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Ocean warming can strongly impact marine fisheries; notably, it can cause the “mean temperature of the catch” (MTC) to increase, an indicator of the tropicalization of fisheries catches. In this contribution, we explore MTC changes in three large marine ecosystems (LMEs) along China's coasts, i.e., the Yellow Sea, East China Sea, and South China Sea LMEs, and their relationships to shifts of sea surface temperature (SST). The results show that, while the MTCs began to increase in 1962 in the East China Sea and in 1968 in the Yellow Sea, there was no detectable increase in the South China Sea. There also was a strong relationship between MTC and SST in the Yellow and East China Seas from 1950 to 2010, especially when taking a 3-year time-lag into account. The lack of change of the MTC in the South China Sea is attributed to the relatively small increase in SST over the time period considered, and the fact that the MTC of tropical ecosystems such as the South China Sea is not predicted to increase in the first place, given that their fauna cannot be replaced by another, adapted to higher temperature. Overall, these results suggest that ocean warming is already having an impact on China's marine fisheries, and that policies to curtail greenhouse gas emissions are urgently needed to minimize the increase of these impacts on fisheries.
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INTRODUCTION

Climate change and ocean warming resulting from greenhouse-gas emissions are directly affecting the ecophysiology of marine fishes and invertebrates (Cheung et al., 2009, 2010, 2013; Genner et al., 2010). Previous studies suggest that, to cope with changing temperatures, marine fishes and invertebrates change their distribution range (Perry et al., 2005; Dulvy et al., 2008) and phenology (Genner et al., 2010). With ocean temperatures increasing, areas previously inhabited by a set of species to levels cease to be thermally optimal, and the growth and reproduction of marine fishes and invertebrates decrease, ultimately reducing their abundance (Pörtner and Knust, 2007; Pauly, 2010). On the other hand, some fishes and invertebrates may colonize and flourish in areas previously unsuitable for their survival. Consequently, fishes and invertebrates will tend to shift their distribution toward higher-latitudes (Perry et al., 2005), which is expected to affect the availability of exploited populations and thus leads to “tropicalization” of fisheries catches (Cheung et al., 2012, 2013; Wernberg et al., 2013).

To detect the effects of climate change on fisheries catch, a new indicator, the mean temperature of the catch (MTC), was introduced by Cheung et al. (2013). The MTC is computed from the average inferred temperature preference of exploited species weighted by their annual catch, which makes it easy to parameterize using easily accessible data. The MTC was shown to correlate strongly with regional sea surface temperatures (SSTs), except in the tropics, where the MTC does not increase beyond 26–27°C (because marine fishes and invertebrates do not exist that have much higher preferred temperature), while SSTs easily do.

However, if MTC is to become accepted as an index of the impact of climate change on marine fisheries, it also has to be applicable at smaller scales, such as in the Aegean Sea (Keskin and Pauly, 2014; Tsikliras and Stergiou, 2014). In this contribution, we explore MTC shifts and their relationships to SST changes in three of China's Large Marine Ecosystems (LMEs), the Yellow Sea (YS), East China Sea (ECS), and South China Sea (SCS). Our time series start in 1950, i.e., earlier than Cheung et al. (2013), and thus allowing the time to be detected from which the MTC shows an increasing trend, if any.

MATERIALS AND METHODS

Large Marine Ecosystems

The Yellow, East China and South China Seas LMEs are located in the Western Pacific and bordered to the west by the coast of China (Figure 1).
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FIGURE 1. The three Large Marine Ecosystems adjacent to the Chinese coast, i.e., the Yellow Sea, the East China Sea, and the South China Sea.



These three LMEs have abundant fishery resources important to the bordering countries. The biological community of the Yellow Sea LME is typical in the North Pacific warm temperate zone, with both warm water and cold water species, and the species composition in the ecosystem shows obvious seasonal variations. Fishery resources are heavily exploited in the ECS, with about 200 species of fishes and invertebrates being exploited commercially. According to the East China Sea fishery resources survey conducted in 2000–2002, the density index of resources (i.e., biomass per surface area) of the top 20 species accounted for 91.6% of the total, while other species accounted for only 8.4% (Zhang et al., 2007). The South China Sea LME is in the tropics and has a wide range of biological resources. Notably, 1,000 fish species are exploited commercially, of which about 200 have relatively high economic value (Sherman and Hempel, 2008).

