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Introduction

Beibu Gulf is a semi-enclosed bay with important ecological and economic value of the northwestern South China Sea (SCS). It proved to be a stressed ecosystem and therefore clearly vulnerable to further external disturbances.





Methods

Data from 26 fishery bottom trawl surveys in the Beibu Gulf from 2006 to 2018 are analyzed to reveal changes in the fish abundance, dominant species composition, diversity, mean trophic level (MTL), and fishing-in-balance (FiB) index.





Results

Fish abundance decreased significantly (p< 0.05) with increased anthropogenic disturbance (e.g., fishing intensity and land-derived pollutants), with catch per unit effort (CPUE) decreasing from 40.69 kg·h−1 in 2006 to 15.84 kg·h−1 in 2018. Dominant species composition has changed dramatically from 2006 to 2018, with fish communities shifting from demersal to pelagic species, and from large and high-trophic-level species to small and low-trophic-level species. Meanwhile, Margalef’s richness and Shannon–Wiener diversity indexes trend downward. The MTL declines from 3.82 in 2006 to 3.71 in 2018 (at 0.08 trophic level per decade), and decreasing with the decrease of the proportion of high-trophic fish and demersal fish in total catch (p< 0.05). A FiB index tends to be less than 0, this index declines with decreasing MTL and fish abundance (p< 0.05).





Discussion

Overall, fish stocks in the Beibu Gulf continue to decline and are currently overexploited. Multiple external disturbances, such as fishing (including overfishing, dominance of trawl fishery, and ‘skipper effect’), habitat disturbance, pollution, and temperature changes, may have contributed to significant changes in fish communities and trophic structure in the Beibu Gulf. 
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1 Introduction

Coastal ecosystems are highly productive, rich in biodiversity, have sustained coastal fisheries for centuries, and support the livelihoods of millions of people globally (Barbier et al., 2011; Lau et al., 2019; Zhang et al., 2020b). In China, since the 1950s, more than 90% of the total marine catch has come from coastal waters (Shan et al., 2016). Unfortunately these waters are also becoming increasingly degraded by fishing (including overfishing, dominance of trawl fishery, and ‘skipper effect’), aquaculture, pollution, industrialization, and the effects of climate change (Crain et al., 2008; Bland et al., 2018; Han et al., 2018; Liang and Pauly, 2019), especially in semi-enclosed shallow bays (Chen et al., 2015; Shan et al., 2016; Zhang et al., 2020b).

Beibu Gulf is a natural semi-enclosed shallow bay in the northwestern SCS. Its unique geomorphology and climate render the area highly productive, and its fishery resources rich (Chen et al., 2009; Wang et al., 2012a). For instance, there are 960 fish species belonging to 475 genera and 162 families reported from the Beibu Gulf, approximately 80% of them are demersal and 20% of them are pelagic (Nguyen et al., 2013). The gulf waters is also one of four traditional fishing grounds in China, and this region is important for food security, the economy, and for employment (Chen et al., 2009; Su et al., 2021).

However, growing demand for fish products has led to increased fishing intensity within the SCS, where the total power of motorized fishing vessels has increased almost 8-fold since the 1980s (Wei et al., 2019). Among them, trawlers were dominant, and their proportion of fishery production remained stable at 40%-50% from 2006-2018 (Wei et al., 2019). At the same time, the skippers tend to target species with high-trophic-level and high value (‘skipper effect’), even though their biomass may be low (Liang and Pauly, 2019). Overfished has led to a decrease in fish abundance and diversity (Pauly et al., 1998; Zhang et al., 2020b). In addition to marine fishing, Beibu Gulf is also affected by increased regional aquaculture and pollution from land (e.g., nitrogen and phosphorus), causing significant eutrophication and red tides (Liu et al., 2019; Leng et al., 2020; Ning and Chen, 2021; Wen et al., 2022), thereby reducing fish growth rates and abundance (Cao et al., 2012; Shan et al., 2016). Meanwhile, nuclear power plants in Guangxi and Hainan province coastal areas also contribute to environmental problems, such as increased water temperature (Yu et al., 2010). Climate change may further degrade critical fish habitat, increase natural fish mortality and reduce fish stocks (Hoegh-Guldberg and Bruno, 2010; Wang et al., 2022).

