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This study found significant differences between the standard length distributions of humpback and redfin culter and between Mongolian culter and topmouth culter. A stable isotope analysis (δ13C and δ15N) was used to investigate the interspecies differences between the feeding habits and trophic niches of four carnivorous species of Cultrinae fish. The results showed that the δ13C and δ15N values were significantly correlated with the standard length and species. However, the δ13C values of humpback and redfin culter were not significantly different, suggesting that these two fish species had similar food sources. The δ15N values of Mongolian culter and topmouth culter were the highest, suggesting that they occupied a higher trophic level and that animal prey was more important in their diets. Moreover, variations in δ13C and δ15N indicated considerable niche overlap and interspecific competition among the four species. We also evaluated trophic niches, diversity, redundancy, and evenness utilizing isotopic niche metrics, and we estimated asymmetrical niche overlaps. The analysis revealed that four carnivorous species of Cultrinae displayed similar trophic niche sizes and trophic diversity. The trophic traits of topmouth culter clearly defined them as a trophic generalist in terms of the inter-individual variability in their isotopic niches. A significant finding was that the average niche overlap between them was as high as 64.02%; topmouth culter had the greatest trophic overlap with redfin culter (95.52%) and humpback (90.38%), followed by Mongolian culter onto redfin culter (85.32%), indicating that topmouth culter and Mongolian culter benefit the most from the food supply in the habitat, or they are more competitive in the presence of limited resources.
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Introduction

“Niche” refers to the relationships between a species and all other species in a specific ecosystem (Elton, 1927). A niche includes the spatial and temporal positions occupied by a particular species, the status of environmental adaptation, and the utilization of resources by the species (Zhang and Xie, 1997; Li et al., 2006). Multidimensional hypervolume ecology not only emphasizes the habitat meaning of the niche but also includes the resource utilization by organisms and the relationship between them and the environment (Hutchinson, 1957). An occupied niche space implies resource utilization; moreover, understanding the factors that lead to changes in trophic niches is important in assessing food web structures (Yao et al., 2016), resource utilization (Ortega-Cisneros et al., 2017), and trophic interactions (Wallace et al., 2009). Different predators may occupy similar trophic niches, and the trophic overlaps indicate similar diets in freshwater ecosystems (Chen et al., 2011; Wang et al., 2019). Carbon and nitrogen stable isotopes have been proven to effectively quantify niches and niche overlaps of species (Post, 2002; Bearhop et al., 2004). The method allows for the estimation of the overlap among species' isotopic niches to suggest that feeding competition can occur if resources are to be limited and if niche partitioning occurs (Balzani et al., 2020). In conclusion, it is feasible and scientific to use stable isotopes to study isotopic niche overlap.

The topmouth culter (Culter alburnus), Mongolian culter (Culter mongolicus), humpback (Culter dabryi), and redfin culter (Cultrichthys erythropterus) are related carnivorous species in the genus Cultrinae (Cypriniformes and Cyprinidae) (Hu et al., 2011). The topmouth culter and Mongolian culter occupy higher trophic levels than the other two species because of their piscivorous feeding habits and larger sizes, although all four culter fish species are common predators in the aquatic food web. In addition, humpback and redfin culter are widely known as connecting links between forage living and top predators in some lake and reservoir ecosystems (Ye, 2006; Li et al., 2013). They are important commercial freshwater fishes and are widely distributed in China, inhabiting the middle and upper levels of large water bodies rich in aquatic plants (Chen, 1998; Zhang X. G. et al., 2008; Zhang X. L. et al., 2008). Mongolian culter and topmouth culter have the highest economic values because of their large size, rapid growth, and the desirable flavor of their meat. Redfin culter and humpback are smaller, more aggressive fish that are also economically valuable (Feng et al., 2007). Previous research has shown that culters, important top predators in lakes, primarily feed on lake anchovy (Coilia nasus taihuensis), followed by other small fish and shrimp. Hence, because they have obvious inhibitory effects on small fish and shrimp, they maintain the ecosystem's stability (Zhou et al., 2011).

