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Due to persistent fishing expansion in the China Seas over the past six decades, fisheries resources have been over-exploited; as a result, exploited fish have become smaller in size and younger in age. Marine piscivorous fish constituted a large portion of Chinese fisheries catch, long-term variability of which has rarely been investigated despite intense fishing pressure and climate change. In this study, we attempt to identify their responses to climate change and fishing activities and to provide scientific basis for sustainable exploitation of these resources. Seven taxa from pelagic to demersal species inhabiting either cold-water or warm-water were selected to represent the piscivorous fish assemblage in the China Seas. Total catch of these piscivorous fish in the China Seas increased during the early 1990s, stabilizing around 1.2 million tons after 1997. Principal component analysis (PCA) showed evident interannual-decadal variabilities in the catch of these fish with step changes around 1985/86 and 1997/98. Individual taxa, however, showed different trends in catches with sharks, rays, and lizardfishes manifesting downward trends while Pacific cod, eels, and hairtail increasing. Common dolphinfish and Japanese-Spanish mackerel increased largely in the 1990s but declined slightly during the 2000s. Although there were temporal overlaps between climate change and fishing variabilities, results of gradient forest analyses indicated that fishing effort imposed the most important influence on piscivorous fish. And among all climate variables explored in this study, sea surface temperature (SST) especially that of the East China Sea, had greatest impacts on variations in piscivorous fish catch, which may have been gradually exacerbated by the continued high fishing intensity. In addition, significant changes were identified in the life history traits in the species we evaluated, such as reduced average body sizes and truncated age compositions, strongly indicating the effect of fishing. We therefore advocate precautionary fishery practices under climate change.
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INTRODUCTION

Monitoring and understanding long-term variabilities in marine ecosystems have become global concern (Ding et al., 2016, 2017). Changes in marine ecosystems and fisheries resources have been documented widely (Butchart et al., 2010), and multiple climate-related and anthropogenic drivers of such changes have been identified (Christensen et al., 2003; Halpern et al., 2008).

Marine ecosystems respond to climate changes over a wide range of spatial and temporal scales. Climate variability affects primary up to tertiary productivity by controlling nutrient supply (Frederiksen et al., 2006). Climate changes directly influence larval survival and recruitment of fishes (Ottersen et al., 2006) and can impact population dynamics of marine organisms indirectly through food web structure under “top-down” controls. Among multiple climate variables, sea temperature has received the most attention. Rapid warming has been observed for large marine ecosystems in the world oceans, particularly for the East Asian Seas including the East China Sea and Sea of Japan (Belkin, 2009). The warming trend is strongly modifying the key marine ecological processes (Bennett et al., 2015), as well as rapidly breaking down long-standing biogeographic boundaries and causing species redistribution at a global scale (Hobday et al., 2015), which consequently contributes to the erosion of ecosystem resilience (Graham et al., 2015). And a recent study indicates that historical warming has large impacts on marine fisheries production (Free et al., 2019).

Marine piscivorous fish are top predators that have long played important roles both in marine ecosystems, influencing ecosystem structure through their top-down process (Hobday et al., 2015), and in fisheries (Myers and Worm, 2005). Since piscivorous fish at higher trophic level have relatively longer life spans reflecting longer term trends (Thompson et al., 2012), altered dynamics of these species may signal lasting change in bottom-up forcing of marine ecosystems (Goedegebuure et al., 2017). Marine piscivorous fish are of considerable economic importance, providing valuable revenue for many countries. However, some estimates indicated that piscivorous fish communities worldwide have been depleted by 90% during the last 50 years (Myers and Worm, 2003), which may have large impacts on their role in marine ecosystems as indicated by “the effect of fishing down marine food-webs” (Pauly et al., 1998). Therefore, research on marine piscivorous fish is important for sustainable management of marine fisheries and ecosystems.

Marine fisheries have undergone significant variations over the past six decades. At present, about one-third of global fishery stocks is overexploited or collapsed and fishing has been regarded as one of the greatest pressures on marine ecosystems (Costello et al., 2010) since it not only reduces populations of target species but also alters ecosystem structures. Recent researches suggest that amplification of fish populations’ response to climate, possibly as a result of exploitation, is already at play in the ocean (Ottersen et al., 2006). Indeed, fishing can magnify the fluctuations in fish abundance, impact substantially population dynamics and cause change in size structure of fish stocks in tandem with climate variations (Jackson et al., 2001; Hsieh et al., 2006; Tu et al., 2018). Since marine fisheries are concurrently impacted by fishing and climate variability, assessments of the single and combined effects are required to achieve better understanding of climate and fishing influence.

The China Seas are located at the western margin of the North Pacific, consisting of the Bohai Sea (BS), the Yellow Sea (YS), the East China Sea (ECS) and the South China Sea (in the following China Seas refer to the seas including BS, YS, and ECS) (Figure 1). China Seas belong to one of the most productive fishing areas in the world oceans. The relatively abundant resources in the area and the large fishing efforts have turned China into the country with the largest fishery production in the world since 1989, and Chinese marine catch comprises about 20% of the total world catch (FAO, 2014). However, although ranking among the top in the world, Chinese marine fisheries resources are severely overexploited and already show signs of recession with great declines of CPUE (catch per unit effort, a relative abundance index of fish stocks) since the 1960s under decades of high fishing pressure (Yan et al., 2005; Ma et al., 2019).
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FIGURE 1. Location of China Seas (Bohai Sea, Yellow Sea, and East China Sea) and the schematic illustration of their currents. Dashed red box in the bottom right corner map shows the China Seas which is in the western margin of the North Pacific. Arrows with solid lines represent the currents. Warm currents: red. Cold currents: blue. Blue shading represents the yellow sea cold water mass (YSCWM). Dashed black lines are boundaries between seas.


