44 

foraging parent resources and focusing more on foraging intermediate foods. 45 

Conclusions: (1) Low foraging enthusiasm is an important reason for the 46 

fitness decrease of F1 hybrids to parent food. (2) The contradiction between 47 

genetic behavior and intermediate traits is reported for the first time. (3) F1 48 

hybrids may form an intermediate ecological niche between parents proved 49 

experimentally. 50 

 51 

Key-words：Hybrid speciation, ecological isolation, new ecological niche, 52 

foraging behavior, hybrid fitness 53 

 54 

1. Introduction 55 

What role does hybridization play in speciation? Some researchers 56 

thought that hybridization was an evolutionary dead end [1], because hybrids 57 

were more often observed to be less healthy and ecologically adapted than 58 

either parent species, and tended to be sterile [2-7]. However, others indicated 59 

that hybridization can provide an important source of genetic variation on 60 

which selection might act and that its adaptive role was more widespread 61 

[8-16]. The survival and adaptation of F1 hybrids is the first and most important 62 

javascript:;


4 

 

step in hybrid speciation and is affected by both genetic and ecological 63 

challenges. Genetic challenges refer to the low fitness of hybrids due to the 64 

prevalence of genetic incompatibility between the genomes of different 65 

populations [4, 7, 17]. Ecological challenges refer to reduced hybrid fitness due 66 

to the maladaptive intermediacy of their ecologically relevant genotypes and 67 

phenotypes in parental environments [3, 18, 19]. Genetic challenges have 68 

been widely reported, but ecological challenges also play an important role [17, 69 

20].  70 

Morphology is often determined by quantitative traits, therefore the 71 

morphology of F1 hybrids are general between parents [19, 21]. If no 72 

intermediate ecological niche exists between the parents of the F1 hybrids, 73 

they often show low fitness for parent resources. For example, in 74 

zooplankton-feeding and benthic-feeding sticklebacks [18], and poplar and 75 

willow leaf beetles [20], intermediate niches are often lacking between the 76 

monotrophic parents because identifying transitional species between benthic 77 

species and zooplankton and between different plants is difficult. However, 78 

when intermediate ecological niches exist between hybrid parents, the results 79 

may be different, and the hybrids may develop new ecological niches [15, 22, 80 

23].  81 

Of course, species foraging type is determined not only by traits but also 82 

by foraging behaviour, with a significant correlation between the two [24]. 83 

Foraging traits are often quantitative, and are therefore frequently additive 84 
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between parents in F1 hybrids. However, many unique behaviours develop 85 

among species, and these unique parental genetic behaviours of F1 hybrids 86 

may be codominant [25] or dominant [26] rather than additive. Therefore, 87 

unique parental foraging behaviour is usually dominant rather than additive in 88 

F1 hybrids, and the traits of the parents are often additive in the F1 hybrids, 89 

which is obviously contradictory. 90 

Due to the primitive evolutionary status of fish and in vitro fertilization, 91 

more cases of hybridization are observed in fish than in higher vertebrates [12]. 92 

Moreover, similar to plants, fish have many polyploids, especially Cyprinidae, 93 

and this trait is often associated with the formation of allopolyploids by ancient 94 

distant hybridization that can instantly create new species that are 95 

reproductively isolated from their parents [27-31] indicating that hybridization 96 

between parents with two different ecological niches will be more likely, and 97 

genetically stable new species may form in Cyprinidae. 98 

The species used in this study were cold-water Cyprinidae fishes from the 99 

upper Yangtze River basin in the south-eastern Tibetan Plateau. Schizothorax 100 

wangchiachii (SW) has a sharp horny front jaw and mainly scrapes and eats 101 

periphytic algae from rocks. Percocypris pingi (PP) is a typical carnivorous fish 102 

with a sub-superior mouth. Morphologically, the Schizothorax genus and 103 

Percocypris genus were once thought to belong to two different subfamilies 104 

[32]. However, molecularly, they were shown to be sister genera in a recent 105 

study [28, 33]. They are homogeneously distributed and have similar breeding 106 
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periods, and we have successfully bred healthy F1 hybrids (P. pingi ♂×S. 107 

wangchiachii ♀, PS) through artificial hybridization, but backcrossing has failed 108 