Furthermore, in addition to reducing fish stocks and biodiversity, overfished affects mean trophic levels (Pauly and Liang, 2019; Su et al., 2021)—one of eight diversity metrics indicating levels of biodiversity reported by Pauly and Watson (2005). MTL has been widely used to evaluate the effects of fishing on fish communities and fisheries resource sustainability (Cury et al., 2005), and many national and international accounts have since identified it to be decreasing. For instance, the MTL in the Quanzhou Bay declined at a rate of 0.10 trophic-level per decade (Du et al., 2010), in the Persian Gulf by 0.11 trophic-level per decade (Razzaghi et al., 2017), and in the Beibu Gulf by 0.04 trophic-level per decade (Su et al., 2021).

In recent decades, studies on the Beibu Gulf fish stocks have focused on fisheries stocks (Sun and Lin, 2004; Wang and Yuan, 2008; Zou et al., 2013; Fu et al., 2019), fish community structure (Chen et al., 2006; Qiao et al., 2008), species diversity (Wang et al., 2011; Wang et al., 2012b), and biological characteristics (Wang et al., 2012a; Wang et al., 2020; Zhang et al., 2020a; Wang et al., 2021). However, few studies have examined how fish communities and trophic structure have changed in response to external stressors. We analyze fish communities and MTL in the Beibu Gulf using data from 26 bottom trawl fishery resource surveys conducted twice annually from 2006–2018. We describe successional characteristics of these communities, and provide a reference for more sustainable development of these fishery resources.




2 Materials and methods



2.1 Data sources



2.1.1 Catch data

Catch data were obtained from bottom-trawl fishery resource surveys in the Beibu Gulf (17°00’–21°45’N, 105°40’–110°10’E) in January (dry season) and July (wet season) from 2006–2018. During each survey, 52 stations were trawled (Figure 1) using a single vessel, the Beiyu 60011 (441 kW power) and gear of 60.5-m length, 37.7-m headrope length, 40-mm codend mesh sizes, towed for ~1 h, and hauled at 3.0–4.0 kn.




Figure 1 | Map of Beibu Gulf survey stations (black dots) from 2006–2018, surrounded by Guangxi, Guangdong and Hainan provinces of China, and Vietnam.






2.1.2 Correlation analysis

Data for total motorized fishing vessel power in the SCS were obtained from Wei et al. (2019) and Chinese Fishery Statistical Yearbooks (Fishery Bureau of Ministry of Agriculture and Rural Affairs of China, 2006-2018). Data for total land-derived pollutants into the Beibu Gulf were retrieved from Ning and Chen (2021) and Zhu et al. (2022), and sea surface temperature (SST) for the region (105–110°E and 17–21°N) from NOAA (https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1sstdmdayR20190SQ.html). Total motorized fishing vessel power in the SCS and total land-derived pollutants and SST in the Beibu Gulf did not correlate significantly (Pearson correlation analysis, p > 0.05).





2.2 Data processing



2.2.1 Fish abundance

Because the survey vessel and gear were consistent from 2006–2018, we analyze CPUE normalized to a hauling speed of 3.5 kn. CPUE for each year is calculated as follows (Nishida and Chen, 2004):

	

where CPUEik is stock abundance at station i in year k (kg·h−1), Yik is the catch at station i in year k (kg), Tik is the hauling time at station i in year k (h).




2.2.2 Dominant species composition

We regard the top 10 species with the greatest proportional (%) contribution to total catch as being dominant for each year (Su et al., 2021). Interannual variation in these dominant species is assessed using dominant species replacement rate (R), calculated as follows (Yang et al., 2000):

	

where a and b are the number of dominant species in consecutive years, and c is the number of common dominant species in consecutive years.




2.2.3 Diversity indexes

We appraise diversity using the Shannon–Wiener diversity (H′) and Margalef’s richness (D′) indexes (Young and Young, 1998). Because of considerable variation in catch existed both within species and among species, diversity expressed using catch was closer to energy distribution among species (Wilhm, 1968). Accordingly, for each index we calculate diversity using catch data as follows:

	

	

where S is number of species, W is total catch (g), and Pi is the proportion of species i to the total catch.