Piscivorous fish such as Japanese-Spanish mackerel (Scomberomorus niphonius) constitute an important part of the China Seas marine ecosystem, and contribute to a large part of total catch with high economic values. However, holistic information including abundance trend, changes in life history traits, and responses to climate variability remains limited. In the over-exploited situation, longer-lived demersal and predatory pelagic species may be replaced by lower-trophic-level species due to the “fishing down marine food webs” effect (Pauly et al., 1998). In addition, previous studies have demonstrated that the warming sea surface temperature (SST) in the China Seas with interdecadal fluctuation corresponded well to regime shifts in the North Pacific, and can be divided into three stages, including cold period (1960–1982), warming period (1983–1998) and warm period (1999–2011) (Ma et al., 2019). Aside from fishing impacts, changing patterns of small pelagic fish and cephalopods in the overexploited China Seas are strongly influenced by these climate regime shifts (Pang et al., 2018; Ma et al., 2019). And it is also found that during the warm period, the resource index of demersal fish and large predators decreased, while that of mesopelagic fish and invertebrates increased (Yuan et al., 2017). Therefore, to facilitate relevant research on Chinese fishery resources, understanding the variations and change mechanisms of piscivorous fish is essential and urgent.

We hypothesize that because of their different thermal/habitat preferences and life history traits, piscivorous fish in the China Seas may have been impacted by high fishing pressure and climate change differently. How fishing and oceanographic/climatic changes have impacted piscivorous fish at community level and how piscivorous fish have responded to the dual pressures has hitherto not been investigated in the China Seas. In this study, we for the first time fully utilized all information and data available to us, including long-term fisheries catch data from Chinese piscivore fisheries as well as biological data such as body-length, weight and age structure. We aim to (1) demonstrate long-term trends and changes in fisheries catch and life history traits of piscivorous fish, (2) identify responses of fisheries catch to joint effects of fishing and climate variability, and (3) provide scientific basis for fisheries management and sustainable exploitation of these resources.



MATERIALS AND METHODS


Selection of Piscivorous Fish

In the China Seas, there are over 20 species of piscivorous fish, most of which are commercially important and play key roles in the China Seas marine ecosystems (Zhang et al., 2007a, b). In particular, Japanese-Spanish mackerel and hairtail (maily Trichiurus japonicus) are two species that contribute substantially to the overall Chinese fisheries catches. These piscivorous fish mainly feed on small pelagic fishes (Liu et al., 2009; Jin et al., 2010; Wan et al., 2010; Yan et al., 2010; An et al., 2012; Li et al., 2012), such as anchovies (e.g., Engraulis japonicus, Setipinna taty), sardines (e.g., Sardinops melanostictus, Sardinella zunasi), scads (e.g., Decapterus maruadsi, Trachurus japonicus) and mackerels (e.g., Scomber japonicus, S. australasicus). Different piscivorous fish in the China Seas occupy different habitats, including demersal, benthopelagic, pelagic, pelagic-oceanic, and reef-associated habitats. Thus we selected a number of piscivorous fish encompassing all different habitat types and merged them into seven taxa, including Pacific cod (Gadus macrocephalus), hairtail, Japanese-Spanish mackerel, marine eel (e.g., Muraenesox cinereus), sharks and rays (e.g., Sphyrna lewini, Isurus oxyrinchus, Rhinobatos schlegeli), lizardfishes (Saurida), and common dolphinfish (Coryphaena hippurus). Pacific cod is uniquely a cold-water species dwelling in Yellow Sea Cold Water Mass with relatively low water temperature below 10°C. All others are warm-water taxa that spread in the China Seas with an average water temperature over 15°C.



Fishery and Biological Data

Fisheries annual catch data of the piscivorous fish were mainly from Chinese Fishery Statistics for the period of 1955–2019 (Zhao et al., 2020). Missing values were supplemented by the fishery data in the Exclusive Economic Zone (EEZ) of China from the Sea Around Us project1 (Pauly and Zeller, 2016), which were comparable with those from Japan, Taiwan and the FAO Global Capture Production (1955–2019) dataset (FAO-FIGIS, 2019; Table 1).


TABLE 1. Ecological and fisheries characteristics for the seven piscivorous fishes in the China Seas.

[image: Table 1]Fishing effort data for the period of 1955–2019 including the number of marine fishing boats and engine power in the China Seas were also derived from the Chinese Fishery Statistics. The CPUE time series of piscivorous fish were estimated as metric tons of annual catch per boat or per 100 kW; however, they were regarded only as references for the abundance of fishery resources and were not used for quantitative analysis for lack of accurate fishing effort data.

Biological data of piscivorous fish from the China Seas, including body-length, weight, and age structure, were compiled from related literatures published in China for detecting variations in their life history traits (Table 1).



Estimation of Biomass Index

The optimized catch-only method (OCOM; Zhou et al., 2018), as a supplementary method to improve fisheries data quality in this study, was applied to the catch data to estimate the biomass of these piscivorous fish in the China Seas. OCOM is mainly based on a Graham-Schaefer surplus production model to estimate stock depletion (d) or stock saturation S = 1 − d, being enhanced by incorporating priors from the relationship between natural mortality (M) and fishing mortality at maximum sustainable yield (i.e., FMSY), a boosted regression trees (BRT) model and an algorithm to search for feasible parameter values (Zhou et al., 2018). The main equation is written as:
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where Bt and Ct are biomass and fisheries catch at the beginning of time step t (year), r is the intrinsic growth rate, K is the carrying capacity (equal to the unfished or initial biomass B0 for a surplus production model). The parameter K can be solved by available prior information on r and S (S = Bt/K) (Zhou et al., 2017).

Basically, the implementation of OCOM involves: (i) drawing a large number (e.g., n = 10,000) of values for r and S from their priors; (ii) deriving K by solving Be/K = S (Be is the biomass at the end of the time series) using the optimization algorithm (function “optimize” in R; R Core Team, 2018); and (iii) computing any output quantities of interest. Especially note that OCOM assumes that the biomass is less than K for all years, and as with other catch-only methods, it is very sensitive to the priors, particularly that for depletion (d) (Wetzel and Punt, 2015; Zhou et al., 2018).

For each taxon, the population dynamics equation is also written as:
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where Rt + Gt (the sum of recruitment and biomass growth) is regarded as one parameter representing the available population growth (At). Biomass loss due to natural mortality M (i.e., Dt) is calculated as:
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As true M may not be available for many data-poor species, we used an empirical life-history invariant equation of Then et al. (2015) to approximate M for each of the seven piscivorous taxa:
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where tmax is the maximum age.