[34]. Compared with PP, SW has a unique foraging behaviour of scraping and 109 

eating algae from rocks (Supplementary Movie 1). Similarly, compared with 110 

SW, PP has a unique foraging behaviour of hunting and ambushing prey 111 

(Supplementary Movie 2). Although we did not find their natural hybrids, such 112 

hybridization between parents with two extreme ecological niches is more 113 

likely to yield some valuable and distinct ecological phenomena than parents 114 

with small ecological niche differences in the fields of hybrid speciation and 115 

ecological species isolation. 116 

In this study, carnivorous fish, herbivorous fish and their F1 hybrids were 117 

used to explore the ecological adaptability of the F1 hybrids through 118 

comparative behavioural and morphological studies to provide new theoretical 119 

results for related studies on the isolation of ecological species and speciation 120 

by hybridization. 121 

 122 

2. Materials and methods 123 

2.1 Experimental fish acquisition 124 

In March 2017 and 2019, a hybridization experiment and parental 125 

reproduction were carried; for details on the methods, refer to the research by 126 

[34]. Age-two fishes (PP (122.03±1.78 mm, 25.2±1.05 g), SW (106.78±1.41 127 

mm, 18.43±0.74 g) and PS (125.84±2.71 mm, 29.22±1.85 g)) were used to 128 
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quantify both external and skeletal characteristics, and age-one fishes (PP 129 

(9.08±0.34 mm, 12.07±0.90 g), SW (9.23±0.14 mm, 13.03±1.50 g) and PS 130 

(9.17±0.48 mm, 14.02±3.76 g)) were used to quantify digestive characteristics, 131 

foraging and behavioural features. 132 

2.2 Morphology 133 

The external morphology of age-two SW (n=30), PP (n=30) and PS (n=30) 134 

was studied, and the examination standards were referenced from [35]. Then, 135 

we selected 10 fish individuals for quantification of skeletal morphology. Their 136 

opercular bone, pharyngeal bone, dentary bone and skull were obtained by 137 

boiling, and the examination standards are described in Supplementary Fig. 1. 138 

Next, the digestive characteristics of age-one SW (n=6), PP (n=6) and PS (n=6) 139 

were studied. This study quantified the anatomy and histology 140 

(Hematoxylin-eosin staining) of the digestive organs, and the examination 141 

standards are described in Supplementary Fig. 2. Finally, 19 external 142 

morphological indicators, 19 skeletal morphological indicators and 23 digestive 143 

indicators were quantified in this study, as shown in Supplementary Tables 1-2. 144 

To visually show the comprehensive morphological differences of the three 145 

fishes, we conducted principal component analysis (PCA) of the Z-scores of 146 

three categories of indicators in SPSS 21.0. 147 

The body shapes were photographed using an SLR camera (Canon EOS 148 

100D, Japan). The details of the heads fixed by Bouin's fixative and bones 149 

were photographed (Figs. 1 and 3) by a stereomicroscope (Nikon SMZ25). 150 
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Slices of the digestive organs were photographed (Fig. 2) under a microscope 151 

(Nikon ECLIPSE 80i). Age-two PP, SW and PS were scanned (Fig. 3) using a 152 

MicroCT Skyscan 1176 (Bruker, Belgium) to obtain the holistic bone structure; 153 

specific methods are described in [36], and it were slightly modified in this 154 

study. 155 

2.3 Comparison of foraging habit 156 

We fed PP, SW and PS with small fish (Sinibrama taeniatus, 157 

0.0507±0.0043, a cyprinid fish that can breed in our lab year round (Fig. 4a)), 158 

small shrimp (Neocaridina denticulate, 0.1093±0.0227, which is widely 159 

distributed in China's rivers (Fig. 4c)), Tubificidae worms (an aquatic mollusc 160 

(Fig. 4b)) and periphytic algae (Spirogyra, a filamentous algae (Fig. 4d)), which 161 

correspond to foods in different ecological niches. Specific experimental 162 

methods can be found in Supplementary method 1. We compared each fish 163 

species' foraging level (FL) using the following formula: 164 𝐹𝐿 = 𝑀2/(𝑀1 − 𝑀2) 

where 𝑀1 represents body weight, and 𝑀2 represents chyme weight. 165 

2.4 Hybrid vs P. pingi in foraging fish 166 

We compared the foraging capacity of PP (n=15) and PS (n=18) for small 167 

fishes (S. taeniatus) (Fig. 5a). Specific experimental methods are described in 168 

Supplementary method 2. We observed experimental fishes by video and 169 

quickly replayed the video and counted the following indicators: first attack 170 

time (FAT), first success time (FST), the success rate of the first attack (SRFA), 171 
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first attack time after the first successful capture (FAT2), attack frequency (AF), 172 

the success rate of the total attacks (SRTA), and the rate of vomiting fish (RVF). 173 

