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Coral reefs are among the most productive and diverse ecosystems on the planet, yet have suffered sharp declines in the past few decades. To better understand how reef fish communities respond to disturbances in the South China Sea, we investigated the species diversity, trophic composition, and shoaling size of fish communities of four coral reefs in different states of degradations. We found that reef degradation was related to the dominance of herbivores and the decline of planktivores, reflecting the shift towards an algae-dominant community causing by reef degradation. Additionally, degradation reduced the shoaling size of planktivores, but herbivores and omnivores might benefit from the degradation and formed larger groups in Yongle Reef. Our results shed light on the response of the reef fish community to habitat degradation and provided new insights into the conservation of coral reefs in the South China Sea.
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Introduction

Coral reefs are one of the most productive ecosystems in the ocean. As keystone species of coral reef ecosystems, reef-forming corals created complex three-dimensional landscapes that support diverse reef-dwelling fish species with a range of feeding habits, from extreme specialists to flexible generalists (Floeter et al., 2018; Borstein et al., 2019). Despite their ecological importance, coral reefs have been subject to global degradation in recent decades due to natural and anthropogenic factors, such as climate change, outbreaks of crown-of-thorns starfish (CoTS, Acanthaster spp.), overfishing, and pollution (De'ath et al., 2012; Robinson et al., 2017; Hughes et al., 2018). This degradation has led to the mass death of living corals, increasing the erosion of coral skeletons by waves and reduced the structural complexity of reef, which weakened the ecosystem services of coral reefs (Zawada et al., 2019).

Increasing studies had demonstrated that degradation of coral reefs had substantial effects on the structure of reef fish assemblages (Smale et al., 2019). Habitat degradation, manifested as loss of coral diversity and coverage, can alter the structure of fish assemblages in a bottom-up manner. When habitat degradation occurs, species that cannot adapt to the new environment are eliminated, while species that utilize broken reef substrata, such as dead corals or rubble, would take their place. For example, a loss of structural complexity can reduce the refuges of small reef fish, exposing them to greater threats such as predation and fishing, leading to population decreases (Graham and Nash, 2013; Fontoura et al., 2020). In addition, degradation of coral reefs is often accompanied by algal blooms, which boosts the population of algae-eating fish while inhibiting the reproduction of other fish (Cheal et al., 2010). Moreover, the disruption of fish community structure, especially the loss of fish involved in coral recruitment, in turn impedes the natural recovery of corals and coral reef ecosystems, damaging the resilience of the coral reef ecosystem (Robinson et al., 2019). Therefore, the recruitment of fish species can drive the community composition of degraded coral reefs (Feary et al., 2007). Understanding the turnover of coral reef fish species after destruction will not only help us understand the ecological regulation mechanism of reef fish communities, but also promote the recovery of reef fish populations and the conservation of coral reef biodiversity.

Classification of trophic groups based on the diet of fish species provides new perspectives on the ecological roles of reef fish, contributing to understanding the relationship between species recruitment and environmental factors (Beukhof et al., 2019). For example, degraded coral reefs usually shift to an algae-dominant state, leading to the increase of herbivorous fish (Pandolfi et al., 2003). Moreover, herbivores can be further divided into several sub-guilds according to the different types of algae consumed, including grazer/detritivore, scaper/excavators and browsers. Both grazer/detritivore and scaper/excavators graze turf algae but the former rarely moved the underlying substratum, while scaper/excavators usually remove some underlying carbonate substratum when feeding, and browsers exclusively feed on macroalgae (Edwards et al., 2014). Therefore, the relative proportion of trophic groups indicates the different recruitment of fish in different degrees of degraded coral reefs. Shoaling behavior is also an important functional characteristic of reef fish, reflecting the living status in post-recruitment (Pitcher, 1986). A smaller group of fish may result from poor resources in the ecosystems and/or overfishing, suggesting a decline of the ecosystem functioning of coral reefs (Guerra et al., 2022). Investigating shoaling behavior can help to understand the regulation of coral reef fish behavior under environmental stress during degradation.