In recent years, overfishing and the destruction of the spawning grounds of large fish such as Mongolian culter and topmouth culter have caused changes in the populations and distributions of humpback and redfin culter. Wild populations of four species are declining so quickly that have resulted in the domination of their communities by lake anchovy and other small fish (Liu et al., 2005, 2007; Xiong et al., 2022), and the overlap of their isotopic niches has become an extremely important issue (Wang et al., 2007). Ontogenetic niche shifts could change trophic relationships among species and would play diverse roles in food webs (Woodward and Hildrew, 2002). It has been established that culters experience significant increases in body size during their development, during which they utilize different resources, which results in different feeding habits and ontogenetic niche shifts (Zhou et al., 2011). Domestic and overseas scholars have conducted much research on the domestication and cultivation of culters (Lin et al., 2013; Wang F. et al., 2015), with the goals of protecting germplasm resources, increasing body sizes and economic benefits, and strengthening the ecological regulation of lakes. Restraining the biomass of small fish with culters could decrease the predation pressure on zooplankton. This would mitigate the competition for filter-feeding fish, such as silver carp and bighead carp, reinforcing the effects of control on algae growth. It would be extremely beneficial for populations of the culters to rebound (Liu et al., 2007; Hu et al., 2011). The improved ecological balance of waters and the prevention of fish resources being dominated by smaller individuals could be achieved by artificial propagation and release and by strengthening the management of lake eutrophication.

In the 1950s and 1960s, the water quality was good because of a high degree of abundant macrophytes (Chen et al., 2009). However, subsequently, due to increasing eutrophication and the resulting lack of macrophytes, Lihu Lake became the most highly polluted in Taihu Lake (Nian et al., 2006). The monitoring of Lihu Lake revealed that the water quality changed due to severe eutrophication as reported in 2001 (Gu and Lu, 2004; Bai et al., 2010). Since 2003, several environmental protection and ecological restoration projects have been implemented by the central government and local authorities. Technological measures, such as water purification fisheries, were conducted in Lihu Lake by releasing suspension-feeding animals between 2007 and 2010 (Chen et al., 2006; Huang et al., 2012; Xu et al., 2012). As a result of the program, the fish community structure in Lihu Lake has been adjusted to a certain extent, and the trophic level of the ecosystem has increased from 3.63 to 3.95 (Di, 2014). Furthermore, large-scale stock enhancement has been implemented in recent years by the Taihu Lake Fishery Management Committee Office. However, the phenomenon that lake anchovy has been the dominant species in Taihu Lake, while the four carnivorous Cultrinae fish resources are still extremely limited (Liu et al., 2005; Zhang et al., 2021). The main causes of this phenomenon were human overfishing, the destruction of spawning grounds (Mao et al., 2011), and considerable niche overlap. Now, following the comprehensive Yangtze River Ten-Year Fishing Ban in October 2020, a comprehensive fishing ban was also implemented in Taihu Lake. Regardless of whether the structure of the fish community in Taihu Lake and Lihu Lake, particularly the biomass of large culters, has improved since the ban's implementation, there is an urgent need for future research on the resources and trophic niche of the culters. This study focused on the effects of individual size on δ13C and δ15N values. Besides, the proportion of niche overlap was analyzed, showing considerable niche overlap among the four species examined in this study. The study aimed to provide new knowledge and sufficient data to support fishery management and biological resource conservation.



Materials and methods


Fish sampling sites

Lihu Lake is an extensive semi-enclosed bay toward to the northern Taihu Lake, located at 120°13′-120°27′E and 31°28′-31°35′N. It covers an area of 8.6 km2 and has a perennial water level of 3.07 m and an average water depth of 1.60 m. In this study, we examine the overlap and competition among four fish species from the perspective of feeding ecology. During the fishing period in October 2013, samples from 46 topmouth culter, 35 Mongolian culter, 129 humpback, and 49 redfin culter were collected in Lihu Lake at three sampling sites, labeled S1, S2, and S3, based on previous research by our team (Figure 1).


[image: Figure 1]
FIGURE 1
 Sampling sites in Lihu Lake.