Details are as follows: 174 

FAT: The time when an experimental fish first attacked the small fishes. To 175 

exclude the influence of irritability, only the experimental fishes that launched 176 

the first attack within 5 min were included in all statistical comparisons. 177 

FST: The time when an experimental fish first successfully caught a small 178 

fish. If it did not succeed within 30 min, a value of 30 min was used as its first 179 

success time. 180 

SRFA: The success rate when an experimental fish first attacked the small 181 

fishes. 182 

FAT2: The time when an experimental fish first attacked after the first 183 

successful capture. 184 

AF: The average number of attacks per minute of an experimental fish; this 185 

value was calculated using the following formula: 186 𝐴𝐹 = 𝑁/𝑇 

SRTA: The success rate of the total attacks; this value was calculated 187 

using the following formula: 188 𝑆𝑅𝑇𝐴 = 𝑁′/𝑁 

RVF: The rate of vomiting fish; some individuals catch fish and then vomit 189 

them out; this value was calculated using the following formula: 190 𝑅𝑉𝐹 = 𝑁′′/𝑁′ 



10 

 

where 𝑁 represents the total number of attacks; 𝑇 represents the time at the 191 

end of the experiment; 𝑁′ represents the total catch before the end of the 192 

experiment; and 𝑁′′ represents the number of fish vomited. 193 

2.5 Hybrid vs S. wangchiachii in foraging periphytic algae 194 

We compared the abilities of SW (n=16) and PS (n=20) to forage 195 

periphytic algae (Fig. 5b). Specific experimental methods are described in 196 

Supplementary method 3. We quickly replayed the video and evaluated the 197 

following indicators: The FAT, AF, and foraging efficiency (FE). Details are as 198 

follows: 199 

FAT: The time when an experimental fish first scraped periphytic algae from the 200 

rocks. 201 

AF: The average number of scrapings per hour of experimental fish; this value 202 

was calculated using the following formula: 203 𝑇𝐴𝐹 = (𝑁2 + 𝑁5 + 𝑁8)/3 

FE: The average weight of a single scrape of periphytic algae per unit weight 204 

of experimental fish; this value was calculated using the following formula: 205 𝐸𝐹 = 𝑀2/(𝑇𝐴𝐹 × 8 × (𝑀1 − 𝑀2)) 
where 𝑁2, 𝑁5, and 𝑁8 represent the number of attacks in the second, fifth 206 

and eighth hours, respectively, 𝑀1  represents the body weight of the 207 

experimental fish; and 𝑀2 represents the chyme weight of the experimental 208 

fish. 209 

2.6 Whether the behaviour of hybrid fish vomiting fish is persistent 210 
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In the previous experiments, we observed that PS had obvious behaviour 211 

of vomiting fish (Fig. 4e and Supplementary Movie 3). This behaviour is very 212 

interesting and important but is this behaviour persistent? We set up a feeding 213 

experiment using small fish (Carassius auratus, 0.0748±0.0023 g (Fig. 6a)) for 214 

nine days, and PS still had obvious vomiting behaviour after catching the small  215 

C. auratus fishes (Fig. 6c)). For nine days, we fed not only fish, but we also fed 216 

the blood worms (0.0171±0.0006, Chironomidae larvae, a soft-bodied aquatic 217 

insect that is easier to count and preserve than Tubificidae worms (Fig. 6b)), to 218 

simulate a palatable food shortage in the natural environment but not a 219 

complete absence. Specific experimental methods are described in 220 

Supplementary method 4. We counted the daily catch, intake, and vomiting of 221 

each PS for small fish. 222 

2.7 Mechanism explaining why hybrid fish vomited fish 223 

Two mechanisms may explain why PS vomited small fish: the small fish 224 

tasted bad or they were difficult to chew. To explore this mechanism, we 225 

selected approximately 50 g of C. carp (Fig. 7a) and cut the back muscle into 226 

small pieces (Fig. 7b) without bone, instead of using small fish. We took PS 227 

that had the obvious behaviour of vomiting small fish in the last experiment as 228 

the experimental fishes (n=7). Other than the small fishes that were replaced 229 

with small pieces of C. carp muscle, the other feeding and statistical schemes 230 

were the same as those in Section 2.6. However, the experiment lasted only 231 

three days. We counted the average number of daily foraging (ANDF) and the 232 
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vomiting rate (VR) of the 7 experimental fishes used in Section 2.6 and this 233 

experiment, which was equivalent to the former serving as a control group for 234 

the latter, by the following formulas: 235 𝐴𝑁𝐷𝐹 = 𝑁/𝑇 𝑉𝑅 = 𝑁′/𝑁 

where 𝑁 represents the total number of preys captured by PS during the 236 

experiment. 𝑇  represents the number of days of the experiment, and  𝑁′ 237 

represents the total number of these fishes that vomited. 238 

Then we compared the pharyngeal teeth details of PP, SW and PS, and 239 

quantified the foraging-related traits (Supplementary Table 9, 20 measured 240 

traits and 17 standardized traits) of all fishes (n=32) in Section 2.6 to explore 241 

whether a correlation exists between these traits, and these indicators 242 

included the TNC (total number of captures), TNI (total number of ingestions), 243 