Coral reefs in the South China Sea (SCS) are important parts of the Coral Triangle, the hotspot of marine biodiversity (Stuart-Smith et al., 2013; Fan et al., 2023). However, the coral reefs in the SCS are facing a sharp decline due to the increased intensity of marine heat waves and outbreaks of CoTS (Wu et al., 2019; Yan et al., 2019; Xiao et al., 2022), resulting in the changes of fish community structure (Dai et al., 2022). Conservation of coral reefs in the SCS is urgently needed, but our understanding of fish communities’ response to degradation is far from enough (Zhou et al., 2021). To investigate the influence of different degrees of coral reef degradation on fish species recruitment, we surveyed the fish diversity of four typical coral reefs in the SCS and compared the species composition, the relative abundance of different trophic groups, and the shoaling size of key fish species of reefs at the same latitude.





Materials and methods




Study location and data collection

We conducted a survey on four coral reef sites at different degrees of degradation, Meiji Reef, Yongshu Reef, Qilian Island, and Yongle Islands, in May 2022. By comparing different islands and reefs within the same latitude and small scale, we aimed to explore the influence of reef plate destruction on the community structure of coral reef fish. This approach allowed us to eliminate the mixed influence of multiple objective factors such as latitude, ocean current, marine realms, and human fishing intensity to a certain extent. The Meiji Reef and Yongshu Reef located in the Nansha Islands in the SCS and were almost at the same latitude (~ 9°N) (Figure 1A). While Meiji Reef maintains a more complex coral structure community, Yongshu Reef was suffering from the predation of CoTS, which has disturbed the coral community structure to some extent (Figure 1B Upper left and right). The Qilian Island and Yongle Islands, located in the Xisha Islands in the northern SCS at ~16°N (Figure 1A), showed a different pattern. The degradation degree of coral biodiversity in Yongle Island was more serious than that in Qilian Island (Figure 1B Lower left and right). Typically, the reef-forming corals in Yongle Island have died off in large numbers, and have shifted to a soft-coral-covered ecosystem. The newly born soft corals have a single species composition and low spatial organization complexity. Overall, Meiji Reef and Yongshu Reef, as well as Qilian Island and Yongle Island, have similar hydrological and ecological environments, due to similar latitude, ocean current, marine realms, and human fishing pressure. However, due to the marine heat wave or the outbreak of CoTS and other reasons, the reefs of Yongshu Reef showed initial signs of degradation, and Yongle Island was seriously damaged, while the corresponding Meiji Reef and Qilian Island were well preserved (Table 1). How does this change further affect the community structure of its inhabitants, especially coral reef fish?




Figure 1 | The location and status of coral reefs in this study. (A) Study areas in the South China Sea; (B) Photos showed the status of coral reefs across the four sites. Upper left: Meiji Reef with the highest structural complexity and complete ecosystem. Upper right: Yongshu Reef with high structural complexity but suffering the predation of CoTS. Lower left: Qilian Island with low reef coverage and structural complexity. Lower right: Yongle Islands with the shift to a soft-coral-covered community; (C) Community clustering results of the four coral reefs.




Table 1 | Status of the four coral reefs.



We totally set up 32 transects in Meiji Reef, 17 transects in Yongshu Reef, 9 transects in Qilian Reef, and 4 transects in Yongle Reef to conduct the underwater visual census (Table 2). The underwater visual census (UVC) was conducted by line transects by the same divers equipped with Gopro cameras at a depth of no more than 18 meters in the whole survey to avoid the survey bias. Each transect was no less than 50 meters in length or 15 minutes in dive time. We then analyzed the videos to identify fish species and abundance. Frame compliance was performed at a rate of 30 frames per second, using a 10-second sliding window. Each frame was divided into four parts, upper left, lower right, upper right and lower right to count the shoaling size of fish occurred at the same time. Any fish whose images were too fuzzy to be identified were excluded from the analysis. Additionally, the structural complexity of coral reefs in each transect was also recorded, which were crucial in understanding the relationship between fish abundance and reef structure.