Collection and pre-treatment of fish

The samples of redfin culter, topmouth culter, Mongolian culter, and humpback were collected in October 2013 by multi-mesh gillnets (standard length: 125 m; width: 1.5 m; mesh size: 1.2, 2, 4, 6, 8, 10, and 14 cm, average distribution in the entire net). Then the fish were preserved in ice, the standard length and body weight of each sample were measured at approximately 0.01 mm and 0.1 g, respectively, and the white dorsal muscle tissues were dissected in the laboratory (Pinnegar and Polunin, 1999). Samples of different ranges of standard lengths of the four species were selected for statistical comparison. The following groups were compared: 40–59, 60–79, 80–99, 100–119, 120–139, 140–159, 160–179, 180–199, 200–219, 220–239, and >280 mm. After 48 h of drying at 60°C, the muscle samples were ground into powder and stored in centrifuge tubes before measurement.

The biometrics including the standard length-weight relationship of 16 topmouth culter, 13 Mongolian culter, 101 humpback, and 30 redfin culter specimens were statistically analyzed. A one-way analysis of variance (ANOVA) was performed on 16 topmouth culter, 10 Mongolian culter, 14 humpback, and 8 redfin culter specimens. To determine the isotopic niche metrics and overlaps, 13 topmouth culter, 11 Mongolian culter, 14 humpback, and 11 redfin culter specimens were examined.



Stable isotope analysis

Carbon and nitrogen stable isotope ratios were determined using Vario EL cube-Iso Prime 100 (Elementar, GER) by isotope-ratio mass spectrometry and elemental analysis. The results were expressed in conventional delta (δ) notation as parts per thousand (‰) defined as follows:
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where X is 13C or 15N, R is 13C/12C or 15N/14N, Rstandard is the isotopic ratio in certified reference material, and Rsample is the isotopic ratio measured (Peterson and Fry, 1987). The isotopic ratio of C was expressed in relation to its abundance in Vienna Pee Dee Belemnite (VPDB); the isotopic ratio of N was expressed in relation to its abundance in standard atmospheric nitrogen, provided as a certified reference. We inserted one standard sample for every 10 sample measurements, and we randomly selected one or two samples for reanalysis. The standard errors of repeated measurements of δ13C and δ15N values were less than 0.2‰ and 0.3‰, respectively.



Statistical analysis

The data were analyzed using IBM SPSS Statistics. The relationships between the values of δ13C and δ15N of muscle and standard length were analyzed by partial correlation (Wang X. et al., 2015). Kruskal-Wallis test analysis was used to analyze whether there were significant differences in standard length distribution among the four fish species, which gives us a way to evaluate ordinal data in more depth and draw strict statistical interpretations from the results, including comparison of means (Gao and Chen, 2011). To identify whether there were any statistically significant differences between the standard length and δ13C and δ15N values in the four species, a multivariate analysis of variance (MANOVA) was performed, with δ13C and δ15N values as variables and standard length as covariates. Post-hoc multiple comparison tests using the least significant difference (LSD; α = 0.05) were also performed to identify the significance of standard length and δ13C and δ15N values between the four species.

To assess the overlap between the isotopic niches, complementary approaches were used. The direct overlap of the maximum likelihood fitted standard ellipses (SEAc) was calculated using the R package SIBER (Jackson et al., 2011). To measure the total extent of spacing and trophic redundancy within a δ13C and δ15N biplot for fish communities or species, all data were calculated in the R package SIBER. These metrics were adapted from the community-wide metrics proposed by Layman (Layman et al., 2007, 2012; Jackson et al., 2012): carbon range (CR), nitrogen range (NR), mean distance to centroid (CD), total area (TA), standard ellipse corrected area (SEAc), mean nearest neighbor distance (MNND), and its standard deviation (SDNND). CR is the difference between individuals with the most enriched and the most depleted δ13C and is a measure of basal resource diversity. NR is the difference between species with the most enriched and most depleted δ15N values and is a measure of trophic length within a population. CD and TA are indices of species niche width. SEAc indicates the species' core isotopic niches, calculated from the variance and covariance of bivariate isotopic data by evaluating the trophic niche area of a species. MNND is the mean of the Euclidean distances to each specie's nearest neighbor in a biplot space and thus is a measure of the overall packing density of the species. SDNND is a measure of the evenness of species packing in a biplot space. Low SDNND values indicated an even distribution of trophic niches.