Thus, the OCOM provides biomass estimates over time, which are then used, alongside with fisheries catch, to examine linkages with fishing intensity and environmental variables. In addition, in order to differentiate the effect of climate change from fishing, we used the ratio of available population growth to biomass (i.e., At/Bt, denoted as RAPGt), a relative index of population variability for the piscivorous fish, to represent environmental effect on variability in the piscivorous fish.



Climate Indices and Oceanographic Data

To associate the dynamics of the piscivorous fish with climatic and oceanographic conditions, we selected PDO (Pacific Decadal Oscillation), NPI (North Pacific Index), AOI (Arctic Oscillation Index), SOI (Southern Oscillation Index), and MOI (Asian Monsoon Index) as basin-scale climatic indices for the North Pacific. These climatic indices are well-documented and largely associated with variations in marine ecosystems and fish communities in the North Pacific (e.g., Tian et al., 2008, 2014). In addition to the basin climatic indices, we also used region-scale SST and sea surface salinity (SSS) time series in the China Seas to explore the regional marine thermohaline variations and their relationships with piscivorous fish catch. SSTs are obtained from the Met Office Hadley Centre observations datasets2, which consist of monthly grid data with a resolution of one degree (latitude × longitude) for the period of 1955–2016. And SSSs are based on the Simple Ocean Data Assimilation (SODA) Reanalysis3 consisting of monthly grid data with a resolution of 0.5 degree (latitude × longitude) for the period of 1958–2008. Both seasonal average SSTs and SSSs for summer (July to September) and winter (January to March) were calculated for different regions of the China Seas (Ma et al., 2019).



Statistical Analysis

Sequential t-test analyses of regime shifts (STARS; Rodionov, 2004) was used to analyze trends and step changes in fisheries and climate data, after a “pre-whitening” procedure (Rodionov, 2006) was applied. STARS is written in Visual Basic for Application (VBA) for Microsoft Excel for Windows4. Results of STARS are determined by the cut-off length for proposed regimes (L) and the Huber weight parameters (H), which define the range of departure from the observed mean beyond which observations are considered as outliers. L was set to 20 and H to 1 in this study.

Principal component analysis (PCA), implemented with R package “psych” (Revelle, 2017), were applied to the fisheries catch, OCOM-estimated biomass and RAPG of the seven piscivorous fish to isolate the most important patterns of variations in these time series. In addition, correlation analysis combined with significance tests were also conducted using “psych” to examine relationships between fisheries catch and environmental and fishing variables.

In order to understand how fishing, climatic, and oceanographic conditions have impacted the dynamics of the seven piscivorous fish, we applied the gradient forest method (Ellis et al., 2012). The gradient forest method is built upon the random forest method, inheriting all its functionalities, and extends to multiple response variables, which allows one to quantify the degree of community change along the predictor gradient. The most important feature is that the gradient forest method can capture complex relationships between potentially correlated predictors and multiple response variables by integrating individual random forest analyses over the different response variables (Ellis et al., 2012). Each random forest is a large set of regression trees that partition the response variables into two groups of maximum within-group homogeneity by selecting a split value s for each predictor p. Each tree is fitted using an independent bootstrap sample of data, while a cross-validated estimate of the generalization error is provided by the data that are not selected in the bootstrap sample for a tree (out-of-bag OOB data). The gradient forest method is implemented with two R packages “extendForest” and “gradientForest” (R Core Team, 2018). In this study, using 16 environmental and anthropogenic (i.e., fishing effort) variables as predictors, we ran the gradient forest analysis 1,000 times to obtain the mean and standard deviation (sd) of good-of-fit (R2). The run with the highest R2 was then used to derive all statistics. By quantifying the changing patterns of response variables (i.e., catch and estimated biomass of piscivorous fish) along the gradients of environmental and fishing variables and assessing predictor importance, gradient forest analysis can identify important thresholds in environmental gradients.



RESULTS


Variations in Piscivorous Fishes

Chinese catch of piscivorous fish gently increased from 1955 to 1990 before sharp increases in the 1990s and stabilized around two million metric tons in the past two decades; however, its proportion in total marine catches dropped from 42.4 to 16.8% before 1990 and then slowly climbed up to about 22% (Figure 2A). The engine power of Chinese marine fishing boats increased continuously after 1955 and is now much higher than it was in the early decades of the time series, although it showed slight decline in recent years; the number of fishing boats simultaneously increased after 1955 but declined in the early 2000s (Figure 2B). The estimated CPUE dropped sharply in the 1950s then remained below 50 tons per boat or 80 tons per 100 kw, which indicated over exploitation in the China Seas.
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FIGURE 2. Annual variations in catch of marine fish and piscivorous fish in China for the period of 1955–2016. (A) Trends in catch of marine fish and piscivorous fish as well as proportion of piscivorous fish catch in the total catch of marine fish. (B) Marine fishing boats and their engine power, and CPUE of marine fishes by fishing boats and engine power, respectively. (C) Catch of piscivorous fish.


Among the seven taxa of the piscivorous fish, hairtail, Japanese-Spanish mackerel, and eels contributed the most to the catch (Figure 2C). Catch trends of the seven piscivorous fish generally showed decadal variations (Figure 3). The catch of Pacific cod decreased from the late 1950s to 1990s and then increased but with large fluctuation during the entire time period from 1955 to 2016 (Figure 3A). The catch of hairtail and Japanese-Spanish mackerel showed slight growth from 1955 to 1990 and increased drastically during the 1990s before decline in the 2000s (Figures 3B,D). Marine eel continuously increased after 1955 particularly after 1990 (Figure 3C). The catch of common dolphinfish fluctuated and maintained around 10 thousand tons, reaching about 20 thousand tons during the period of 1990–2003 followed by a sharp decline (Figure 3E). The catch of lizardfish was volatile from 1955 to 1966 but decreased particularly after 1980 while sharks and rays showed a persistent decline after the 1950s with only occasional increase (Figures 3F,G). Previous researches have indicated the declines of several species in the taxon of sharks and rays, contributing to the decline of this taxon. For instance, blackspot shark (Carcharhinus menisorrah) used to be a dominant species of Beibu Gulf in the South China Sea during the 1960s yet declined severely ever since (Sun and Lin, 2004); Ocellate spot skate (Raja porosa) was also a dominant species of the Bohai Sea before 1983, but became a rare species since 1999 (Deng and Jin, 2001).
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FIGURE 3. Catch of piscivorous fish in China: (A) Pacific cod, (B) Hairtail, (C) Marine eel, (D) Japanese-Spanish mackerel, (E) Common dolphinfish, (F) Sharks, rays and skates, and (G) Lizardfish. Shaded areas show catch anomalies; red lines represent means of anomalies in different phases that were calculated by STARS.