NVF (total number of vomiting fish) and RVF by Spearman’s correlation in 244 

SPSS 21.0. 245 

2.8 New ecological niche formation of hybrid fish 246 

In previous experiments, we found that PS was unable to efficiently forage 247 

for both small fish and periphytic algae. Therefore, we questioned whether PS 248 

focused more on foraging intermediate foods, thereby forming a new 249 

ecological niche different from its parents. We tested effective attacks on blood 250 

worms per species in a mixed breeding experiment under conditions of only 251 

blood worms or mixed foods. Specific experimental methods are described in 252 
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Supplementary method 5. To eliminate differences in each parallel group, we 253 

standardized the foraging weight of each fish in each tank and calculated the 254 

foraging proportion (FP) by the following formula: 255 𝐹𝑃 = 𝑁′/𝑁 

where 𝑁 represents the total number of effective attacks on blood worms by 256 

three fishes in a tank, and 𝑁′ represents the total number of effective attacks 257 

on blood worms by a fish species in a tank. 258 

3. RESULTS 259 

3.1 Morphology 260 

Regarding the external and skeletal morphology, most PS traits were 261 

between PP and SW. However, for digestive morphology, PS was closer to SW 262 

(Figs. 1-3 and Supplementary Table 2). Direct observation, Tukey test or PCA 263 

all supported the above data. Specific morphological descriptions are provided 264 

in Supplementary result 1. 265 

3.2 Comparison of foraging habits 266 

In Fig. 4, for small fish, the FL of PP (0.0521±0.0170) was significantly 267 

higher (P<0.05) than those of SW (0.0012±0.0014) and PS (0.0038±0.0070). 268 

The latter two ingested very few small fishes, and no significant difference 269 

(P≥0.05) was found between them. For shrimp, the FL of PP (0.0563±0.0197) 270 

was significantly higher (P<0.05) than those of SW (0.0126±0.0099) and PS 271 

(0.0239±0.0225). PS and SW ingested more shrimp than fish, and the former 272 

ingested more shrimp than the latter, but no significant difference was noted 273 
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between them (P≥0.05). For Tubificidae worms, the FLs of PP 274 

(0.0297±0.0144), SW (0.0290±0.0196) and PS (0.0327±0.0213) were similar, 275 

with no significant difference between them (P≥0.05). For periphytic algae, the 276 

FL of SW (0.0110±0.0046) was significantly (P<0.05) higher than those of PP 277 

(0.0000±0.0000) and PS (0.0035±0.0051). PP did not ingest periphytic algae, 278 

and some PS individuals may have ingested a small amount of periphytic 279 

algae, but no significant difference was observed between them (P≥0.05). SW 280 

had a low intake of periphytic algae, possibly because this study used only 281 

Spirogyra instead of more palatable diatoms. 282 

Interestingly, we found a large amount of small fish debris in the PS 283 

aquarium tank (Fig. 4e), while less debris was noted in the tanks with SW and 284 

PP, suggesting that one of the reasons why fish intake by PS intake was low 285 

was vomiting of fish. 286 

 287 

3.3 Hybrid vs parents in foraging fish or periphytic algae 288 

In the PS vs SW experiment, the FAT of PS was extremely significantly 289 

higher (P<0.01) than that of SW (Fig. 5b), the AF was significantly lower 290 

(P=0.02) than that of SW (Fig. 5c), and the FE was significantly lower (P=0.037) 291 

than that of SW (Fig. 5e). In summary, PS showed low interest in foraging for 292 

periphytic algae and had low foraging efficiency. 293 

In the PS vs PP experiment, the SRFA (P=0.219) and the SRTA (P=0.167) 294 

of PS were not significantly different from those of PP; the RVF of PS was 295 
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extremely significantly higher (P<0.01) than that of PP (Fig. 5e); the FAT 296 

(P=0.459) and the FST (P=0.161) of PS were not significantly different from 297 

those of PP; the FAT2 was extremely significantly higher (P<0.01) than that of 298 

PP (Fig. 5f); and the AF of PS was extremely significantly lower (P<0.01) than 299 

that of PP (Fig. 5g). In summary, PS showed greater interest in first foraging for 300 

fish but had a high RVF, which caused it to be negative in later predation.  301 

3.4 Whether the behaviour of hybrid fish vomiting fish is persistent 302 

As shown in Fig. 6, at the beginning of the experiment, most PS had the 303 

behaviours of catching, vomiting and ingesting small fish. However, as the 304 

experiment proceeded, the number of PS with these behaviours decreased, 305 

and only a few fish retained these persistent behaviours by the end of the 306 

experiment (Figs. 6d, 6e, 6f and 6j); thus, this pattern was the main reason for 307 

the decline in the average number of daily captures, vomiting and ingestion 308 

(Figs. 6g, 6h and 6i). In summary, the behaviour of catching, vomiting and 309 

ingesting small fish by most PS were not persistent. 310 

3.5 Mechanism of hybrid fish vomiting fish 311 

No significant difference (P=0.702) was found between the ANDF of fish 312 

meat and small fish in the individuals exhibiting persistent capture behaviours. 313 