Table 2 | Sample efforts on each coral reefs.







Community comparison

We calculated the sample coverage and estimated species diversity of each reef fish community using the iNext function in the R inext package based on the abundance of each reef fish species (Hsieh et al., 2016). Hill numbers of different q orders were calculated. When q = 0, Hill numbers mean species richness; q = 1, Hill numbers mean Shannon diversity; q = 2, Hill numbers mean Simpson diversity. As q increases from 0 to 2, this index places less emphasis on the impact of rare species. Community clustering was conducted using the Bray-Curtis distance for species and family composition. Then we explored the species abundance patterns of each reef fish community to identify their distinct community structure.





Trophic groups

Trophic groups play a crucial role in reef fish communities’ functioning. In this research, reef fishes were categorized into five primary trophic groups: carnivores, corallivores, herbivores (including detritivores), omnivores and planktivores. To provide a more detailed understanding, carnivores were further divided into piscivores, general carnivores (feed on fish and invertebrates), invertivores, scaly fish and ectoparasite feeders, following Pratchett et al. (2011). Similarly, herbivores were subdivided into grazer/detritivores, scaper/excavators and browsers, following Edwards et al. (2014). Each species was assigned to a sub-trophic group based on their feeding habits on the fishbase (https://www.fishbase.org/). Finally, we calculated the relative abundance of each trophic group to reveal the trophic structure of each reef site.





Shoaling size

We counted the shoaling size of each fish species of each site, which was defined as the number of individuals of the same fish species occurring in the same frame in the video. Wilcoxon rank sum tests were conducted to investigate the differences between the median fish group size across the four reefs. Additionally, we investigated the group size of each reef community’s top five abundant species. All analyses were performed by R Statistical Software v4.1.0 (R Core Team, 2021).






Results




Species diversity

Our results showed that the sample coverage of each reef community was > 99%, indicating a strong and nearly equal sample effort for each site, despite their different number of transects and reef areas (Figure 2), indicating that our data was sufficiently representative of the local reef fish biodiversity. Our analysis of diversity indexes from different perspectives revealed that Meiji Reef (225 species) harbors the richest biodiversity, followed by Yongshu Reef (182 species) and Qilian Island (114 species), and Yongle Islands (72 species) had the poorest. The rank of the structure complexity of the four reef sites was: Meiji Reef > Yongshu Reef > Qilian Island > Yongle Island, which was consistent with their species diversity rank, suggesting the relevance between species diversity and reef structure complexity. The community clustering results showed that Meiji Reef and Yongshu Reef, as well as Qilian Island and Yongle Islands, formed a sister clade respectively, which was consistent with their geographical distance (Figure 1C). These results provide valuable insight into the distribution of reef fish biodiversity in the studied area.




Figure 2 | Sample coverage and species diversity estimation of the four reefs. (A) Sample coverage estimation of the four reefs. The solid shape marks the observed sample coverage. (B) Species diversity estimation of the different q orders. When q = 0: Species richness; q = 1: Shannon diversity; q = 2: Simpson diversity. The solid shape marks the observed diversity values.



