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Functional diversity is critical to ecosystem stability and resilience to disturbances as it supports the delivery of ecosystem services on which human societies rely. However, changes in functional diversity over space and time, as well as the importance of particular marine fish species to functional space are less known. Here, we reported a temporal change in the functional diversity of marine capture fisheries from all coastal provinces in China from 1989 to 2018. We suggested that both functional evenness (FEve) and functional divergence (FDiv) changed substantially over time, especially with considerable geographic variation in FEve in the detected patterns. Even within the same sea, the relative contributions of fishes with various water column positions and trophic levels in different waters have different patterns. Together these results underline the need of implementing specific climate-adaptive functional diversity conservation measures and sustainable fisheries management in different waters.
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1 Introduction

Marine fisheries and ecosystems are threatened by climate change and human activities worldwide, rising issues such as habitat degradation or resource overexploitation (Brierley and Kingsford, 2009; Halpern et al., 2015; Hilborn, 2016; Hughes et al., 2017). Despite conservation efforts to restore habitat and resources, biodiversity loss continues at regional and global scales in diverse ecosystems (Vitousek et al., 1997; Cardinale et al., 2006; Maclean and Wilson, 2011; Worm and Tittensor, 2011; Mouillot et al., 2013). As a critical part of biodiversity, functional diversity indices have been increasingly applied to fish communities to explore the connection between biodiversity and ecosystem function, indicate the community structure changes, and assess the effect of multiple pressures (Villéger et al., 2010; Mouillot et al., 2013; Stuart-Smith et al., 2013; Belley and Snelgrove, 2016; Villéger et al., 2017; Rolim et al., 2022; Zhao et al., 2022). However, only a few studies so far report the functional diversity of marine fish communities.

China is the world’s largest producer of capture fisheries, accounting for approximately 15% of total global captures in 2018 (FAO, 2020). Thus, China’s sustainable marine capture fishery industry is critical to the global seafood supply, food security, and seafood trade (Smith et al., 2010; Blomeyer et al., 2012; Su et al., 2020). Zhao et al. (2022) recently used China’s reported marine catch data and a comprehensive set of functional traits to explore how the functional diversity of commercial fish communities responds to climate change and changes in fishing pressure. They showed that climate warming and fishing significantly and oppositely affect the functional diversity (i.e.,FEve and FDiv), partly causing functional diversity fluctuations in China’s seas. FEve describes the regularity of species abundance distribution in the functional space and reflects the overall utilization of resources by species. FDiv measures how species abundances diverge from the center of the functional space and reflects the competitive pressures among species in communities (Mason et al., 2005; Villéger et al., 2008). Functional diversity is a crucial facet of biodiversity, but how it changes over space and time is less known than taxonomic diversity (Trindade-Santos et al., 2020).

In recent years, Chinese government has invested extensive efforts into curbing overfishing and developing sustainable fisheries, and prioritized fishery resource conservation in marine fishery management (Han et al., 2018; Su et al., 2020; Zhao et al., 2021). Zhao et al., 2021 indicated that China’s aquaculture is transforming into a sustainable development pattern with low input and high output, reducing its dependence on marine wild fishery resources. Along with the development of Chinese sustainable capture fisheries and increasing climate change in recent decades, an enhanced understanding of how biodiversity changes in space and time could improve decision-making about establishing protected areas, sustainable fishery management, etc. Here, China’s marine catch data and functional traits reported by Zhao et al. (2022) were used to explore the temporal characteristics of functional diversity changes in fish communities caught by each province and the patterns of species’ contributions to the functional space. This study could help guide targeted biodiversity conservation policies and marine fishery management under multiple pressures across various provinces and seas.