2.2.4 Mean trophic level

We apply a trophic level of 3.5 to differentiate high from low-trophic-level species (Liang and Pauly, 2019) using trophic level reference data from FishBase (www.fishbase.org) and the Sea Around Us Project Database (www.seaaroundus.org). We calculate MTL following Pauly et al. (1998):

	

where MTLk is mean trophic level in year k, TLi is trophic level of species i, m is number of species in year k, Yik is catch of species i in year k (kg), and Yk is total catch in year k (kg).




2.2.5 Fishing-in-balance index

Because it is not rigorous to assess the impact of fishing on marine ecosystems through changes in MTL alone, thereby we use the FiB index of Pauly et al. (2000) to independently identify ‘trophic balance’ in marine fisheries management. The calculation formula of FiB index is as follows:

	,

where Yk is total catch in year k (kg), TE is conversion efficiency, usually taken as 0.1 (Pauly and Christensen, 1995), MTLk is mean trophic level in year k, and 0 is the base year (we use 2006).






3 Results



3.1 Fish abundance

CPUE in the Beibu Gulf decreased from 40.69 kg·h−1 in 2006 to 15.48 kg·h−1 in 2018 (Figure 2A). Among years, there was a wavy downward trend from 2006 to 2014 at 11.64 kg·h−1·a−10 and a sharp decline from 2014–2018 at 29.46 kg·h−1·a−10. Correlations between CPUE and total motorized fishing vessel power, and total land-derived pollutants were negative (Figures 2B, C; p< 0.05).




Figure 2 | Trends of CPUE in Beibu Gulf (A); and correlation analysis of CPUE with: (B) total motorized fishing vessel power, and (C) total land-derived pollutants.






3.2 Percentage of total catch with the different taxonomic groups

Figure 3 depicts interannual variation in the percentage of total catch with the different taxonomic groups in the Beibu Gulf. Figure 3A illustrates interannual trends in proportions of demersal and pelagic species, with the percentage of the former gradually decreasing over 3-year blocks of time (2006–2008 (mean 87.51%), 2009–2011 (mean 84.73%), 2012–2014 (mean 83.34%), 2015–2017 (mean 81.04%)), and remaining low in 2018 (mean 81.04%). While proportions of low-trophic-level species trended upward (Figure 3C), especially after 2010, proportions of high-trophic-level species trended downward and correlated positively with the proportion of demersal species (Figure 3B; p< 0.05). Moreover, the proportion of high-trophic-level species also correlated negatively with total motorized fishing vessel power (Figure 3D; p< 0.05), and decreased as power increased.




Figure 3 | Temporal variation in the proportional contributions of demersal and pelagic species to total catch in Beibu Gulf (A); correlation analysis of proportions of high-trophic-level species with demersal species (B); (C) proportions of high/low-trophic-level species; (D) correlation analysis of proportions of high-trophic-level species and total motorized fishing vessel power.






3.3 Dominant species composition

Dominant species composition in the Beibu Gulf changed dramatically from 2006–2018, but Trachurus japonicus, Parargyrops edita, and Saurida tumbil were consistently dominant (Table 1). Dominant species composition and their proportional contributions to community structure varied between years (Table 1), with demersal species (e.g., Argyrosomus argentatus, A. macrocephalus, Johnius belangerii, Nemipterus virgatus) gradually disappearing, and the proportions to total catch of pelagic dominant species (e.g., T. japonicus, P. edita, Decapterus maruadsi) trending upward.


Table 1 | Variation in dominant species composition and replacement rate in Beibu Gulf.






3.4 Diversity indexes

Diversity indexes fluctuated, but generally trended downward (Figure 4). The mean Margalef’s richness index value gradually decreased from 2.83 in 2006 to 2.41 in 2012, and then gradually increased to 2.78 in 2018; the mean Shannon–Wiener diversity index gradually decreased from 2.27 in 2006 to 2.09 in 2012, and then gradually increased to 2.26 in 2018. Pearson correlation analysis revealed both Margalef’s richness and Shannon–Wiener diversity indexes to correlate significantly (p< 0.05).




Figure 4 | Interannual variation in fish diversity indexes, Beibu Gulf.