As typical reef fishes, Labridae, Pomacentridae, and Chaetodontidae species were the most dominant fish in all four reef communities (Figure 3). Specifically, in Nansha study areas, Meiji Reef harbored more coral-reef-associated fish species than Yongshu Reef which might be due to the ongoing outbreak of CoTS in Yongshu Reef. Meiji Reef had more abundant Pomacentridae (43 species vs 32 species), Chaetodontidae (20 species vs 12 species), Scaridae (17 species vs 11 species), and Serranidae (17 species vs 8 species) species than Yongshu Reef, while Yongshu Reef had more Labridae species than Meiji Reef (40 species vs 35 species). Regarding the dominant species of communities, Chromis margaritifer and Thalassoma amblycephalum were among the most abundant species in Meiji Reef, while Odonus niger was dominant in Yongshu Reef, accounting for 19.7% of the fish population. This pattern also observed in the Xisha coral reef ecosystem. Notably, the diversity of reef fish in Yongle Reef, where reef-building corals were severely degraded, was significantly lower than that in Qilian Island. In addition, Chromis margaritifer was the second richest species (18.4%) in Qilian Island, while in Yongle Islands Chlorurus spilurus took its place in the community (20.0%) (Figure 3). Our results indicated a discrepancy between the community composition of different reefs at the same latitude, which might reflect the influence of local environmental pressure caused by reef plate degradation.




Figure 3 | Species composition across four reefs. (A) The species number of each family of the four reefs. (B) The top 20 most abundant species of each reef. Color of species name indicates their trophic group.







Trophic composition

Analysis of the feeding function of coral reef fishes suggested that the species trophic composition of coral reef fishes was similar in different coral reef ecosystems. The trophic groups with a relatively high number of species were general carnivores, omnivores, invertivores, planktivores, scaper/excavators and grazer/detritivores for all reef sites (Figure 4A). In addition, by comparing the composition of reef fish trophic groups at the same latitude, we found that different degrees of coral reef damage had an impact on the species’ trophic composition of coral reef fish community. The most typical one was the Yongle Islands, whose coral reefs had been severely degraded and transformed into an ecosystem dominated by soft corals and algae (Figure 1B right). This transformation disrupted the stability of the existing coral reef fish composition, resulting in a larger proportion of scraper/excavators (22.68%) and a smaller proportion of planktivores species (9.72%) than the neighboring Qilian Island (5.17% accounted for scraper/excavators and 17.54% accounted for planktivores) (Figure 4A). Moreover, the similar trophic structure of Meiji Reef and Yongshu Reef suggested that the relative species number of trophic groups could keep relatively stable at mild degradation or in the process of being degraded (Figure 4A).




Figure 4 | The composition of trophic groups of the four reefs. (A) Species composition. (B) Abundance composition.



As for the abundance of trophic groups, Meiji Reef and Yongshu Reef harbored more abundant carnivorous fish than Qilian and Yongle Islands (Figure 4B). Furthermore, the difference between Meiji Reef and Yongshu Reef was mainly in general carnivores, planktivores, and herbivores fauna. Meiji Reef had more abundant planktivores (Meiji vs Yongshu: 46.2% vs 36.2%), while in Yongshu Reef general carnivores and scraper/excavators were more common (Meiji vs Yongshu: 10.3% vs 17.6%; 3% vs 8.9%) (Figure 4B). The higher percentage of general carnivores in Yongshu Reef contrast to Meiji Reef was mainly contributed by the increase of four species (Gnathodentex aurolineatus, Lutjanus Kasmira, Mulloidichthys vanicolensis and Thalassoma quinquevittatus) (Figure 3B). Besides, the composition of herbivores in Yongle Islands differed from that in Qilian Island, reflected by the dominance of scraper/excavators (Yongle vs Qilian: 22.7% vs 5.2%) and grazer/detritivores (Yongle vs Qilian: 11.5% vs 2.2%), suggesting the transition to the soft corals- and algae-dominant ecosystem in Yongle Islands (Figure 4B).





Shoaling size

We compared the shoaling size of the same fish species between coral reefs using wilcoxon rank test. We totally found 16 species with significant difference among coral reefs, among which shoaling size of all planktivores and one omnivores species in Meiji Reef was higher than that in Yongshu Reef (Table 3). However, two general carnivores, one scraper/excavators and two omnivore species had larger shoaling size in Yongshu Reef than Meiji Reef. This result indicated that the shoaling behavior of coral reef fish might change due to environmental factors such as the outbreak of CoTS. As for Qilian and Yongle Island, three herbivores and two omnivores and one planktivores species gather a larger shoaling size in Yongle Island, except one planktivores, Chromis margaritifer, had larger group in Qilian Island. Therefore, most degraded Yongle Island fed larger herbivores and omnivores group, which might be due to the shift to algae-dominant ecosystem. In conclusion, degradation reduced the shoaling size of planktivores, but supported larger herbivores and omnivores group.