2 Materials and methods


2.1 Data set


2.1.1 Catch data

Marine catch data of 11 coastal province administrative regions (Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Guangxi, and Hainan) from 1989 to 2018 were collated from the National Fishery Statistics Yearbook (Ministry of Agriculture and Rural Affairs of the People's Republic of China, 1990-2019). From 1989, 16 species or species groups (four individual species and 12 species groups) have been reported continuously and account for more than 84% of the total reported fish catch (Supplementary Table S1). In the present study, all catches in coastal regions were from the Bohai Sea, Yellow Sea, East China Sea, and South China Sea. Catch data for all seas were obtained by combining provincial catches based on their main fishing waters (Supplementary Table S2). Although the catch data for Chinese fisheries have been a subject of scrutiny for many years, the main concern is that China may over-report its catch (Watson and Pauly, 2001; Pauly et al., 2014; Pauly and Zeller, 2016). However, scaling up or down the reported catch should not introduce bias into FEve and FDiv estimation (Zhao et al., 2022), and we used relative catch data to calculate them.

Starting from the time records began in 2003, the proportions of power between different fishing methods remain relatively stable with no drastic overall changes in all provinces (Supplementary Figure S1). Over the past three decades, trawls, gillnets, and stow nets represent the three major fishing gears, accounting for approximately 81% of the total catch in China. Despite some variations in power proportions of trawling and gillnet vessels in Tianjin, Hebei, Jiangsu, and Shanghai, the poor selectivity of trawls and gillnet characterizes Chinese fishing activities indicates that the catch comprises many species and a large yield of bycatch without specific bias towards any species. In general, China’s marine fishing practices have been exhaustive and largely nonselective, with minimal discard over the past decades (Costello et al., 2016; Costello, 2017; Szuwalski et al., 2017; Zhang et al., 2020; Zhao et al., 2021). Moreover, the proportions of China’s annual catch from different fishing methods remained relatively stable from 1989 to 2018, suggesting that no single fishing method changed disproportionately in catch over the past three decades (Zhao et al., 2022). Thus, relative catch could represent a good proxy for the compositional community changes occurring in the ocean.



2.1.2 Functional traits

The selection of traits to be incorporated into functional analyses depends on the research question. This study focused on the functional diversity characteristics of commercial marine fish communities in all coastal provinces under multiple environmental pressures. Thus, the functional trait database, which encompasses seven traits (water column position, mouth position, diet, mean preferred temperature, trophic level, maximum body length, and body shape) was obtained from Zhao et al. (2022) for four individual species and 12 species groups (species–group mean quantitative traits were used), including food acquisition, locomotion, ecological adaptation, and population dynamics (Supplementary Tables S2, S3). China’s fisheries record lumps a group of species with similar characteristics into one category. Many fish species occupy a large range, lacking differentiation between the communities according to the sea boundaries. In general, selected species that are similar in the ecological niche for each species group (Zhao et al., 2022). Thus, it is still appropriate to calculate functional diversity indices with the species–group mean quantitative traits. An underlying assumption of using a single estimate for each trait for a species or species group is that trait values are fixed and do not change for a particular species in time, space, or as individuals grow.

Subsequently, we followed the procedure described by Laliberté and Legendre (2010). First, a trait matrix for the complete set of species and species groups was constructed and then converted into a Gower dissimilarity matrix, which is a non-Euclidean measure appropriate for datasets comprising a combination of categorical and continuous traits with missing values. Then, principal coordinate analysis (PCoA) was performed on the dissimilarity matrix, and the first four axes of PCoA were selected as the new traits in accordance with Zhao et al. (2022).




2.2 Functional diversity indices

Different functional metrics provide distinct and often complementary perspectives on functional diversity (Villéger et al., 2008; Mouillot et al., 2013). Here, two complementary indices (FEve and FDiv) were calculated to assess the functional diversity of commercial marine fish communities for each province. The ecological effects of a species were well-documented to be generally proportional to its abundance or biomass (Grime, 1998). Compared to diversity metrics based on a simple count or inventory of species present within a broader geographic region, abundance-weighted functional diversity more accurately reflects community functional structure (Stuart-Smith et al., 2013). In the present study, the functional diversity indices were calculated based on the new traits (i.e., four axes of PCoA on Gower dissimilarity matrix) and the relative catch of species or species groups (Zhao et al., 2022). All functional diversity metrics were computed using the “FD” package in R.