Step changes within 2015–2018 for catches of piscivorous fish should be treated with caution since they are at the end of time series and would need to be verified with additional data. Thus combining with regime shift detection (Figure 3),four different changing patterns were observed in the catch of piscivorous fish: (1) Hairtail, marine eel, and Japanese-Spanish mackerel showed abrupt changes around the late 1980s with continuous increasing trends, followed by a second step change around 1997/98 for Japanese-Spanish mackerel and 2002/03 for marine eel; (2) the taxa of sharks, rays, skates, and lizardfish kept decreasing with step changes in 1977/78 followed by a second step change around 1996/97 for the latter; (3) Common dolphinfish was relatively stable before an abrupt increase around 1990/91 and a subsequent decrease in 2007/08; and (4) Pacific cod fluctuated wildly with a step upward around 1996/97. To summarize, three main step changes were observed in the catch of piscivorous fish around 1977/78, 1988–90 and 1997/98. PCA results for the catch of the seven piscivorous fish indicate that only the PC1 is meaningful, explaining 63% of variance. Decadal variabilities in PC1 is apparent with step changes around 1985/86, 1997/98 (Figure 4).
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FIGURE 4. Principal component analysis (PCA) of the catch of the seven piscivorous taxa shows regime shifts in PC1 (explaining 64% of the variations).


The estimated biomass of the piscivorous fish also showed inter-decadal variations with drastic decline during 1990s for most of the taxa (Supplementary Figure 3). Compared with biomass, the RAPG showed similar changing patterns except with an opposite direction. In general, variations in the estimated biomass and RAPG highlight the step change that occurred in the early 1990s. And their PCA results both showed step changes that occurred in 1992/93 (Supplementary Figure 3).



Changes in Biological Characteristics of Piscivorous Fish

Due to lack of long time series of biological data for the seven piscivorous fish, our analyses of life history traits are limited to those that have biological data.

For hairtail in the ECS, age composition showed drastic change from the 1960s to the 1990s (Figure 5A). Prior to the mid-1980s, age-1 was the most dominant; however, its dominancy reduced in the mid-1980s, and age-0 contributed to about 50% of the age composition in recent decades (Figure 5A). Consequently, average age of hairtail in the ECS declined over time. In addition, average snout-vent length also declined with step-like change occurring around 1990/91 (Figure 5B), corresponding to the regime shift around 1990/91 in catch and estimated biomass of hairtail.
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FIGURE 5. Changes in life history traits of hairtail (Trichiurus japonicus) from the East China Sea: (A) Variations in age composition; (B) Changing trend in snout-vent length with a step change.


Average age of Japanese-Spanish mackerel from the Bohai Sea and the Yellow Sea from 1988 to 1994 showed a generally declining trend, while the proportion of mature individuals at age 1 increased from 25% to over 90% (Figure 6A), indicating earlier sexual maturity. Both minimum fork length and weight at maturity of females and males decreased from 1960 to 2005 with a common step change occurring in 1991 (Figures 6B,C).
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FIGURE 6. Changes in life history traits of Japanese-Spanish mackerel (Scomberomorus niphonius) from the Bohai Sea and the Yellow Sea: (A) variations in age composition; (B,C) variations in body-size with step changes.


Pacific cod showed another pattern of variations in biological characteristics. Both the range of body length and average body length increased from 1999 to 2009 (Li et al., 2012) after the increase in catch of Pacific cod with step change in 1996/97. And during the same period, estimated biomass of Pacific cod showed a changing trend from dropping at first to rising afterward. For marine eel, catch was dominated by individuals of 250–400 mm long in the 1960s and 1970s, and since the 1990s it has become more dominated by younger fish with snout-vent length less than 250 mm. Moreover, the size at sexual maturity (L50) dropped over 50 mm since the 1980s (Dou, 2014). The lack of biological data for common dolphinfish, lizardfish and sharks and rays in our study regions does not allow us to draw conclusions on their changes in biological characteristics. However, studies from the South China Sea suggest that body length and weight for lizardfish have declined (Supplementary Figure 1), and sharks and rays populations have been depressed (Zhang and Yang, 2005).



Response of Piscivorous Fish to Climate Variability

Step changes in the catch of the seven piscivorous fish corresponded well with those in the regional SST indices (Figures 7A,B). The step change of Pacific cod catch in 1997/98 (Figure 7A) preceded the step change of PC1 of summer SST by 3 years in both the YS and ECS in 1994/95 (Figure 7B and Supplementary Figures 2A,B). The step change of hairtail catch in 1990/91 (Figure 7A) preceded the step change of PC1 of winter SST by 4 years in both the YS and ECS in 1986/87 (Figure 7B and Supplementary Figures 2C,D). The time lags between step changes of fisheries catch and those of SST were also evident for Japanese-Spanish mackerel, marine eel and common dolphinfish. Step changes in SSS largely occurred around 1998/99 in both summer and winter (Figure 7B and Supplementary Figures 2E–H); however, they did not appear to match the variations in piscivorous fish catch (Figure 7A).
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FIGURE 7. Regime shift indices calculated by STARS: (A) for catch of piscivorous fishes; (B) for PC1 of SST (sea surface temperature) and SSS (sea surface salinity) indices; (C) for climatic indices. Pink dotted bars show gaps between catch and SST (e.g., winter and summer SSTs for the ECS are abbreviated as SST_ECSw and SST_ECSs, and so on) were the most important predictors with the highest mean importance, followed by SSS_YSw, SSS_YSs, SST_YSw and SST_YS.); (D) for PC1 of piscivorous catch and Chinese total marine fishing engine power (105 kw). Note that step changes during the period of 2016–2019 for piscivorous catch, PC1 of piscivorous catch and climate indices should be treated with cautions since they are at the end of time series and would need to be verified with additional data.