However, the VR of fish meat was significantly lower (P<0.01) than that of 314 

small fish, suggesting that the vomiting behaviour was not caused by bad taste 315 

but by chewing difficulty, which may be caused by pharyngeal tooth structure. 316 

Therefore, the details of the pharyngeal teeth were compared, and we found 317 
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that the pharyngeal bone of PP was long and narrow, with widely spaced 318 

well-developed conical hooked pharyngeal teeth, and the space was larger 319 

between the two pharyngeal bones in the closed mouth. These features are 320 

useful for piercing and hooking prey. In contrast, the pharyngeal bone of SW 321 

was short and thick, with closely spaced grinding pharyngeal teeth, which were 322 

curved and flat at the top, forming a grinding surface, and the space was 323 

smaller between the two pharyngeal bones in the closed mouth. These 324 

features are useful for grinding periphytic algae. The morphology of the 325 

pharyngeal bone in PS was balanced between that of the parents, and it had 326 

hooked grinding pharyngeal teeth, which were also intermediate between the 327 

parents. 328 

Specific correlation analysis descriptions can be found in Supplementary 329 

result 2. The results of the correlation analysis can be summarized as follows: 330 

(1) as the number of fishes caught by PS increased, more were ingested and 331 

vomited. (2) The larger the PS was, the more fishes it caught. (3) The 332 

behaviour of vomiting fish by PS was not correlated with the size and shape of 333 

its characteristics. 334 

3.6 New ecological niche formation of hybrid fish 335 

In the first 3 days of feeding using only blood worms, PS and SW showed 336 

no significant difference (P≥0.05) in the FP of blood worms, but they 337 

significantly differed (P<0.05) from PP (except that PS showed no significant 338 

difference (P≥0.05) compared to SW and PP on the second day, Fig. 8d). After 339 
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3 days of feeding with three kinds of food, the FP of PP with 3 days of blood 340 

worm feeding decreased significantly (P=0.036), and that of SW decreased 341 

nonsignificantly (P=0.168); however, that of PS increased significantly (P=0.01, 342 

Fig. 8e). Moreover, the FP was significantly (P<0.05) different among PS and 343 

both parents in the first two days of feeding on the three kinds of food, but PS 344 

and SW showed no significant difference (P≥0.05) on the third day (Fig. 8d).   345 

4. Discussion 346 

Hybrid speciation needs to break through multiple isolation barriers, which 347 

are generally divided into prezygotic and postzygotic barriers [17]. Random 348 

external fertilization by medium makes it easier for plants and fishes to cross, 349 

which is beneficial to break through the pre-zygotic barrier [12]. Polyploid 350 

speciation also facilitates post-zygotic breakthroughs [10]. However, all above 351 

breakthroughs are genetic, for hybrid speciation, ecological challenges must 352 

be faced and foraging performance is the first barrier.  353 

The feeding habits of a species are closely related to their foraging traits 354 

[37]. PP and SW have opposite feeding habits and foraging traits. With the 355 

exception of a few epistatic traits, most foraging traits of PS are somewhere 356 

between the traits of their parents (Figs. 1-3). In general, hybrids will produce 357 

intermediate foraging performance for parent resources [18-20, 23, 38]. 358 

However, intermediate kinematics have also been shown produce more 359 

inferior foraging performance than intermediate morphology [39]. In this study, 360 

the intermediate foraging morphology of PS did not result in intermediate 361 
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foraging performance for parental resources, and PS could hardly forage for 362 

parental resources (Figs. 4f and 5). The above phenomenon was caused not 363 

only by the decline in PS foraging ability but, more importantly, by the decrease 364 

in foraging activity (Fig. 5). The diet of a species depends not only on heredity 365 

and environment, but also experience [40-45]. PS showed less interest in 366 

foraging for periphytic algae from the beginning of the experiment, which may 367 

be genetically negative. Interestingly, however, PS showed interest in foraging 368 

small fishes at the beginning of the experiment, while after the first successful 369 

capture, PS had difficulty ingesting the fish, which led to subsequent negative 370 

predation (Fig. 5). This result may be empirically negative. 371 

The behaviour of PS vomiting fish is one of the highlights of this study. 372 

Some vomiting events are caused by an individual's ingestion of stimulating 373 

foods, which may be due not only to unpalatably or toxicity [46] but also to 374 

mechanical issues, such as dolphins ingesting hard squid beaks, resulting in 375 

vomiting [47]. Our experiments proved that the vomiting behaviour of PS was 376 

caused not by bad taste but rather by chewing difficulty, which may be caused 377 

by mechanical difficulties encountered due to the bones of small fish (Fig. 7). 378 