To measure the trophic niche size and to test whether trophic niche overlap was not equivalently weighted among species, we used the nicheROVER R package developed by Swanson et al. (2015). In this method, a Monte Carlo resampling routine (n = 10,000 draws) is applied to randomly draw from the sampled population and calculate a mean and 95% (or user-defined) credible interval of niche overlap probabilities. Swanson et al. (2015) defined the niche overlap of species A onto species B as the fraction of the intersection area between niche A and niche B over the total niche area of B and vice versa. We used a 95% probability for niche size and overlap.




Results


Relationship between standard length and weight

In this study, all fish samples were measured as shown in the table. Standard length and body–weight growth relationships were fitted to power functions (Figure 2) represented by W = aLb: humpback W = 3 × 10−5 L2.8555 (R2 = 0.9859, P < 0.01), redfin culter W = 1 × 10−5 L3.047 (R2 = 0.9666, P < 0.01), Mongolian culter W = 3 × 10−5 L2.8627 (R2 = 0.9911, P < 0.01), and topmouth culter W = 2 × 10−5 L2.8664 (R2 = 0.9941, P < 0.01). The mean standard length of humpback (122.07 ± 36.62 mm) was similar to that of the redfin culter (136.81 ± 16.32 mm); however, both were much lower than that of the Mongolian culter (185.87 ± 72.46 mm) and topmouth culter (165.20 ± 61.22 mm).


[image: Figure 2]
FIGURE 2
 Relationships between the weights and standard lengths of humpback, redfin culter, Mongolian culter, and topmouth culter.


The results of the Kruskal-Wallis test showed that there was a significant difference in the overall distribution of standard length among the four species (χ2 = 22.99, P < 0.05). There were significant differences between humpback to Mongolian culter and topmouth culter (χ2 = 17.15, P < 0.05; χ2 = 6.61, P < 0.05), and there was also a significant difference between redfin culter to Mongolian culter (χ2 = 11.64, P < 0.05), but no significant differences between humpback and topmouth culter (χ2 = 2.39, P > 0.05; χ2 = 3.24, P > 0.05), and there was also no significant difference between Mongolian culter and topmouth culter (χ2 = 0.38, P > 0.05) (Table 1).


TABLE 1 Standard length–weight relationships for four fish species in Lihu Lake.
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δ13C and δ15N values and interspecies relationships

The results of the partial correlation analysis demonstrated a significant negative correlation in the δ13C value of humpback with standard length (P < 0.01) and a significant positive correlation of the δ15N value of humpback with standard length (P < 0.01). The δ13C and δ15N values of redfin culter, Mongolian culter, and topmouth culter all showed significant positive correlations with standard length (P < 0.05).

The mean δ13C values for humpback, redfin culter, Mongolian culter, and topmouth culter were (−25.76 ± 0.65‰), (−25.93 ± 0.61‰), (−25.94 ± 0.69‰), and (−26.59 ± 0.90‰), respectively. The value of humpback was the highest, and that of the topmouth culter was the lowest within the same standard length group. The results of multivariate analysis indicated no significant variations in the distribution of δ13C values (P > 0.05).

The mean δ15N values for humpback, redfin culter, Mongolian culter, and topmouth culter were (12.08 ± 0.74‰), (12.80 ± 0.68‰), (13.60 ± 1.56‰), and (12.63 ± 1.21‰), respectively. The value of Mongolian culter was the highest and that of humpback was the lowest. The results of the multivariate analysis indicated significant variations in the distribution of δ15N values (P < 0.05). The results showed that the δ15N value of the redfin culter did not significantly differ from those of the others (P > 0.05) while that of the Mongolian culter was significantly different from that of the topmouth culter (P < 0.05) and humpback (P < 0.01).



Isotopic niche metrics and overlaps

The results showed that the isotopic niches of the four species were confirmed by the considerable overlap of SEAc areas (2.95).