2.3 Statistical analysis

First, locally estimated scatterplot smoothing regression was used to assess each province’s temporal nonlinearity in functional diversity indices. Then, relative contribution of each species or species group was calculated by sequentially removing species or species groups from the dataset and then recalculating the functional diversity indices and computing the percent change in diversity value before and after species disappear (Pool et al., 2014). Here, the fishing water of each province’s fishing fleets was assumed to have not changed over the past three decades. All commercial species or species groups have been reported in the Bohai and Yellow Seas, the East China Sea and the South China Sea. Thus, several species or species groups were unreported in some years, which should be too little in catches. Relative catches for unreported species or species groups were counted as 0. As the four axes of PCoA was used to construct the trait space, unreported species or species groups could still affect the relative positions of all species or species groups in the functional space when removed. Here, the relative contributions of species or species groups with catch count of 0 were generally small but still retained. Besides, FEve and FDiv were related to changes in species abundance rather than richness. Counting the catch of unreported species or species groups as 0 would cause little bias, and we didn’t consider them here. Interquartile range method was used to detect outliers in the resulting relative contribution dataset (Rousseeuw and Hubert, 2011; Vinutha et al., 2018). The “wilcox.test” function from the “stats” package (R Development Core Team, 2020) was used to conduct Wilcoxon rank-sum tests and compare the relative contributions of fish species or species groups with different water column positions (demersal and pelagic) and trophic levels (with 3.5 as the threshold) to FD. All statistical analyses were performed using R version 4.1.1 for Windows (R Development Core Team, 2020).




3 Results


3.1 Dynamics of functional diversity across all provinces

Across all provinces, FEve fluctuated stronger than FDiv over the past three decades, except for the Guangdong (Figure 1). The functional diversity indices of five provinces (Tianjin, Hebei, Liaoning, Jiangsu, and Shandong) that mainly fished in the Bohai and Yellow Seas were the most unstable, followed by three provinces (Shanghai, Zhejiang, and Fujian) that mainly fished in the East China Sea. Three provinces (Guangdong, Guangxi, and Hainan) that mainly fished in the South China Sea exhibited a considerably stable functional diversity over time for both functional diversity indices.




Figure 1 | Locally estimated scatterplot smoothing regression curves of functional diversity for each coastal province from 1989 to 2018. The shaded gray column indicates 95% confidence interval. SDFEve, standard deviation of functional evenness; SDFDiv, standard deviation of functional divergence. (FEve, functional evenness; FDiv, functional divergence).





3.2 Relative contribution of fishes to functional space

The relative contributions of fishes in the Bohai and Yellow Seas and the South China Sea were more concentrated than that in the East China Sea (Figure 2). The relative contributions of fishes in the South China Sea to both functional diversity indices were lower than that in the Bohai and Yellow Seas and East China Sea, except for FDiv in the Bohai and Yellow Seas (Figure 2). In most provinces, the relative contributions of fishes with different trophic levels to both functional diversity indices varied greatly. Only few provinces had significant differences in the relative contributions of fishes with different water column positions (Figures 3, 4). In all provinces, the contribution of low-trophic-level fish to functional diversity was higher than that of high-trophic-level fish, except for Shanghai and Guangxi (Figure 3). In Liaoning, Shandong, Fujian, and Hainan, demersal fish contributed more to FEve, while pelagic fish contributed more to FDiv in Guangdong, Guangxi, and Hainan (Figure 4).




Figure 2 | Contribution of 16 species or species groups to functional diversity in different seas. The dashed line indicates the average contribution of all species across three seas. The black circle is 95% confidence level ellipse for a multivariate t-distribution.






Figure 3 | Comparison of relative contributions of fishes with different trophic levels to functional diversity for 11 provinces. The results of Wilcoxon rank-sum tests are shown upon each plotted item (*p < 0.05; **p < 0.01; ***p < 0.001; Supporting Information Table S5 shows the complete Wilcoxon rank-sum tests. FEve, functional evenness; FDiv, functional divergence).






Figure 4 | Comparison of relative contributions of fishes with different water column positions to functional diversity for 11 provinces. The results of Wilcoxon rank-sum tests are shown upon each plotted item (*p < 0.05; **p < 0.01; ***p < 0.001; Supporting Information Table S5 shows the complete Wilcoxon rank-sum tests. FEve, functional evenness; FDiv, functional divergence).