3.5 Mean trophic level

The MTL showed an overall wavelike downward trend from 3.82 in 2006 to 3.71 in 2018, decreasing by 0.08 trophic-level per decade (Figure 5A); MTL decreased from 2008–2009, 2010–2013, and 2016–2018, and increased from 2006–2008, 2009–2010, and 2013–2016. The correlation between MTL and proportion of high-trophic-level and demersal species (Figures 5C, D; p< 0.05) was positive, and negative with SST (Figure 5B; p< 0.05).




Figure 5 | Trends in mean trophic level of Beibu Gulf fish communities (A); correlation analysis of MTL with: (B) SST, and proportions of (C) high-trophic-level species, and (D) demersal species.






3.6 Fishing-in-balance index

The FiB index showed a wavy downward trend (Figure 6A), was closely related to changes in MTL and fish abundance (Figures 6B–D; p< 0.05), and decreased with decreased MTL and fish abundance. This index peaked from 2006 to 2007, and gradually declined to its lowest point from 2007–2018.




Figure 6 | Trends in FiB index in Beibu Gulf (A); and correlation analysis of: CPUE with FiB index (B), MTL with CPUE (C), and MTL with FiB index (D).







4 Discussion



4.1 Declining fish stocks

In recent decades, overfished, aquaculture, pollution, industrialization, and Climate change have all contributed to declining fisheries resources in the Beibu Gulf (Zou et al., 2013; Su et al., 2021). The decline in fisheries stocks is shown as a decrease in fish abundance (Su et al., 2021). The total motorized fishing vessel power and total marine catch in the SCS have gradually increased from 2006–2016 (Wei et al., 2019), while fish abundance in the Beibu Gulf has trended down, especially from 2014–2018 during which time CPUE decreased by 27.50 kg·h−1·a−10, indicating that fishing had significantly impacted fish abundance (Figure 2B; p< 0.05). However, the total motorized fishing vessel power and total marine catch in the SCS decreased from 2016–2018 (still at a high level) (Wei et al., 2019), while fish abundance in the Beibu Gulf declined at an increased rate, indicating that declining fish abundance was influenced by a combination of other factors.

Habitat loss may contribute to declining fish stocks (Nakagiri et al., 2001; Safina and Duckworth, 2013; Zhang et al., 2020b). Large-scale reclamation, port construction and aquaculture in the Beibu Gulf have changed coastal contours, affected sediment deposition, and altered natural habitats (Sun et al., 2020; Wen et al., 2022). Coastline in the Beibu Gulf has generally advanced seaward, and mangrove habitat has declined from the 1990 to 2007 (Li et al., 2015; Sun et al., 2020; Tian et al., 2021). Pollutants from residential, industrial and agricultural activities have also contributed to eutrophication and harmful algal blooms, significantly affecting the ecology, reducing natural habitat and losing native species (Liu et al., 2019; Leng et al., 2020; Ning and Chen, 2021). For instance, there was a significant negative correlation between fish abundance in the Beibu Gulf and increased land-derived pollutants from 2006–2018 (Figure 2C; p< 0.05).




4.2 Shifts in fish community composition

Dominant species composition in the Beibu Gulf has changed dramatically between 2006 and 2018 (Table 1), with high-trophic-level species (e.g., A. argentatus, A. macrocephalus, J. belangerii, N. virgatus) gradually disappearing from the list of the 10-most dominant species, and the proportion of low-trophic-level dominant species (e.g., T. japonicus, P. edita and D. maruadsi) tending to increase. Moreover, the change in proportional contribution of high-trophic-level and demersal species from 2006 to 2018 is closely correlated (Figure 3B; p< 0.05), with the decrease in high-trophic-level species occurring with a decrease in demersal species, indicating that most demersal species were high-trophic-level species.