In addition, the results of the SIBER package analysis indicated that the topmouth culter had the highest CR, TA, SEAc, and CD values, followed by the Mongolian culter, but the NR, MNND, and SDNND values were higher in the Mongolian culter. Furthermore, the NR of the Mongolian culter (6.08‰) and topmouth culter (5.03‰) was greater than the magnitude of the average isotope fraction (3.4‰) per trophic level. In addition, the humpback displayed the lowest CR, TA, MNND, and SDNND values, and the redfin culter also possessed the lowest NR, SEAc, and CD values. CR, NR, TA, CD, MNND, SDNND, and SEAc showed that the topmouth culter and Mongolian culter were much higher than the humpback and redfin culter. Therefore, the topmouth culter, Mongolian culter, humpback, and redfin culter shared some parts of similar niche space sizes (Figure 3, Table 2), and the niche space of the former two species was wider than the others.


[image: Figure 3]
FIGURE 3
 Isotopic biplot of four fish species in Lihu Lake.



TABLE 2 Layman's metrics and corrected standard ellipse area of topmouth culter, Mongolian culter, humpback, and redfin culter in Lihu Lake.

[image: Table 2]

The results also showed various degrees of trophic overlap among the four species, with an overall average of 64.02% (nicheROVER). High trophic overlaps (>80%) were shown for topmouth culter onto redfin culter (95.52%) and topmouth culter onto humpback (90.38%) and Mongolian culter onto redfin culter (85.22%). The lowest trophic overlap was found between humpback and Mongolian culter (30.95%), while higher overlaps were found between redfin culter and Mongolian culter (33.70%), between redfin culter and topmouth culter (35.72%), and between humpback and topmouth culter (42.10%). The average trophic overlap between topmouth culter and other species was as high as 85.93%, followed by Mongolian culter (74.75%) onto the other three fish, which was greater than the trophic overlap between humpback (50.36%) and redfin culter (45.04%) (Figure 4).


[image: Figure 4]
FIGURE 4
 Posterior distribution of the probabilistic niche overlap metric (%) and niche region size (α) = 0.95, indicating the probability of one species (row) overlapping onto the niche of another species (column) among topmouth culter, Mongolian culter, humpback, and redfin culter in Lihu Lake.





Discussion


Body dimension relationships among the four species

In humpback and topmouth culter, the power exponent was b < 3, indicating that the two populations experienced positive allometric growth (i.e., the growth rate of standard length was higher than weight). The redfin culter and Mongolian culter showed negative allometric growth (Wang et al., 2020).

The growth rates of the four fish species have been shown to vary among water bodies, depending on geographical location, physical and chemical factors, food resources, and fishing intensity (Feng et al., 2007). Other factors that affect the standard length–weight relationship include habitat, seasons, gonad maturation state, and sex (Lv et al., 2018). In this study, we found significant differences in these relationships among the four fish species living in the same habitat.



Relationships between species and δ13C and δ15N values

Many species have been found to display similar patterns of increasing δ13C and δ15N values with size, presumably due to the ability of larger fish to capture larger and more diverse prey at a higher trophic level (Graham et al., 2007; Tsai et al., 2014). As shown in Figure 5, the values of δ13C and δ15N in the four species increased with standard length (P < 0.05), implying that their food source changed as they grew (Li et al., 2011; Wang F. et al., 2015). These observations are consistent with the results of a previous dietary analysis, which revealed that their food sources changed as they developed (Chen et al., 1994).


[image: Figure 5]
FIGURE 5
 Relationships between δ13C (A) and δ15N (B) values and standard lengths of humpback, redfin culter, Mongolian culter, and topmouth culter.


In this study, significantly larger bodies and higher values of the δ13C were found in the topmouth culter than in the other three species. These results indicated that the carbon sources of the topmouth culter were more diverse and similar to previous studies; although they were in the same habitat, the humpback, redfin culter, and Mongolian culter had a smaller size, perhaps because of various individual sizes or different feeding habits, such as the topmouth culter could make better use of zooplankton, small prey fish, and shrimp, while the redfin culter can make better use of phytoplankton (Li, 2014).

Within the same standard length range, the δ15N values of the Mongolian culter and topmouth culter were generally higher than those of the humpback and redfin culter (Figure 5), thus reflecting the former species' higher trophic level. The Mongolian culter and topmouth culter are more carnivorous than the other two carnivorous Cultrinae species, and animal prey accounts for a large proportion of their food resources (Wang et al., 2009).