In the correlation analysis, we found no correlation between the structure of 379 

any trait in PS and this behaviour (Supplementary Table S9). However, the 380 

structure of pharyngeal teeth of PS was balanced between that of its parents, 381 

but its puncture ability was not as good as that of PP; thus, PS may not reach 382 

the threshold of normal chewing (Fig. 7). Of course, most PS individuals 383 
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abandoned foraging fish, but some showed persistent vomiting behaviour (Fig. 384 

6). Clearly, the behaviour itself is harmful as it requires energy that PS could 385 

expend on foraging, and PS consequently does not receive the intended 386 

source of energy. In short, PS must engage in hard work with no gain. Thus, 387 

we hypothesized that these contradictory foraging behaviours may dilute the 388 

energy of PS intended for foraging intermediate ecological niche prey, and a 389 

supplementary experiment was therefore carried out (Supplementary method 390 

6 and Supplementary result 3). However, we did not find a correlation between 391 

the amount of vomited fish and the total food intake of PS (Supplementary 392 

Table 11), which contradicts the above hypothesis. Interestingly, both SW and 393 

SP showed reduced predation of shrimps and worms in the food resource 394 

environment with fishes, suggesting that small fish were interfering with their 395 

predation. However, SP showed greater reductions than SW, which may be 396 

due to the negativity brought by vomiting fish (Fig. 5 and Supplementary Fig. 3). 397 

The periphytic algae will not affect the foraging of PS for intermediate 398 

ecological niche prey because PS is less interested in foraging on such algae 399 

and has less interference (Fig. 5 and Supplementary Fig. 3). In summary, the 400 

behaviour of PS vomiting fish is a typical paradoxical phenomenon between 401 

intermediate morphology and genetic behaviour, which led directly or indirectly 402 

to the ecological disadvantage of PS. 403 

PS almost abandoned foraging on parental resources and could only 404 

choose intermediate ecological niche prey, which may indicate that PS forms a 405 
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middle ecological niche. We experimentally verified the above hypothesis that 406 

the foraging preference of PP and SW for intermediate ecological niche prey 407 

decreases after the addition of suitable parental food resources, whereas that 408 

of PS increases (Fig. 8). If no transitional food resources exist between 409 

parents, hybrids will be eliminated [3, 20]. Instead, hybrids may form a new 410 

ecological niche [15, 23]. Through a mixed breeding experiment, this study 411 

showed that the increase in the FP of PS to intermediate ecological niche prey 412 

was not due to the adaptation of new traits [23] and was more likely due to the 413 

decrease in the FP of the parents to such prey. However, this is a type of 414 

passive ecological niche formation, indicating that more competitors are likely 415 

to participate. 416 

When there are transitional ecological niches exist between different 417 

ecological niche parents, the hybridization between them may be a 418 

double-edged sword for hybrid speciation, implying that the fate of hybrids is 419 

complicated in this process. The experimental period of this study was short, 420 

but the formation of a stable niche is long. Therefore, large-scale and 421 

long-term bionic breeding experiments and stable isotope methods [19] should 422 

be carried out in subsequent studies to verify whether hybrids form new niches 423 

or are eliminated.  424 
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Figure legends 571 

Figure 1. External characters comparison. (a) The full view of PP. (b-d) The 572 

head characters of PP. The full view of SW. (f-h) The head characters of SW. (i) 573 

The full view of PS) (j-i) The head characters of SP. (m) The PCA of external 574 

characters. The white scale is 1 mm; the black scale is 10 mm. We have used 575 

some figures in previous articles (Gu et al. 2019), including (a), (c), (d), (e), (g), 576 

(h), (i), (k) and (l). 577 

Figure 2. Digestive characters comparison. (a) The anatomic observation of 578 

midgut mucosal folds of PP. (b) The histological observation of liver of PP. (c) 579 

The histological observation of foregut of PP. (d) The histological observation 580 

of midgut of PP. (e) The histological observation of Hindgut of PP. (f-j) The 581 

same description of SW as PP. (k-o) The same description of SP as PP. (p) 582 

The PCA of digestive characters. The scale in (a), (f) and (k) is 0.5 mm, in (b), 583 

(g) and (l) is 10 μm, in (c), (d), (e), (h), (i), (j), (m), (n) and (o) is 25 μm. 584 