Compared to the SST indices, climatic indices had step changes that were less correlated with those in piscivorous fish catch (Figures 7A,C). However, the step change around 1977/78 in the catches of sharks, rays, and lizardfish corresponded well to the regime shifts of PDO and NPI, and the step changes around 1990/91 in hairtail, marine eel, and common dolphinfish corresponded well to that of PDO and AOI.

Correlation analyses between catch and environmental and fishing variables indicated that except for sharks and rays, catches of piscivorous fish were significantly correlated with SSTs in the ECS and YS, and the correlation was positive with the exception of lizardfish (Table 2). On the other hand, except for common dolphinfish, sharks and rays, other piscivorous fish also had significant correlation with SSSs, and it is worth noting that the signs (i.e., positive and negative) of the correlations were totally opposite to those in SSTs. Catches of sharks and rays were not significantly correlated with SSTs or SSSs; however, they were significantly correlated with PDO and NPI (Table 2).


TABLE 2. Correlation analysis between catch of Chinese piscivorous fish and climatic/SST indices.

[image: Table 2]


Gradient Forest Analysis for Catch Data

Gradient forest analyses were carried out to explore the responses of fisheries catch, estimated biomass and RAPG of the seven piscivorous fish to fishing effort (i.e., total engine power of Chinese marine fishing boats), oceanographic data (i.e., SST and SSS) and climatic indices (i.e., PDO, SOI, AOI, and MOI). We only present the results for fisheries catch as results for estimated biomass and RAPG were rather similar.

In order to understand how the long-term fishing pressure might have impacted the gradient forest analysis results for different piscivorous fish, we conducted analyses for two scenarios: with and without fishing effort being included as a predictor. The differences between the two scenarios in terms of their performance (goodness-of-fit R2) varied among the different piscivorous fish (Figure 8A). The R2 values had the smallest difference between the two scenarios for catch of Pacific cod, indicating the fishing pressure had the least effect on this species. The R2 values for catches of Japanese-Spanish mackerel, marine eels, hairtail were greater than 0.6 even when fishing effort was not included as a predictor, suggesting that these three taxa were well explained by the predictors and they were more responsive to climate variability than to fishing effort. On the other hand, the R2 values for catches of lizardfish, common dolphinfish, and Pacific cod were generally lower than 0.5 when fishing effort was not included as a predictor. Sharks and rays showed a near-zero R2 value when fishing effort was not included, suggesting that the temporal dynamics of this piscivorous taxon cannot be explained by any environmental variables included in the analyses.
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FIGURE 8. (A) Goodness-of-fit R2 of the gradient forest analysis for seven Chinese piscivorous fish with PC, H, ME, JSM, CD, SR, and LF representing Pacific cod, hairtail, marine eel, Japanese-Spanish mackerel, common dolphinfish, sharks and ray, and lizardfish, respectively, whereas GF results with no fishing effort were showed in nattier blue; (B) the mean importance of each variable weighted by species R2, including fishing effort, various climatic indices (PDO: Pacific Decadal Oscillation, NPI: North Pacific Index, AOI: Arctic Oscillation Index, SOI: Southern Oscillation Index, and MOI: Asian Monsoon Index) and sea surface temperature (SST) data in different seas and seasons (BSs, Bohai Sea summer; BSw, Bohai Sea winter; YSs, Yellow Sea summer; YSw, Yellow Sea winter; ECSs, East China Sea summer; ECSw, East China Sea winter).


Considering the overall impacts on the seven piscivorous fish, the first six most important predictors include fishing effort, winter SSTs for the ECS (i.e., SST_ECSw), SSS_YSw, SST_ECSs, SSS_YSs, SST_YSw, and SST_YSs (Figure 8B). The predictor fishing effort, ranked first in its R2-weighted importance, was most influential in determining the dynamics of the piscivorous fish community. However, the importance of SST_ECSw was also undeniably high, indicating that the piscivorous fish community was also subjected to region-scale environmental change. In contrast, all the climatic indices had very low R2-weighted importance.

The responses of the seven piscivorous fish to fishing effort, the most important predictor, displayed different thresholds along the gradient of fishing effort (Figure 9A). The catches of lizardfish and sharks and rays had the lowest threshold response around 20 (∗105 kW), indicating that these two piscivorous taxa were most sensitive to fishing pressure. The catches of hairtail and marine eel had strong threshold responses when fishing effort was around 80 (∗105 kW). Compared with all other piscivorous fish, Japanese-Spanish mackerel appeared to be least sensitive to fishing pressure with its catch shifting primarily in response to high fishing effort around 100 (∗105 kW). In responses to SST_ECSw, the second most important predictor, major catch shifts occurred around 16.5°C for Japanese-Spanish mackerel, marine eel, hairtail, lizardfish, and common dolphinfish while that for Pacific cod occurred around 17°C (Figure 9B). The catches of Japanese-Spanish mackerel, marine eel, hairtail also responded more strongly than other piscivorous taxa to SST_ECSs with a split value around 28.0°C (Figure 9D). Important split values occurred around 31.5–31.6‰ and 29.4‰ along the gradients of SSS_YSw and SSS_YSs, respectively, for most of the piscivorous taxa with marine eel, Japanese-Spanish mackerel, and hairtail showing the highest responsiveness (Figures 9C,E). As predictors (e.g., SSS_YSs, SST_YSw) decreased in their importance, the catches of the piscivorous fish became less synchronized in their responses to the predictors (Figures 9E,F).


[image: image]

FIGURE 9. Cumulative importance of piscivorous fish catch in response to the first six important predictor variables including (A) fishing effort, (B) sea surface temperature (SST) in East China Sea winter (ECSw), (C) sea surface salinity (SSS) in Yellow Sea winter (YSw), (D) SST in East China Sea summer (ECSs), (E) SSS in Yellow Sea summer (YSs), and (F) SST in Yellow Sea winter (YSw). PC, H, ME, JSM, CD, SR, and LF represent Pacific cod, hairtail, marine eel, Japanese-Spanish mackerel, common dolphinfish, sharks and ray, and lizardfish, respectively.