Trophic niche of the four carnivorous Cultrinae fish species and overlaps

Individuals of the four fish species could be defined as more or less “generalist” by comparing either the inter-individual variability of their trophic niches or their intra-individual variability or both. In this study, we evaluated the inter-individual components of the realized trophic niches of different species by analyzing their isotopic niches and metrics. Several generalist species have low within-individual and high inter-individual diet variations, which indicates that the species includes specialists that utilize different resources. The overlap and breadth of generalist species' niches, such as those of topmouth culter and Mongolian culter, are much greater than those of the others. Moreover, the generalist species typically have a wider spectrum of trophic resources and feed at multiple trophic levels. They also have lower trophic redundancy, higher trophic evenness, higher trophic diversity, and larger trophic niches (Shea and Chesson, 2002; Ribeiro et al., 2007; Hayden et al., 2014; Cicala et al., 2020), indicating that these species take full advantage of the food supply in the habitat and could be more competitive in the presence of limited resources. In addition, previous studies have shown that adults of the Mongolian culter are carnivorous, mainly feeding on sharpbelly, while topmouth culters mainly feed on various fishes, such as fishes in Rhodeus, Culter, and so on (Xing and Yang, 1992; Ni and Wu, 2006; Zhang, 2008). Our study also showed that although both Mongolian culter and topmouth culter could be bigger and regarded as “generalist,” the CR of Mongolian culter was lower than that of topmouth culter, indicating that the food sources of the former were narrower, and its viability would be more sensitive to environmental turbulence, which might be necessary to pay attention to by managers. Moreover, the researchers proposed that artificial release or formulating reasonable fishing ban periods, or prohibiting harmful fishing gear fishing laws were effective measures to proliferate large and medium-sized commercial fish, adjust community composition, and stabilize interspecies relationships in Taihu Lake (Yin and Miu, 1991). So as for the redfin culter and topmouth culter, the competitive ability was weaker than the other two carnivorous Cultrinae fish species. We can take appropriate proliferation measures, such as setting a fishing ban period, fishing ban, or taking necessary artificial proliferation measures to maintain the stability of the Lihu Lake ecosystem.

Small topmouth culter and Mongolian culter are omnivorous, feeding on small zooplankton and small fish (e.g., Rhodeinae and Pseudorasbora parva) (Yang et al., 2002; Liu et al., 2007; Liu, 2008). However, large individuals are carnivorous, preferring high-energy lake anchovy and other small fish, such as redfin culter. Adult culters prefer open upper–middle water layers, whereas juveniles prefer slow-moving shoal water (Tan et al., 2009). Thus, their different food sources may reflect their different habitats. Food intake increases and the capacity for predation strengthens according to their body growth (Yu et al., 2012). Because of the dual effects of inter- and intraspecific competition, the culters tend to feed on high-energy food organisms that meet their growth requirements. While optimal foraging theories predict trophic niche broadening as a consequence of reduced food availability, where consumers relying on insufficient preferred food items are forced to add less profitable resources to their diet, hence widening their trophic niche. Other biological factors also influence the niche of a species, including food density and diversity, population size, and predator-prey relationships. In addition, seasonal changes in aquatic environmental factors also influence their distribution and food resources, thus affecting fish biomass in the trophic niche (Bearhop et al., 2004; Sha et al., 2015).




Conclusion

This study presents the trophic niche characteristics of four carnivorous Cultrinae fish species in Lihu Lake. The results support the preview hypothesis that the topmouth culter has a wide spectrum of trophic resources and feeds at multiple trophic levels compared with the Mongolian culter, humpback, and redfin culter. Based on comparisons of four similar species, we know that the competitive ability of redfin culter and humpback is weaker than the topmouth culter and Mongolian culter, and the Mongolian culter is more sensitive to environmental turbulence than the topmouth culter. All these findings show the influence of trophic interactions of culter and Cultrichthys in lake ecosystems and provide information that assists in resource protection with respect to nutritional ecology. Future research should be conducted to determine the mechanism of the differences in the nutrition acquisition of the four species examined in this study.
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