Figure 3. Osteal characters comparison. (a-c) The MicroCT image of head 585 

characters of PP. (d) The pharyngeal bone of PP. (e-g) The MicroCT image of 586 

head characters of SW. (h) The pharyngeal bone of SW. (i-k) The MicroCT 587 

image of side head of PS. (l) The pharyngeal bone of SP. (m) The PCA of 588 

osteal characters. The scale of MicroCT images is 6 mm, and the scale of 589 

pharyngeal bones is 1mm. 590 

Figure 4. Comparison of foraging habit. (a) Small fish (S. taeniatus). (b) 591 

Tubificidae worms. (c) Small shrimp (N. denticulate). (d) Periphytic algae 592 
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(Spirogyra). (e) Small fish debris. (f) The FL of different foods among PP, SW 593 

and PS. The scale of all figures is 1 mm. The different superscripts (a, b) 594 

above the boxes differ significantly at P < 0.05 based on Tukey test. The boxes 595 

give the first and third quartiles, the thick lines give the medians and whiskers 596 

indicate means ± SD. 597 

Figure 5. Hybrid vs parents in foraging little fish or periphytic algae. (a) Small 598 

fish (S. taeniatus). (b) Rock with periphytic algae (Spirogyra). (c) PS vs SW in 599 

the FAT. (d) PS vs SW in the AF. (e) PS vs SW in the FE. (f) PS vs PP in the 600 

SRFA, SRTA and RVF. (g) PS vs PP in the FAT, FST and FAT2. (h) PS vs PP in 601 

the AF. The scale is 1 mm. The numbers above the columns give the P-value 602 

based on Tukey test, the height give the mean, the thick lines give the medians 603 

and whiskers indicate mean ± SE. 604 

Figure 6. The changes of the related indicators of foraging fish in hybrid fish 605 

with time. (a) Small fish (C. auratus). (b) Blood worm (Chironomidae larvae). (c) 606 

Little fish debris. (d) The trends of vomiting of every SP with time. (e) The 607 

trends of ingestion of every SP with time. (f) The trends of captures of every 608 

SP with time. (g) The mean trend of captures of SP with time. (h) The mean 609 

trend of ingestion of SP with time. (i) The mean trend of vomiting of SP with 610 

time. (j) The trends in the number of SP involved in capture, ingestion and 611 

vomiting. In (d), (e) and (f), each line represents an individual. The scale of all 612 

figures is 1 mm. The different superscripts (a, b) above the lines differ 613 

significantly at P < 0.05 based on Tukey test, and whiskers indicate mean ± 614 
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SE.  615 

Figure 7. Mechanism of hybrid fish vomiting small fish. (a) Small fish (C. 616 

auratus). (b) A small piece muscle in the back of C. auratus. (c) The ANDF for 617 

small fish or meat by these SP with a persistent vomiting-fish behavior. (d) 618 

Compare the VR of SP between foraging small fish and meat. (e) The MicroCT 619 

image of pharyngeal bones of PP. (f-g) The detail image of pharyngeal bones 620 

of PP. (h) The MicroCT image of pharyngeal bones of SW. (i-j) The detail 621 

image of reverse pharyngeal bones of SW. (k) The MicroCT image of 622 

pharyngeal bones of SP. (l-m) The detail image of pharyngeal bones of SP. (m) 623 

The scale in (a) is 1mm, in (b), the meat is 1mm and the fish is 10mm, in (e), (h) 624 

and (k) is 2mm, in (f), (g), (i), (j), (l) and (m) is 0.5mm. The numbers above 625 

these columns give the P-value based on Tukey test, the height give the mean, 626 

the thick lines give the medians, and whiskers indicate mean ± SE. 627 

Figure 8. New ecological niche formation of hybrid fish. (a) Small fish (C. 628 

auratus). (b) Blood worm (Chironomidae larvae). (c) Rock with periphytic algae 629 

(Spirogyra). (d) The trends of daily FP of PP, SW and SP in an environment 630 

with only worms or fishes, worms and periphytic algae. (e) Comparison of total 631 

FP of PP, SW and PS between an environment with only worms or with fishes, 632 

worms and periphytic algae. The scale of all figures is 1 mm. The different 633 

superscripts (a, b) above the boxes or lines differ significantly at P < 0.05 634 

based on Tukey test. The numbers above the columns give the P-value based 635 

on Tukey test. The heights of boxes give the mean, the thick lines give the 636 
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medians and whiskers indicate mean ± SE. 637 
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Figures

Figure 1

External characters comparison. (a) The full view of PP. (b-d) The head characters of PP. The full view of
SW. (f-h) The head characters of SW. (i) The full view of PS) (j-i) The head characters of SP. (m) The PCA
of external characters. The white scale is 1 mm; the black scale is 10 mm. We have used some �gures in
previous articles (Gu et al. 2019), including (a), (c), (d), (e), (g), (h), (i), (k) and (l).