In order to tease apart the potentially confounding effects of regime shift in ocean conditions and big shift in fishing effort around 1990, we divided the time series data of piscivorous catches into two sets with the year 1990 as the boundary to conduct gradient forest analyses. Prior to 1990, the R2 values for all piscivorous fish except for Pacific cod and common dolphinfish were high around 0.5 when fishing effort was included as a predictor (Supplementary Figure 4A and Supplementary Table 3). However, the R2 values reduced to very low levels or to zero when fishing effort was excluded, indicating that fishing pressure afflicted the greatest impacts on the dynamics of these five piscivorous fish in this earlier period. For the latter period (1990–2019), the R2 differences between the two scenarios (with and without fishing effort) were much smaller (Supplementary Figure 4B and Supplementary Table 3), indicating that environmental variability started to play a greater role in shaping the dynamics of the piscivorous fish in the last two decades.



DISCUSSION


Decadal Variation Patterns in Piscivorous Fish and the Effect of Climate Regime Shift

The analyses of piscivorous fish in this study were based on the catch data from the Chinese Fishery Statistics. The quality of these catch data has been questioned (Szuwalski et al., 2017). The Sea Around Us project intended to mitigate the over-inflation in Chinese catch to benefit aggregated, long-termed and global- or regional-scale research (Pauly and Zeller, 2016). Our comparisons between with the catch data from Chinese Fishery Statistics and those reconstructed by the Sea Around Us reveal that these two data sources show similar variation trends, although the overall catch levels are lower from the latter. Both catch data correspond well with changes in fishing effort that increased rapidly from the 1980s to 1990s with the expansion of fishing grounds, and remained stable ever since. Because the purposes of this research are to investigate temporal variabilities of piscivorous fish at community level and to understand the impacts of fishing and oceanographic/climatic changes on the piscivorous fish at community, we do not consider the potential over-inflation of our catch data from the Chinese Fishery Statistics a problem.

Three major step changes around the late 1970s, early 1990s, and late 1990s were identified in the catch of the seven piscivorous fish (Figure 7). During the period of 1955 to 2019, the first downward step change was detected in the catch and biomass of lizardfish, sharks and rays around 1977/78, corresponding well to the regime shift in PDO and NPI. Despite the hysteresis observed between catches and SSTs, step changes in the PC1 of piscivorous fish catch occurred in 1985/86 and 1996/97, the latter one of which corresponded well to the step changes in SST indices. Step changes around the late 1980s and 1990s have also been identified in small pelagic fishes and cephalopods in the China Seas (Pang et al., 2018; Ma et al., 2019). Previous studies have clearly documented the relationship between climate regime shifts and abrupt changes in fisheries catch in the northwestern Pacific (Tian et al., 2004, 2008; Jung et al., 2017). Accordingly, these three step changes detected in the piscivorous fish in the China Seas were apparently related to the well documented climatic regime shifts that occurred in the North Pacific in 1977, 1989, and 1998 (Hare and Mantua, 2000; Kang et al., 2012).

All warm-water taxa, except for lizardfish, sharks and rays, showed increasing trends in fisheries catch with a main step change around 1990/91 under continuous warming trend of seawater. The increase of warm-water taxa was also observed in the East Asian Marginal Seas, following the increase of zooplankton biomass particularly that of copepod that was caused by the climate warm regime in the 1980s (Jung et al., 2017). Results of gradient forest analysis also indicated that warm-water taxa (except for sharks and rays) were more responsive to climate variability.

Although relevant studies show that increasing sea temperature had negative impact on larval cod survival (Lehodey et al., 2006), Pacific cod, the only cold-water taxon in our study, still increased with step change around 1993/94 and 1997/98 in estimated biomass and catch, respectively. Even both the average body-length and relative population density distinctly increased from 1999 to 2009, which indicated a completely different pattern from other piscivorous fish. Further research showed that in contrast to the warming trend from 1950 to 2017, there was a surface cooling associated with climate regime shift in 1998 (Kim et al., 2018). The Yellow Sea Cold Water Mass, the essential habitat for Pacific cod, revealed a cold event that began in 1996 after a warm event during 1990–1995 and extended to the coast to cover the entire YS trough (Park et al., 2011). This alternation from warm to cold water in the Yellow Sea probably resulted in the step change of Pacific cod around 1997/98 and the subsequent changes in biological characteristics. Generally, the diversity of changing patterns indicated that the response of piscivorous fishes to climate change varied by taxa and regions (Jung et al., 2017).



Impact of Fishing on Piscivorous Fish in the China Seas

China has implemented a series of policies to control the fishing intensity, including “Double-Control” system (controlling the number and engine power of fishing vessels) since 1987 and summer fishing moratorium since 1995. But available biological data from the China Seas indicated significant changes, happening particularly around 1990, in the life history traits of most piscivorous fish such as reduced average body sizes and truncated age compositions, implying the strong effect of fishing, which echoes the increasing concern over the effects of fishing on exploited stocks (Planque et al., 2010; Tu et al., 2018).

Compared to environmental variables, fishing intensity showed greatest impacts on variations in piscivorous fish (Figure 8B). In addition, step changes of Chinese fishing effort (total engine power) occurred in 1985/86 and 2002/03 (Figure 7D), of which the former one was consistent with that of PC1_pisc occurred in 1985/86. These step changes were close to that of piscivorous catches and estimated biomass detected in 1990/91 and 1992/93, respectively, indicating that the rapid growth of fishing effort from 1985 may lead to the increasing step change of piscivorous catches around the late 1980s and the early 1990s and subsequently decrease of estimated biomass. With continuous increase in fishing intensity and shrinking mesh size of fishing gear during the recent five decades, hairtail, marine eel and Japanese-Spanish mackerel decreased in estimated biomass and CPUE, as well as body size and age at maturity (Figures 5, 6). Although smaller meshes would also lead to changes in mean sizes of fisheries catch, exploited fish have already become smaller in size and younger in age. The average age of Japanese-Spanish mackerel, for instance, decreased from 2.83 to 1.98, and the dominant age group changed from ages 2 and 3 to ages 1 and 2, and the average fork length and weight decreased from 583 mm and 1,507 g to 521 mm and 1,091 g, respectively; after 1990, due to the increase of mesh size of drift gill net and the use of sparse trawl, the average age, fork length and body weight increased to 2.65 years old, 574 mm and 1,359 g, respectively, which are obviously lower than those of unexploited populations, and the population was still dominated by 1- and 2-year-old fish (Sun, 2009). It displayed the situation that landings remained high due to high fishing effort whereas stock biomass decreased, which corresponded typically to overfishing (Travers et al., 2010) resulting in depletion in fishery resources. This situation was even worse with lizardfish, sharks and rays with catch, estimated biomass and life history trait continuously declining in the past few decades (Figure 3 and Supplementary Figures 1, 3).