Overall, the fish community in the Beibu Gulf has shifted from demersal to pelagic species, and from large, commercially important, high-trophic-level species to small, lower-value, low-trophic-level species. This shift is likely because of overfishing, the dominance of a trawl fishery, and ‘skipper effect,’ whereby the decline in high-trophic-level species is accelerated by a captains’ preference for high-value species and their attempts to maintain catch of large, high-trophic-level species (Liang and Pauly, 2019). For instance, the proportion of high-trophic-level species in the Beibu Gulf decreased with increased total motorized fishing vessel power (Figure 3D; p< 0.05). Obvious consequences of this overfishing are the decline in high-value species and increased difficulty in catching large, high-trophic-level species (Zhang et al., 2020b). Therefore, fisheries in the Beibu Gulf have largely shifted from large, long-lived, high-trophic-level species to small, short-lived, low-trophic-level species.

Unlike Daya Bay, another semi-enclosed marine ecosystem in China (Zhang et al., 2020b), fish communities in the Beibu Gulf have shifted from demersal to pelagic species, possibly because of the dominance of the trawl fishery. Since the 1980s, trawls have been the main fishing gear used in the SCS, with the proportion of landings from trawl fisheries to total landings generally declining each year, from 68% in 1980 to 41% in 2017 (Wei et al., 2019). Demersal species are mainly caught by trawls, reducing their number and leading to their eventual replacement by pelagic species.




4.3 Changes in fish community diversity

Margalef’s richness and Shannon–Wiener diversity indexes fluctuated from 2006 to 2018, but their general downward trend indicates a gradual decrease in biodiversity in the Beibu Gulf (Figure 4). Fishing is a major contributor to declining biodiversity (Pauly et al., 1998; Zhang et al., 2020b), and overexploitation of fisheries resources in the Beibu Gulf has caused their continuous decline since the 1980s (Wang et al., 2012b; Wei et al., 2019). Rapid fishery development in the Beibu Gulf, modernization of fishing gear, and the gradual improvement of technology have progressively increased the intensity of fishing to a point that significantly exceeds the ability of stocks to recover, causing changes in community structure, and some economically important species to disappear (Liu et al., 2019; Leng et al., 2020; Ning and Chen, 2021). For instance, some high-trophic-level species (e.g., A. argentatus, A. macrocephalus, J. belangerii, N. virgatus) have gradually disappeared from the 10-most dominant species from 2006–2018 (Table 1).

Environmental pollution also affects diversity (Cao et al., 2012; Shan et al., 2016). With development of industry and agriculture, the Beibu Gulf is increasingly affected by discharged industrial wastewater and domestic sewage. Previous studies have shown that tourism, industry and transportation around the Beibu Gulf have rapidly increased pollution (e.g., inorganic nitrogen, phosphate, heavy metals) in nearshore waters, stressing coastal marine ecosystems and changing natural habitats (Liu et al., 2019; Leng et al., 2020; Ning and Chen, 2021). Habitat-sensitive species (e.g., A. macrocephalus, J. belangerii) are gradually disappearing as dominant species (Table 1).

Diversity in the Beibu Gulf rebounded between 2012 and 2018 (Figure 4). Because mangroves can absorb, filter and precipitate nutrients from land-derived runoff, they improve water quality before it reaches the sea (Fan, 2021; Liu et al., 2022). For many fish species, mangrove habitat also provides breeding grounds and refuge for juveniles, and their presence significantly and positively affects fish community structure and biomass (Fan, 2021; Liu et al., 2022). Mangrove habitat in the Beibu Gulf has increased nearly 4-fold from 2007 to 2012 and remained stable until 2018 (Li et al., 2015; Ning and Chen, 2021; Deng et al., 2022). There appears to have been a 5-year lag in recovery in the Margalef’s richness and Shannon–Wiener diversity indexes, which rose from 2012 to 2018.




4.4 Reduction in mean fish community trophic level

The reliability of MTL as a metric for assessing the effects of fishing on fish communities or fisheries resource sustainability depends on the quality and length of time-series data available (Pauly et al., 2001). Our data span 13 consecutive years and are collected from a single survey vessel using consistent gear, so we regard them to be of both excellent quality and long-term duration.