4 Discussion

Functional diversity is a key facet of biodiversity that accounts for the diversity of biological and ecological features of organisms related to their responses to the environment and their effects on ecosystem processes (Su et al., 2022). The functional diversity of marine fish communities is facing pressure from habitat degradation, human activities, climate change, and overfishing (Villéger et al., 2010; D'Agata et al., 2014; Brandl et al., 2016; Zhao et al., 2022). In China, marine fishery resources and functional diversity have been affected by various factors, such as overfishing and climate change (Blasiak et al., 2017; Costello, 2017; Zhao et al., 2022). However, evaluating the functional diversity of marine fish communities and the influencing factors is insufficient. The results of the present study showed that the functional diversity of different provinces had different performance characteristics under multiple disturbances, and the most considerable temporal fluctuations were found in provinces that fished in the Bohai and Yellow Seas and East China Sea (Figure 1). This finding indicated that the structure of the fish communities fished by Tianjin, Hebei, Liaoning, Jiangsu, and Shanghai fluctuated wildly, and these communities were probably more vulnerable in terms of resistance to external multiple pressures than those fished by Guangdong, Guangxi, and Hainan.

Our results showed that the relative contributions of fish species in the Bohai and Yellow Seas and the East China Sea were generally higher than that in the South China Sea (Figure 2 and Supplementary Figure S2). Moreover, in the past three decades, the functional diversity of provinces that fished in the Bohai and Yellow Seas and the East China Sea fluctuated greatly (Figure 1). If a particular species disappears [e.g., redistribution following the gradients of habitat suitability by their temperature preferences and limits or even local disappearance as temperature limits are exceeded (Cheung et al., 2010; Jones and Cheung, 2015; Cheung et al., 2016)] in the Bohai and Yellow Seas and the East China Sea, it would lead to more remarkable changes in the functional space and increased vulnerability to external environmental disturbance. Moreover, fish and other animals have already moved poleward and such movements are expected to continue or accelerate (Poloczanska et al., 2013; Cheung et al., 2016; Pinsky et al., 2020; Melbourne-Thomas et al., 2021). Thus, even in the South China Sea, where functional diversity is more stable, fish communities structure may change greatly in the future.

Meanwhile, low-trophic-level fish generally showed greater relative contributions to functional diversity (Figures 3, 4). This finding could be supported laterally by the substantial changes in the domestic marine catch composition, from the predominance of a few medium to relatively large-sized, high-valued, high-trophic-level demersal species to multiple small, low-valued, short-lived, low-trophic-level ones over the past six decades (Liu and De Mitcheson, 2008; Shen and Heino, 2014; Cao et al., 2017; Zhang et al., 2020). This phenomenon also happens worldwide, fishing down the marine food webs (Pauly et al., 1998). The extensive reduction in low-trophic-level forage fish (e.g., anchovy, sardine, and herring) generate concerns that commercial forage fish resources have not been merely overharvested but caused severe effects on the diversity of marine fish communities (Zhang et al., 2020; Zhao et al., 2022; Zhao et al., 2021; Zheng et al., 2014). Moreover, even within the same sea, no fixed pattern of the relative contributions of fishes existed with different water column positions and trophic levels in different waters (Figures 3, 4). Thus, designating climate-adaptive conservation schemes in accordance with different fish community features are necessary to improve functional diversity conservation.

At present, the Chinese government is vigorous in controlling marine overfishing (Han et al., 2018; Su et al., 2020; Zhao et al., 2021), but climate change could be difficult to control in the short term. Meanwhile, controlling overfishing alone will not conserve functional diversity of commercial marine fish communities under climate change (Zhao et al., 2022). Along with the increasing climate warming, the productivity of fish stocks is predicted to decrease in tropical and temperate regions and increase towards the poles (Lotze et al., 2019). A shifting fish stock exacerbates existing fisheries and sustainable management challenges need to be more concerned, and all coastal provinces should strengthen cooperation. Cooperation should extend beyond data sharing to inform genuinely collaborative management, which demands an emphasis on periodically acquiring reliable assessment of species shifts and changes in community structures. Finally, China should develop specific climate-adaptive sustainable fishery management in different waters, which is necessary to consider functional diversity.
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