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Fishery resources are threatened by environmental changes and anthropogenic pressures, particularly in coastal ecosystems. It is crucial to understand the changes of fish communities and their responses to environmental changes and human disturbances to formulate rational fisheries and ecosystem-based management. The Pearl River Estuary (PRE) is a typical sub-tropic coastal ecosystem located in the center of the Guangdong-Hong Kong-Macao Greater Bay Area in the northern South China Sea. The demersal fish in the PRE is traditionally targeted as commercial fishing and severely impacted by overexploitation and hypoxia in the last few decades. In this study, we analyze the fish survey data during the period of 2020~2021 using multivariate statistics to investigate the impacts of human disturbances on the species and functional dynamics of the demersal fish community in the PRE. The results reveal that dissolved oxygen and temperature have significant correlations with the functional traits of the demersal fish community. The impacts of hypoxia on the demersal fish vary with species and locations. We found that the mean functional redundancy of the demersal fish community in the PRE was high across three surveys, but the functional diversity was low in this region. The abundance and richness of the demersal fish community increased during the summer fishing moratorium in the South China Sea in 2021, but the functional diversity did not increase significantly. We conclude that the high functional redundancy in the PRE might not be sufficient to buffer against environmental disturbances because of its low functional diversity. Our study highlights the complicated interactions between the demersal fish community and disturbances in the PRE. Understanding the traits structure and functional diversity of the fish community can help elucidate the factors determining the dynamic responses of the fish community to disturbances.
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Introduction

Over-exploitation, climate changes, pollution and other anthropogenic pressures are threatening the sustainability of global marine ecosystems and fishery resources (Rouyer et al., 2008; Cheung et al., 2013; Frelat et al., 2018). These human pressures play important roles in shaping the spatial distribution of marine species (Perry et al., 2005; Poloczanska et al., 2016; Frelat et al., 2018), impacting the temporal dynamics of communities and ecosystem functions (Rouyer et al., 2008; Mollmann et al., 2009; Brind’Amour et al., 2011; Asefa et al., 2017).

The resilience of communities to environmental changes and disturbances depends on the biological traits, species and functional diversity of communities (Cadotte, 2017; Craven et al., 2018; McLean et al., 2019). Species’ persistence is dependent on environmental conditions and the adaptability of their biological traits. Functional diversity of the community, which is dependent on the functional traits of species, decreases in more extreme environmental conditions where a subset of traits can adapt (Mouillot et al., 2014; McLean et al., 2019). When several species perform similar functions, functional redundancy of communities occurs. It can prevent the loss of communities’ functions caused by the declines in the species and functional diversity (Yachi and Loreau, 1999; Fonseca and Ganade, 2001). Thus, community studies should focus on not only the change of species but also the change in community function and even the interrelation between functional diversity and distributions.

In the marine realm, estuaries are important transitional regions for the material exchanges between land and ocean ecosystems, and generally host remarkable diversity of fishes. Fish communities sustain key ecosystem processes and provide fishery resources in estuary ecosystems. However, the fish communities in estuaries face high pressure due to overfishing and changes in environmental conditions (Duan et al., 2009; Cornwall and Eddy, 2015; Gobler and Baumann, 2016). Acidification and hypoxia in bottom water in temperate and tropical estuaries were frequently reported (Gobler and Baumann, 2016; Marshall et al., 2017).The Pearl River Estuary (PRE) is a typical subtropical estuary ecosystem, a traditional fishing ground and an important nursery ground for many species (Jia et al., 2005). In the last decades, human pressures have deteriorated the water conditions and fish community in the PRE (Jia et al., 2005; Ke et al., 2007). For instance, the hypoxia in the bottom water expanded the intensity and influence range since being discovered in 1985, which directly impacts the demersal fish community in the PRE (Yin et al., 2004; Wang et al., 2018; Cui et al., 2019). Demersal fishes are the traditional commercial fishes in the PRE, and have experienced over-exploitation since 1978 because of the high increase in the number of fishing boats and the advance in the fishing technology (Jia et al., 2005). The PRE can be a typical overexploited estuary ecosystem to analyze the dynamics of the demersal fish community and the response to distributions.In the last two decades, multivariate statistical analysis have been developed and provide ecologists with tools to investigate the relationships between species, functional traits and environmental conditions (Dray et al., 2003; Villeger et al., 2008; Laliberte and Legendre, 2010; Dray et al., 2014; Frelat et al., 2018). In this study, we used multivariate statistical analysis to analyze the temporal and spatial variations of species, the dynamics of trait structure, the functional diversity and the functional redundancy of the demersal fish community, and further explore the impacts of environmental variation on the demersal fish community in the PRE.