Warming trends in marine ecosystems strongly influence biological processes such as growth, reproduction, phenology, distribution, recruitment, and mortality (Rochet et al., 2010). A warm year may lead to a strong year class and therefore affect the size structure of fish stock (Pekcan-Hekim et al., 2011), whereas the effect of temperature on the asymptotic body size may persist for several years (Tu et al., 2018). Decadal variations in body-size occurred around 1975/76 and 1990/91 for Japanese-Spanish mackerel and 1991/92 for hairtail, suggesting that the changes in the life history traits as well as abundance corresponded to the climatic regime shifts in the North Pacific. However, the trend of reduced average body sizes and truncated age compositions in the catch occurred concurrently with sharp decrease in CPUEs of Chinese piscivorous fish from 1955 to the 1970s; for example, step changes of Chinese fishing effort, catch, and body-size of Japanese-Spanish mackerel were detected in 1985, 1988, and 1990, suggesting that changes in life history traits of piscivorous fish were largely caused by continuous high fishing pressure rather than climate regime shifts.

Pacific cod, however, was an exception. The catch and biological data both increased since the 1990s. And Pacific cod have lower economic values compared with other large fish such as Japanese-Spanish mackerel. Therefore, compared with the impact of fishing, environment effects caused by climate change (e.g., recent surface cooling in the YS) contributed relatively more to the variations in Pacific cod, particularly considering that Pacific cod inhabit in the deeper Yellow Sea Cold Water Mass.



Joint Effects of Climate and Fishing

To evaluate the impacts of fishing and environmental variability on fish communities, we need to integrate trends in multiple metrics that respond differently to major environmental pressures (Rochet et al., 2010). Climate indices and fishing effort included in our study were significantly correlated with catch of piscivorous fishes in the China Seas. Although fishing effort was correlated with SSTs in the East China Sea and Yellow Sea (Supplementary Table 2), due to the characteristics of gradient forest analysis, the results based on this method were not affected, which indicated that variations in piscivorous fishes in the China Seas were affected by both climate change and fishing.

Although the impacts of fishing activities on piscivorous fish in the China Seas were much higher (Figure 8B), those of climate change were also significant and cannot be ignored. Some studies suggest that responses of fish communities to climate change are influenced by intense fishing (Pauly et al., 1998; Myers and Worm, 2005), since the responses of populations to environmental effects vary as a function of population characteristics which are subject to change due to fishing, resulting in altered responses to climate change consequently (Perry et al., 2010; Planque et al., 2010). Similar situations were also observed in this study. Taking hairtail from the ECS as an example, with general downward trend linked to high fishing, both the average age and mean snout-vent length increased slightly during the period of 1980–1984 and 1990–1994 (Figure 5), which also well corresponded to climate regime shifts in 1977 and 1989. Such changes were also found in Japanese-Spanish mackerel. On the other hand, step changes of PC1_pisc (PC1 of piscivorous catch) in 1985/86 corresponded well to that of Chinese fishing effort, and both of them were close to step changes of piscivorous catches and climate indices with five and 3-year intervals, respectively. But step changes around 1997/98 were only related to that of climate indices. According to the results of gradient forest analyses, it can be considered that Chinese fishing effort had a greater impact on variations in hairtail, marine eels, sharks and rays, and lizardfish and was mainly concentrated in the period of rapid increase of fishing effort, while the impact of climate change gradually strengthened since the fishing effort was stable and even decreased after 1990. Thus it is suggested that step changes in the late 1980s and early 1990s were more likely to be caused by the joint effects of climate change and increasing fishing pressure, while step changes in 1997/98 were more responsive to climate impact.

In addition, mean trophic level of fishery landings (MTL) decreased before 1990 (Ding et al., 2016, 2017), a phenomenon known as “fishing down marine food webs” (Pauly et al., 1998). However, MTL increased after the late 1980s despite increased fishing pressure (Ding et al., 2017), showing an opposite trend, i.e., MTL should be declining under continuous high fishing pressure (Travers et al., 2010), Such phenomena are likely associated with the large-scale regime shift that occurred around 1989 in the North Pacific. And the proportion of piscivorous fishes in the total catch of marine fish declined while small pelagic fish in the China Seas relatively increased (Supplementary Figure 5), which was consistent with the wasp-waist theory (Cury et al., 2003), i.e., the decline caused by overfishing would propagate up and down the food web and specifically predators would overall decrease in abundance.

Generally, variations of piscivorous fish in the China Seas were related to climate change and fishing effort. And the differences of the performance values between the two scenarios with/without fishing effort (Figure 8A) indicated that the four changing patterns of these different taxa can be summarized as follows: (1) the increase of hairtail, marine eels and Japanese-Spanish mackerel with decadal variations were affected by the interaction of climate change and fishing intensity, (2) the fluctuations of Pacific cod and common dolphinfish were dominated by climate variabilities, and (3) lizardfish, sharks and rays, as early-exploited economic fishes, kept decreasing since the late 1950s, which may result from the persistent fishing pressure.



Implication for Fisheries Managements of Piscivorous Fish

The OCOM is useful to estimate management quantities across a range of stocks simultaneously when only catch data are available and when the average or ensemble statistics become more important (Zhou et al., 2018). Recently, biomasses of some piscivorous fish have been estimated by using the Monte Carlo method CMSY (catch-maximum sustainable yield) (Liang et al., 2020; Zhai et al., 2020). Comparisons between our biomass estimates and those based on CMSY showed similar variation patterns. And combined with the changes of biological characteristics, it is clear that the depletion of fishery resources caused by overfishing have already occurred in the China Seas.