Long-term changes in MTL can indicate changes in fish community structure and fishery resources (Su et al., 2021). The MTL in the Beibu Gulf shows an overall wavelike downward trend from 3.82 in 2006 to 3.71 in 2018, and to have decreased by 0.08 trophic-level per decade (Figure 5A). This indicates that fish communities have changed and that fish stocks are declining. The rate of decline in MTL in the Beibu Gulf exceeds the rate throughout China (0.02 trophic-level per decade) (Du et al., 2014), but is lower than the global rate (0.1 trophic-level per decade) (Pauly et al., 1998) and that for other regions, where the rates of decline were between 0.09 and 0.17 (Zhang et al., 2007; Connell et al., 2014; Wu et al., 2017). Compared with Quanzhou Bay (0.1 trophic-level per decade) (Du et al., 2010) and Persian Gulf (0.11 trophic-level per decade) (Razzaghi et al., 2017), the decline of MTL in the Beibu Gulf is moderate.

The FiB index tends to be less than 0 (Figure 6A), indicating that fish stocks in the Beibu Gulf have been overfished (Su et al., 2021). Variation in the FiB index is closely related to changes in MTL and fish abundance (Figures 6B–D; p< 0.05), decreasing with a decrease in both MTL and fish abundance. The main reason for the decline in MTL is overfishing, with the main catch shifting from high-value, long-lived, high-trophic-level, demersal species to lower-value, small-sized, low-trophic-level, pelagic species, which is present in many aquatic ecosystems worldwide (Pauly et al., 1998; Liang and Pauly, 2019). The proportion of high-trophic-level species to total catch in the Beibu Gulf has decreased with an increase in total motorized fishing vessel power (Figure 3D; p< 0.05), and the proportion of high-trophic-level and demersal species in the total catch correlates positively with MTL (Figures 5C, D; p< 0.05). Therefore, because of overfishing, fish communities in the Beibu Gulf have changed from long-lived, high-value, high-trophic-level, demersal species to short-lived, low-value, low-trophic-level, pelagic species, then leading to a decline in MTL. Similar ‘fishing down marine food webs’ has been reported elsewhere in China (Liang and Pauly, 2017; Liang and Pauly, 2019).

Furthermore, climate-change may have contributed to observed changes in community composition and structure. For example, while the diversity index trended upwards from 2016 to 2018, each of MTL, the FiB index, and fish abundance trended down (Figures 1A, 4, 5A, 6A). Ocean SST and eutrophication are affected by climate change (Painting et al., 2013; Mediodia et al., 2020). We report SST to correlate negatively with MTL (Figure 5B; p< 0.05), and for higher temperatures to simplify food-web structure and shorten the path of energy between consumers and resources, accelerating the decrease in MTL (O'Gorman et al., 2019). Pollution from residential, industrial and agricultural activities may also exacerbate eutrophication in the Beibu Gulf (Ning and Chen, 2021), increasing primary productivity, significantly increasing the abundance of phytophagous, low-trophic-level species (Caddy, 1993; Caddy et al., 1998; Connell et al., 2014). While this increase in low-trophic-level species contributes to a statistical recovery in diversity, it also led to decreased MTL, FiB index, and fish abundance (Caddy, 1993; Caddy et al., 1998; Connell et al., 2014).

There were some uncertainties in MTL. As fish grow and develop, their diet can change, resulting in changes in their trophic level (Jennings et al., 2002). The MTL calculation does not take into account the size of individual fish. Therefore, changes in trophic level due to individual growth can have an effect on the MTL.





5 Conclusion

Multiple external disturbances (e.g., overfishing, trawl fisheries, ‘skipper effect’, habitat damage, pollution, and anthropogenic-induced temperature changes) may all have collectively contributed to changes in fish community composition and trophic structure in the Beibu Gulf. Fish abundance and diversity in the Beibu Gulf has trended down from 2006 to 2018. Dominant species composition has changed dramatically, and low-trophic-level dominant species have tended to become increasingly, proportionally prevalent in the total catch. Fish communities have changed from those dominated by demersal species to those dominated by pelagic species, and from large, high-value, high-trophic-level to small, lower-value, low-trophic-level species. Additionally, MTL has decreased from 3.82 in 2006 to 3.71 in 2018, and the FiB index has tended be less than 0, suggesting that the Beibu Gulf fish stocks are overfished. Therefore, fish stocks in the Beibu Gulf are in a state of continuous decline and overexploitation. We suggest reducing the fishing intensity and strengthening the pretreatment and supervision of land-derived pollutants before their discharge.
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