Figure 2

Digestive characters comparison. (a) The anatomic observation of midgut mucosal folds of PP. (b) The
histological observation of liver of PP. (c) The histological observation of foregut of PP. (d) The
histological observation of midgut of PP. (e) The histological observation of Hindgut of PP. (f-j) The same
description of SW as PP. (k-o) The same description of SP as PP. (p) The PCA of digestive characters. The
scale in (a), (f) and (k) is 0.5 mm, in (b), (g) and (l) is 10 μm, in (c), (d), (e), (h), (i), (j), (m), (n) and (o) is 25
μm.



Figure 3

Osteal characters comparison. (a-c) The MicroCT image of head characters of PP. (d) The pharyngeal
bone of PP. (e-g) The MicroCT image of head characters of SW. (h) The pharyngeal bone of SW. (i-k) The
MicroCT image of side head of PS. (l) The pharyngeal bone of SP. (m) The PCA of osteal characters. The
scale of MicroCT images is 6 mm, and the scale of pharyngeal bones is 1mm.

Figure 4

Comparison of foraging habit. (a) Small �sh (S. taeniatus). (b) Tubi�cidae worms. (c) Small shrimp (N.
denticulate). (d) Periphytic algae (Spirogyra). (e) Small �sh debris. (f) The FL of different foods among
PP, SW and PS. The scale of all �gures is 1 mm. The different superscripts (a, b) above the boxes differ
signi�cantly at P < 0.05 based on Tukey test. The boxes give the �rst and third quartiles, the thick lines
give the medians and whiskers indicate means ± SD.



Figure 5

Hybrid vs parents in foraging little �sh or periphytic algae. (a) Small �sh (S. taeniatus). (b) Rock with
periphytic algae (Spirogyra). (c) PS vs SW in the FAT. (d) PS vs SW in the AF. (e) PS vs SW in the FE. (f)
PS vs PP in the SRFA, SRTA and RVF. (g) PS vs PP in the FAT, FST and FAT2. (h) PS vs PP in the AF. The
scale is 1 mm. The numbers above the columns give the P-value based on Tukey test, the height give the
mean, the thick lines give the medians and whiskers indicate mean ± SE.



Figure 6

The changes of the related indicators of foraging �sh in hybrid �sh with time. (a) Small �sh (C. auratus).
(b) Blood worm (Chironomidae larvae). (c) Little �sh debris. (d) The trends of vomiting of every SP with
time. (e) The trends of ingestion of every SP with time. (f) The trends of captures of every SP with time.
(g) The mean trend of captures of SP with time. (h) The mean trend of ingestion of SP with time. (i) The
mean trend of vomiting of SP with time. (j) The trends in the number of SP involved in capture, ingestion
and vomiting. In (d), (e) and (f), each line represents an individual. The scale of all �gures is 1 mm. The
different superscripts (a, b) above the lines differ signi�cantly at P < 0.05 based on Tukey test, and
whiskers indicate mean ± SE.

Figure 7

Mechanism of hybrid �sh vomiting small �sh. (a) Small �sh (C. auratus). (b) A small piece muscle in the
back of C. auratus. (c) The ANDF for small �sh or meat by these SP with a persistent vomiting-�sh
behavior. (d) Compare the VR of SP between foraging small �sh and meat. (e) The MicroCT image of
pharyngeal bones of PP. (f-g) The detail image of pharyngeal bones of PP. (h) The MicroCT image of
pharyngeal bones of SW. (i-j) The detail image of reverse pharyngeal bones of SW. (k) The MicroCT
image of pharyngeal bones of SP. (l-m) The detail image of pharyngeal bones of SP. (m) The scale in (a)
is 1mm, in (b), the meat is 1mm and the �sh is 10mm, in (e), (h) and (k) is 2mm, in (f), (g), (i), (j), (l) and
(m) is 0.5mm. The numbers above these columns give the P-value based on Tukey test, the height give
the mean, the thick lines give the medians, and whiskers indicate mean ± SE.



Figure 8

New ecological niche formation of hybrid �sh. (a) Small �sh (C. auratus). (b) Blood worm (Chironomidae
larvae). (c) Rock with periphytic algae (Spirogyra). (d) The trends of daily FP of PP, SW and SP in an
environment with only worms or �shes, worms and periphytic algae. (e) Comparison of total FP of PP, SW
and PS between an environment with only worms or with �shes, worms and periphytic algae. The scale
of all �gures is 1 mm. The different superscripts (a, b) above the boxes or lines differ signi�cantly at P <
0.05 based on Tukey test. The numbers above the columns give the P-value based on Tukey test. The
heights of boxes give the mean, the thick lines give the medians and whiskers indicate mean ± SE.
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