Table 3 | Significant difference of species shoaling size among coral reefs.



We further investigated the difference in the group size of the top five most abundant species of each site and totally focus on 11 species (Figure 5), which could be affected by external factors such as food and overfishing. Results showed that seven species in Meiji Reef had higher group-size ceilings than Yongshu Reef, and the diet of these species was diverse, including carnivore, herbivore, planktivore, and omnivore (Figure 5), indicating Meiji Reef could support larger fish group than Yongshu Reef in general. The median group size of Chromis margaritifier (Wilcoxon rank sum test, p < 0.001) and Ctenochaetus striatus (Wilcoxon rank sum test, p < 0.001) in Meiji Reef was also higher than Yongshu Reef. However, the upper bound of the group size of Acanthurus triostegus and Pomacentrus vaiuli in Yongshu Reef were higher than in Meiji Reef. It was also interesting to note that large aggregations of A. triostegus and Odonus niger have been found on Yongshu Reef, whereas no aggregations have been found on other reefs, especially on Meiji Reef, which is very close to the Yongshu reef (Figure 5). In addition, the group-size ceilings and median values of three species in Yongle Islands, Acanthurus japonicus (Wilcoxon rank sum test, p < 0.001), Chlorurus spilurus (Wilcoxon rank sum test, p < 0.001), and Ctenochaetus striatus (Wilcoxon rank sum test, p < 0.05), were higher than that in Qilian Island, suggesting that Yongle Islands held a larger herbivore group.




Figure 5 | The group size of the top five most abundant species of each reef. gd, grazer/detritivore; se, scraper/excavator; pk, planktivore; om, omnivore; gc, general carnivore. Black points indicated the median group size values. Significant results of Wilcoxon tests were marked, “***”: p < 0.001; “*”: p < 0.05. The orange color of “*” meant the median value of the left side was higher than the right one in the pairs of comparison, while the blue color was the opposite.








Discussion




Differences of reef fish species diversity

Nansha Islands situated closer to the Coral Triangle and equator than Xisha Islands. Therefore, the superior environment and the dispersion from the Coral Triangle resulted in the richer biodiversity of Nansha Islands, manifested as the higher fish diversity of Meiji Reef and Yongshu Reef in our results. Anthropogenic interference might also play an important role, given that Xisha Islands had a larger human population (Ruppert et al., 2018). However, our results also revealed some discrepancies in biodiversity within the Nansha Islands (Meiji Reef and Yongshu Reef), and Xisha Islands (Qilian Islands and Yongle Islands), which might be due to the varying degrees of reef degradation. Various unfavorable factors contributed to the lower diversity of Yongshu Reef compared with Meiji Reef. For example, the overall complexity of Yongshu Reef is lower than that of Meiji Reef, and most of it is relatively shallow reef flat, which is easily affected by marine heat waves. And its structural complexity was also lower than Meiji Reef. Furthermore, the coral reef at Yongle Islands had undergone severe damage and transitioned to a soft coral community, rendering it the poorest in terms of biodiversity.