Materials and Methods


Fish Abundance Data

We focus on the demersal fish community in the PRE. Since 2020, we conducted three surveys, two in summer (August 2020 and July 2021) and another in winter (December 2020). The summer survey in 2021 was carried out during the fishing moratorium in the South China Sea, including the PRE. The bottom trawl boat used in our surveys is about 120 tons with an engine power of 138 kW. The surveys were conducted at 4 knots for about 30 minutes on average. The surveys covered most of the shallow areas of the PRE (Figure 1). Three surveys include 66 hauls, around 20-24 hauls per survey in the same spatial coverage of the PRE. Fish catches were stored frozen by sites and taken to the laboratory for species identification. We removed the rare and pelagic fish species, which are less than 0.01% of the total abundance of the recorded species in our surveys. Finally, we got 80 fish species from 66 hauls in the PRE.




Figure 1 | Coverage of the sampling sites in the Pearl River Estuary (PRE).





Fish Traits Dataset and Environmental Variables in the PRE

Ecological traits, which are associated to the energy transfer, the environmental filtering and biological interactions, are usually taken into consideration in community studies because they can be used to describe the ecosystem processes and species’ responses to environmental changes (McLean et al., 2018; McLean et al., 2019). we integrated six ecological traits to examine the dynamic processes of communities, including body size, trophic level, the resilience ability of species, salinity preference and habitat preference in the water column position (Table S6). The functional traits we used in this study represent the trophic ecology, morphologic characteristics, life history and habitat preference of fish species, referring to Mouillota et al. (2014). The salinity preference and water column position of the species are adopted to describe the ecological traits of fish species in estuary ecosystems. The detailed information on species traits was obtained from the Fishbase (https://www.fishbase.se/search.php). Environmental variables can shape the structure of fish communities since species tend to live in their preferred environment (Frelat et al., 2018). Temperature, dissolved oxygen (DO) and pH of the bottom water and the average depth of each site are taken into account in this study.



RLQ Analysis and Fourth-Corner Method

The multivariate statistic methodologies allow ecologists to investigate the impacts of environmental variables on the temporal, spatial and functional dynamics of communities simultaneously (Frelat et al., 2018). We applied the RLQ analysis and fourth-corner method to clarify the relationships among the fish distribution, the community composition, the species traits and environmental variables in the PRE. The RLQ analysis and the fourth-corner approach are the most integrated methods for analyzing trait–environment relationships (Kleyer et al., 2012). The RLQ analysis is an extension method of co-inertia analysis to simultaneously perform the ordinations of three matrices, the abundance data (called A or L), the matrix of species by biological or behavioral traits (called B or Q) and the matrix of sites by habitat characteristics (called C or R) (Figure 2). The fourth-corner method uses the formula, D=Q'L'R or D=R' LQ, to calculate the matrix D and test the significance of the species traits and environmental characteristics (Legendre and Legendre, 2012; Borcard et al., 2018).




Figure 2 | Results of the RLQ analysis on the demersal fish community in the PRE: (A) the site (L) scores, (B) the species (Q) scores, (C) the environmental variables and (D) the species traits. Ai, Bi and Ci in (A) are the sampling sites in August 2020, December 2020 and July 2021, respectively (Table S1, S2 and S3). The acronyms with four letters in (B) are the species in the PRE (Table S4). The variates in (C) are the environmental variables, where DO_B is the DO in the bottom water, pH_D is the pH in the bottom water, Temp_D is the temperature in the bottom water and Depth_Ave is the average depth of the sampling site. The acronyms in (D) are the functional traits of species (Table S6).





Diversity Indices


Beta Diversity

Beta diversity can reflect the spatial variance of the community composition in a region by measuring variations in species composition and abundance among all sites (Anderson et al., 2006). We use a method independent from alpha and gamma diversity to estimate the beta diversity, which is the total variance of the site-by-species table Y, Var(Y), called BDTotal (Borcard et al., 2018). The BDTotal is written as

where the SSTotal is the total sum-of-squares of Y (Legendre and De Caceres, 2013; Borcard et al., 2018).

Beta diversity results from the processes of species replacement and richness difference (species gain and loss) (Williams, 1996; Lennon et al., 2001; Borcard et al., 2018). In this study, Podani’s Jaccard-based indices were adopted to describe the richness difference and replacement values of the sampling sites. We used the triangle plots to show the richness difference, replacement and the corresponding similarity of all pairs of the sites. The points in triangle plots represent the triplet of values of a pair of sites, which correspond to the similarity (1-D), replacement (Repl) and richness difference (RichDiff) (Legendre, 2014).