A great challenge for modern fisheries management is to understand multiple sources of variability and their interactions, and take them into account. The traditional goal has been to distinguish between impacts from fishing and those from climate change (Hsieh et al., 2006). In many cases this goal has not been easy to reach as significant changes in exploited marine systems are driven by the interactions between climate change and fishing. By separating the time-series data into two sets, each of which was subjected to two scenarios of gradient forest analyses (with and without fishing effort as a predictor), we were able to demonstrate that fishing pressure had larger impacts on piscivorous fish in the China Seas before 1990. In the last two decades, environmental variability started to play a greater role in shaping the dynamics of the piscivorous fish in the China Seas. However, the continued high fishing intensity in the same period may have exacerbated the impacts from climate change. By reducing fishing effort, the stocks might be likely to recover even under the current environmental conditions.

At present, marine fisheries management in China focuses on controlling fishing intensity, which mainly consists of fishing moratorium system and total allowable catch (TAC) system (Mu et al., 2007), but neglects the impacts of climate change and selective fishing. In addition, although the vast majority of fishery activities ceased during annual summer fishing moratorium from May to August, the utility of this management measure may vary among different species due to the discrepancies of their life history traits. Thus to form a more targeted fishery management system, different management strategies should also be developed for distinct biological groups or even species with different biological characteristics. In addition, climate change has already caused a series of physical environment changes in oceans all over the world (Bindoff et al., 2019; Collins et al., 2019). Therefore, in addition to timely and appropriate reduction of fishing pressure when fish productivity declines, fisheries management for piscivorous fish in the China Seas should take into account the effect of climate variability. In particular, fisheries management needs to be flexible and adaptive to changing ocean and ecosystem conditions, and it is important to identify species-specific response to climate variability and to implement corresponding fisheries management.

For piscivorous fish in the China Seas, perceptible recession becomes increasingly serious under the circumstance of high fishing pressure. Our results indicated that fishing pressure and climate regime shifts had great impacts on variations of large marine predators in the China Seas while small pelagic fish in the same region were largely affected by climate change (Ma et al., 2019). The impact of fishing pressure can be different on the same species under different climate regimes, which can be intensified by unfavorable climatic regimes (Tian, 2009). Piscivorous fish in this study are targeted by different fisheries including gill net, purse seine and trawl in the China Seas; they have different life history traits, and showed different responses to climate variability and fishing pressure. Under the current fisheries management system without regular fisheries monitoring and stock assessment, it is almost impossible to implement a species-specific management strategy for piscivorous fish in the China Seas. Nevertheless, moving toward ecosystem-based fisheries management, which considers the response patterns to climate variability and fishing at fish assemblage level such as piscivorous fish, can assist the current single-species-based fisheries management. We also advocate precautionary fishery practices with the effects of climate change on fish being explicitly taken into account.



CONCLUSION

Catch of piscivorous fish in the China Seas showed increasing trends since the 1990s along with the total marine fish catch. Time series of catch, estimated biomass and population growth ratio for piscivorous fishes showed evident decadal variation pattern with three step changes around the late 1970, early 1990s, and late 1990s. Although the step change around the early 1990s was more affected by increasing fishing intensity, all step changes corresponded well to climate regime shifts in the North Pacific. With the exception of Pacific cod, the intense fishing has also reduced average body sizes and truncated age compositions in the catch of piscivorous fish. Both climate change and fishing have impacted piscivorous fish in the China Seas. Specifically, fishing pressure had larger impacts on piscivorous fish in the China Seas before 1990. In the last two decades, environmental variability imposed a greater impact on the piscivorous fish, which may have been exacerbated by the continued high fishing intensity. It is likely that the stocks might have recovered even under the current environmental conditions had fishing intensity been reduced. Therefore, fisheries management for piscivorous fish in the China Seas should simultaneously take into account the effects of fishing and climate variability.
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name) species (scientific (years) temperature mortalities (M) preference range biological data
name) source and duration
Pacific cod Gadus macrocephalus 10 6-9°C 127.7 0.5944 Demersal Cold-water 63°00'N-31°00'N,  Estimated catches in
119°00'E~ EEZ of China from Sea
119°00'W Around Us: 1955-2014
(Lietal,2012)
Hairtail Trichiurus japonicus 8 12-20°C 234 0.7293 Benthopelagic ‘Warm-water 49°00'N-54°00'S,  Chinese Fishery
T. lepturus 114°00'W- Statistics: 19562019
180°00E (Zhang Q. et al., 2007)
Japanese-Spanish  Scomberomorus 11 12-20°C .7 0.5447 Pelagic ‘Warm-water 45°00'-18°00'N, Estimated catches in
mackerel niphonius 108°00'-143°00'E  EEZ of China from Sea
Around Us: 1955-1978
(Sun, 2009) Chinese
Fishery Statistics:
1979-2019
Common Coryphaena hippurus 5 21-30°C 210 1.3760 Pelagic ‘Warm-water 47°00'N-40°00'S,  Estimated catches in
dolphinfish 180°00'W— EEZ of China from Sea
180°00'E Around Us: 1955-2014
Marine eel Muraenesox cinereus 15 >20°C 220 0.3865 Demersal ‘Warm-water 47°00'N-4°00'S, Estimated catches in
30°00-143°00'E  EEZ of China from Sea
Around Us: 1955-1980
(Dou, 2014) Chinese
Fishery Statistics:
1980-2019
Lizardfish e.g., Saurida elongate, 7 50-60 0.8241 Demersal/Reef- ‘Warm-water 45°00'N-44°00'S,  Estimated catches in
Saurida undosquamis, associated 32°00'E-155°00'E  EEZ of China from Sea
Saurida tumbil Around Us: 1956-2014
(Chen et al., 2012)
Sharks and rays e.g., Sphyma lewini, 35212032 7-21°C >16°C 430 500 400 445 0.4000 Pelagic-oceanic ‘Warm-water 71°00'N-55°00'S,  Estimated catches in
Sphyrna zygaena, 100 pelagic-oceanic 180°00'W- EEZ of China from Sea
Prionace glauca, Isurus pelagic-oceanic 180°00'E Around Us: 1955-2014

oxyrinchus, Rhinobatos
schlegeli

pelagic-oceanic
demersal

The original data were obtained from FishBase (https.//www.fishbase.se/search.php) and revised according to relevant literatures. For lizardfish, sharks and rays, the range of biological parameters are used to fill in
each blank of these two taxa.
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