Trophic structure as an indicator of coral reef status

The trophic structure of reefs could also reflect the status of ecosystem. At the top of food chain, carnivores depend on the prey abundance, making them an important indicator of reef health (Mumby et al., 2012). Herbivores, on the other hand, mediate the competition between corals and algae, and can indicate whether a reef is coral- or algae-dominant (Poore et al., 2012; Vergés et al., 2014). Typically, higher herbivory usually suggests an algae-dominant reef. Among the four sites in this study, Yongle Islands had the highest herbivory, followed by Qilian Islands, Yongshu Reef, and Meiji Reef. Carnivory, however, was the opposite, except for Yongshu Reef. This indicates a shift towards an algae-dominant reef in Yongle Islands, which is consistent with the degree of degradation observed. The unusually high relative abundance of general carnivores in Yongshu Reef might indicate an imbalance of the trophic cascade causing by degradation due to the outbreak of CoTS. In other words, when low-trophic fish are heavily preyed upon without individual replenishing, there is a brief spike in the relative abundance of general carnivores. However, the total fish stocks would eventually decrease because of the exhaustion of prey and subsequent collapse of the carnivore population resulting from the scarcity of prey. Our survey showed that Yongshu Reef (~ 18000 fish individuals) didn’t has greater fish stocks than Meiji Reef (~ 24000 fish individuals) when at the same sample coverage (= ~ 0.9982) (Figure 2).

Reef fish could also pose an impact on the coral reef ecosystems in a top-down manner. Herbivores were known to play a crucial role in preventing the settlement of macroalgae on coral reef surfaces. This, in turn, helps to maintain a suitable microhabitat for coral recruitment and growth, ultimately promoting the dominance of hard corals (Green and Bellwood, 2009). Therefore, herbivores could resist the phase shift from hard-coral-dominant to macroalgae-dominant ecosystems after coral mortality in the degraded coral reefs(Cheal et al., 2013). In our results, the high proportion of herbivores observed in Yongle Islands could be considered as an indicator of reef resilience (Heenan and Williams, 2013). However, subsequent monitoring was needed to assess whether herbivores could effectively reverse the coral-macroalgal phase shifts in Yongle Islands.





Factors causing the outbreak of CoTS

The outbreaks of the CoTS had cause great damage to coral reefs, which could be attributed to the abundant zooplankton supply for larvae, free from predator, and suitable water temperature and salinity (Brodie, 1992; Kroon et al., 2021). The outbreak of the CoTS was observed in Yongshu Reef, where the planktivores accounted for a lower percentage of fish assemblage than Meiji Reef and Qilian Island. A reasonable explanation is that the rapid growth of phytoplankton, due to the absence of planktivores, provided sufficient food for the larvae of CoTS, leading to the local outbreaks of CoTS (Mos et al., 2023). Rich coralline algae and their associated microbial communities might also induce the larval settlement of CoTS (Doll et al., 2023). Future studies were required to investigate the driving factors and consequences of the outbreak of CoTS in Yongshu Reef.





Degradation affecting the fish shoaling size

Living in groups provides many benefits but also incurs costs. The group size can be restricted by the availability of resources, such as food, shelter, and living space (Krause and Ruxton, 2008; Griesser et al., 2011). Our result demonstrated that the degradation of coral reefs could affected the shoaling behavior of reef fish, regulating the shoaling size. Our results showed that Meiji reef harbored the largest group size, while Yongle Islands had the smallest, consistent with the rank of the degree of damage of reef. However, some herbivores might benefit from the shift to algae-dominant ecosystems and formed a larger group size in Yongshu and Yongle Reef. In addition, comparing to degraded habitats, undamaged reefs such as Meiji Reef and Qilian Reef were a suitable habitat for planktivores, which could gather larger groups.






Conclusion

Our study suggested that the degradation of coral reefs had deeply affected the biodiversity, community trophic structure, and the group size of dominant species, resulting in the dominance of herbivores and the decline of planktivores, and the reduction of the mean and upper bound of the group size of fish across different trophic groups. Our findings promoted the understanding of the consequences of reef damage and can enhance the conservation of coral reefs in the SCS. For example, Meiji Reef still holds a healthy coral reef ecosystem, and requires continuous monitoring. Urgent actions should be taken to recover the ecosystem functioning of Yongle Islands, such as the curb of overfishing and pollution and establishment of protection areas.
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