Functional Diversity and Functional Redundancy Indices

Four distance-based multi-trait diversity indices, including functional richness (FRic), functional evenness (Feve), functional divergence (Fdiv) and functional dispersion (Fdis), were proposed by Villeger et al. (2008) and Laliberte and Legendre. (2010). They were independent components in the functional diversity of the demersal fish community in the PRE and are related to or can be used to measure the functional space of a given community, the regularity of the abundance distribution in the multidimensional function space and species abundances distributing within the functional trait space (Villeger et al., 2008; Laliberte and Legendre, 2010).

The inverse Simpson diversity (TD) can represent the potential maximum value of the functional diversity in a community (de Bello et al., 2010; Borcard et al., 2018). The difference between the inverse Simpson diversity and the functional diversity (FD) can be used to measure functional redundancy (FR) (de Bello et al., 2007). Functional diversity is described by using the Rao coefficient, which is calculated as the sum of trait dissimilarities between pairs of species, multiplied by species abundance (Leps et al., 2007). The difference between species i and species j (dij) is conducted by the dissimilarities in functional traits.

Because the number of traits may influence the results of the functional indices (Guillemot et al., 2011), we also performed sensitivity analyses to test the robustness of the functional indices by rerunning all analyses with all combinations of five traits out of six. We did not reduce the number of traits to less than five to process the sensitivity analyses to keep the important dimensions of the functional space of fish assemblage (McLean et al., 2019).





Results


Traits and Distributions of the Demersal Fish Community Linked With Environmental Variables in the PRE

A total of 6930 individuals representing 80 species were sampled in our study (Table S1–S3). There are 36 common species found in the three surveys (Figure S1), but the dominant species are different in each survey. The most abundant species were Ambassis gymnocephalus, Johnius belangerii and Decapterus maruadsi for the three surveys, respectively (Table S5). The sampling sites were divided into summer and winter sub-assemblages, based on the Ward hierarchical clustering. The environmental variables in the summer are characterized by higher water temperature and lower oxygen concentrations, compared to those in winter (Figure 2). DO of bottom water reduced sharply during the summer investigation in 2021. Most of the sites underwent hypoxia processes (Table S3), and the DO of sites C9, C11, C12, C18, C19, C20, C23 and C24 were even less than 2.0 mg/l (Table S3).

The main relationships between fish traits and environmental variables can be explained by the first two RLQ axes. The right (positive) part of the first RLQ axis identifies species of reef-associated habitat preference, such as Decapterus maruadsi, Priacanthus macracanthus, Siganus fuscescens and Saurida tumbil (Figures 2A, C), which are mainly located at the hypoxia areas in the summer of 2021 (Figure 2B). The left part of the first RLQ axis distinguished the species of high trophic levels and habitat preference of the brackish and demersal. The second RLQ axis profiles the assemblages of the winter and summer sampling sites. The positive part associated the winter sampling sites with high salinity and low temperature. The related species, Cynoglossus lineolatus, Lepturacanthus savala and Odontamblyopus lacepedii, were mainly caught in these sites (Figures 2A, C). The negative part of the axis was associated with the summer sampling sites, and the species Drepane punctate, Photopectoralis bindus, Secutor ruconius and Upeneus sulphureus distributed throughout these sites.The D matrix shows detailed interpretations of the traits of the demersal fish and environment variables in the PRE. According to the results, the temperature and DO of the bottom water were strongly linked with the traits of benthopelagic, the preference for saltwater habitat and the aspect ratio of the caudal fin of the demersal fish in the PRE (Figure 3). For instance, the trait of preference for saltwater habitat is positively associated with the temperature in the bottom water but negatively related with the DO in the bottom water. The aspect ratio of the caudal fin of fishes, as the only morphological trait taken into consideration, is negatively associated with the DO of the bottom water. It indicates that the species with a small aspect ratio tend to distribute in non-hypoxic areas. Based on the analysis results of RLQ, the species with a small aspect ratio, such as the Cynoglossus lineolatus and Cynoglossus puncticeps, were mainly caught in the winter of 2020, and these species were also found in the sites with high DO in summer (Figure 2).




Figure 3 | Biplot of the fish traits and environmental variables from the RLQ analysis. The significant positive correlations between fish traits and environmental variables are represented by red cells and negative ones by blue cells, which are obtained from the multiple testing using the FDR (false discovery rate) procedure with the α = 0.05 level. DO_B is the DO in the bottom water; Temp_D is the temperature in the bottom water; Benthopelagic is the trait of species for water column position; Saltwater is the trait of species of salinity preference; AspectRatio is the trait of species of the aspect ratio of the caudal fin. See Table S6 for acronyms of traits.





Community Structure and Functional Diversity of the Demersal Fish in the PRE

The beta diversity indices, representing the spatial variations of the demersal fish structure, are 0.71, 0.63, and 0.79 for the summer and winter in 2020 and the summer in 2021, respectively (Table 1). According to the indices of pairwise sites in the similarity, replacement and richness difference, the among-site variations of the demersal fish community were dominated by replacement with the means of 0.5 in Figure 4A and 0.479 in Figure 4B for the winter and summer in 2020, respectively. The mean value of richness differences in the summer of 2021 was 0.471, higher than the mean value of replacement 0.396 (Figure 4C). Even though there was a relatively higher abundance of fish in the summer, we did not catch any fish in site C19 where the DO reduced to 0.08 mg/L. The environmental factor of the most significant variation is the reduction of DO in the summer of 2021. The results indicate that the hypoxia and anoxia do impact the richness of the fish assemblage in the sampling sites. The impacts of hypoxia depend on the species’ tolerance to hypoxia (Wu, 2002).


Table 1 | The species diversity and the functional diversity indices of the demersal fish community in the PRE.






Figure 4 | Triangle plots of all pairs of sites in the PRE demersal fish data set for the three surveys, based on the Podani indices of richness, abundance difference, replacement and corresponding similarities. The larger black dots in each plot is the mean values of the indices, as well as the position of a “mean pair of sites”. RichDiff is the richness difference. Repl is the replacement.



The alpha functional diversity indices (functional richness, functional evenness, functional divergence and functional dispersion) fluctuated with wide ranges in the PRE (Table 1). The mean values of the alpha functional diversity indices of the demersal fish community in summer were generally higher than those in winter (Table 1). Functional richness indices were significantly low in winter, which indicated that the functional trait space of the demersal fish community was small in winter. The functional richness increased in summer with the increase of abundance and richness of species. According to the sensitivity analyses (Figure S2), our findings on the trends of the functional diversity are robust in the PRE.The mean functional diversity of the demersal fish community was low across all the surveys in the PRE (Figure 5). The mean functional redundancy of the demersal fish community was high in the PRE (Figure 5), indicating that many species in this region showed similar functional traits. The functional diversity and the functional redundancyof the demersal fish community in the PRE were characterized by a typical seasonal pattern. The abundance and richness of species increased during the summer fishing moratorium in the South China Sea in 2021. However, there was no significant difference in the functional diversity of the demersal fish community in the PRE during the summer fishing moratorium of 2021 and out of the fishing moratorium in the summer of 2020. On the contrary, the mean functional redundancy decreased in the summer of 2021 during the summer fishing moratorium, showing a mismatch with the increase of the abundance and richness of species. The trends of abundance and richness of species in and out of the fishing moratorium indicate that the summer fishing moratorium in the South China Sea does benefit some demersal fish species. Nevertheless, for the functional diversity of the demersal fish community, there is no significant benefits from the fishing moratorium.




Figure 5 | Variations in the functional diversity (FD) and functional redundancy (FR) indices of the demersal fish communities in the PRE.






Discussion

Based on the multivariate analyses and the statistical tests, the sampling sites were separated into the summer cluster and the winter cluster in the PRE. The abundance, richness of fish species and the composition of the demersal fish community in the PRE change dynamically in summer and winter. The temperature of the bottom water is significantly associated with the functional traits of the demersal fish community. Since our surveys are limited to 2020-2021, the change in water temperature mainly represents the seasonal changes in these two years. However, our findings suggest that temperature is an important factor shaping demersal fish communities in the PRE. Thus, the past and future ocean warming in the South China Sea region are likely to impact the PRE fish community (Cheung et al., 2013; Cheung et al., 2016). The PRE is an important fish breeding ground in the Chinese coastal areas. The seasonal fluctuation of the water temperature could affect the species’ reproduction processes that impact fish communities beyond the PRE (Jia et al., 2005). Previous studies also demonstrated that ocean warming would be the main threat to the fish communities and fishery resources in the PRE in the next decades (Zeng et al., 2019). Continuous surveys in the future can provide time-series data that help understand the influences of inter-annual changes of water temperature on the fish communities in the PRE.

Hypoxia in coastal waters impacts the fish community compositions by changing their distributions and abundances all around the world (Breitburg et al., 2018). During our survey period in the summer of 2021, there were serious hypoxia processes in the PRE. In some hypoxia sites, the abundance and richness of the demersal fish did not reduce, while the abundance and richness of the demersal fish reduced sharply in other hypoxia sites such as in the C19, no fish being found. Hypoxia affects the physiological and ecological processes of species, then reduces species distribution in ecosystems (Wu, 2002; Vaquer-Sunyer and Duarte, 2008; Seibel, 2011; Hughes et al., 2015). Fish species of high tolerance to hypoxia can expand their distributions in the hypoxic areas. Furthermore, hypoxia can alter the predator-prey relationship and foraging dynamics of fish communities, so some species can benefit from decreasing the predation risks of hypoxia progress (Chan et al., 2008; A. A. Keller et al., 2010; A. A. Keller et al., 2015). Zeng et al. (2019) pointed out that the DO decrease was an important potential factor to the ecosystem and fishery resources in the PRE. The fish species and functional groups in the PRE have different sensitivity to the DO change. The impacts of the hypoxia on the demersal fish in the PRE are complicated and vary among species and locations.According to the insurance hypothesis, the functional redundancy of communities provides communities with a buffer against the impacts of environmental variables, for many species perform similar functions in communities (Sanders et al., 2018). There would be potential declines in the functional diversity, following the loss of species in ecosystems with little functional redundancy among species (Guillemot et al., 2011; Mouillot et al., 2014). In the PRE, the average functional redundancy of the sampling sites was high, while the average functional diversity was low across the three surveys. The abundance and richness of the demersal fish increased during the summer fishing moratorium in 2021, but the functional diversity of the demersal fish community did not significantly change in this period. In the PRE, the high functional redundancy of the demersal fish community may not be able to endure the impacts of environmental changes and anthropogenic pressure with a low functional diversity.Functional diversity and functional redundancy represent the difference and similarity of interspecific functional traits, and affect the ecosystem function through the ecological complementarity and insurance effect, respectively (Yao et al., 2016). However, there is no necessary connection between the higher trait diversity and higher functional redundancy (Mouillot et al., 2013; McLean et al., 2019). Given the low functional diversity and high functional redundancy in the PRE, there would be alternative explanations for the functional redundancy of such highly exploited coastal ecosystems. In the PRE, the high functional redundancy of the demersal fish community might be attributed to the heavy fishing intensity. Anthropogenic stresses on communities may lead to the homogenization of the trait structure of communities to adapt to environmental changes and perturbations (Diaz and Cabido, 2001; Sasaki et al., 2009; Yao et al., 2016). There has been overexploitation of the fish resources for decades in the PRE (Jia et al., 2005; Duan et al., 2009). With the impact of high fishing intensity, the small fish species with short generation and high resilience, which share similar traits, would become the dominant species (Pauly et al., 1998; Ling et al., 2009; Fisher et al., 2010). The compositions of the organismal traits in ecosystems also impact the resistivity of communities to the disturbances (McLean et al., 2019). McLean et al. (2019) found that the increase of the sensitivity of the climatically vulnerable traits (e.g., small, fast-growing species) caused fish communities in the English Channel and Seychelles Islands ecosystem sensitive to climate change (McLean et al., 2019). In the PRE, this kind of apparent insurance provided by the high redundancy with smaller fish species may hide a high vulnerability to the disturbances of environmental variables and fish pressure.Our study is limited by the data collected over two years. It is hard to extend the survey data to long-time series data, since such fish community data in the PRE is scarce and not publicly available. Our study focuses on the seasonal and spatial changes of the taxa, traits and functional diversity of the demersal fish community in the PRE. Although the survey data does not allow us to examine the long-term trends in functional diversity and vulnerability, the observed patterns are valuable to understand the response of the demersal fish community to environmental stresses such as hypoxia in the PRE. Our findings can also contribute to the development of ecosystem models to understand the trophodynamics of the PRE ecosystems and their responses to environmental change (Duan et al., 2009; Zeng et al., 2019). Furthermore, because fishing is the main factor shaping the structure of demersal fish in the PRE, further analysis is needed to find out the effects of the functional redundancy on the stability of the demersal fish community and address the relationship between the functional redundancy and the stability of communities.



Supplementary Data

We provide the details of the species richness, abundance and dissolved oxygen of the bottom water of sampling sites, the ecological traits used in this study, and the sensitivity analyses of the average functional diversity of sampling sites in the supplementary material.
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