These three LMEs contribute over 90% of the domestic marine catches in China (Zhao, 2015); please refer to Sherman and Hempel (2008) for more information these three LMEs.

Catch Data Source

The fisheries catches data were sourced from the Sea Around Us (www.seaaroundus.org), which originated from a range of sources including the Food and Agriculture Organization's (FAO) fisheries database, supplemented by national data sets from the countries adjacent to these three LMEs, from North Korea in the north to Indonesia in the south (Zeller et al., 2016; see also contributions in Pauly and Zeller, 2016b). These catches data were “reconstructed” in the sense that where they were missing, discards, and the catches of artisanal, subsistence and recreational fisheries were added to the landing data reported to the FAO by the countries in question (Pauly and Zeller, 2016a).

Thermal Preference and Computation of the MTC

Our analysis covered 75 fish and invertebrate species in the Yellow Sea, 123 in the East China Sea and 221 in the South China Sea, contributing about half of total catches in the Yellow Sea and East China Sea, but <30% of total catches in the South China Sea (see www.seaaroundus.org). The remainder of the catches in these three LMEs were reported as higher taxa, i.e., genera, families, or higher. Because the species composition (and hence the temperature preference) of these aggregated groups could not be inferred, they were not included in our analyses.

The thermal preference of species originated from one of three sources (see also Table S1):

a) For the species in Cheung et al. (2013), the temperature preferences were as inferred from the overlap of their distribution range maps (Palomares et al., 2016) with SST data from the Hadley Centre (www.metoffice.gov.uk/hadobs/hadisst), as reported in the Supplementary Online Material of Cheung et al. (2013);

b) For species not in (a), the median temperature preference were taken from Aquamaps (www.aquamaps.org);

c) For species not in (a) or (b), the median temperatures were obtained from the Biogeographic Information System (OBIS; www.iobis.org).

The MTC was computed as the average of the temperature preference of all exploited fishes and invertebrates species weighted by their annual catch:
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where Ci,yr is the catch of species i in a specific LME in year yr, Ti is the median temperature preference of species i and n is the total number of species reported from the catch of the LME is question.

The average annual SSTs in each of the three LMEs considered here were extracted from Belkin (2009); these times series cover the years 1957 to 2006.

RESULTS

Figure 2 presents times series of the total reconstructed catch from the Yellow Sea, East China Sea, and South China Sea LMEs, as extracted by the fleets and fishers of all countries operating in or along the shores of these ecosystems, along with the sums of the catches reported at species level, and which could be used in this analysis. Catches in 1950 were relatively low in all 3 LMEs, and gradually increased since; then they all experienced rapid increase from 1970s to 1990s. By the end of 1990s, the total catches in all 3 LMEs reached a peak, from which they declined in the 2000s. The catches reported as the level of species, and used in this analysis, exhibited similar trends.
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FIGURE 2. Fisheries catches from the Yellow (A), East China (B), and South China Seas (C); black dots: total reconstructed catch (from www.seaaroundus.org); white dots: catch reported by species (about half for the Yellow and East China Seas, and less than one third for the South China Sea).



The computed MTC values in the three LMEs covered here exhibited very different trends (Figure 3A). Thus, while MTC in the Yellow Sea increased at an average rate of 0.41°C per decade between 1950 and 2010, and the MTC in the East China Sea increased at a rate of 0.22°C per decade during the same period, the MTC in the SCS remained around 26°C (i.e., 26.3 ± 0.4).
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FIGURE 3. Time series of MTC in three LMEs (A) and relationships (in B,C) between the trends of MTC in the Yellow and East China Seas and the SSTs, with a lag of 3 years (see text and Table 1).



These results match prior expectations, as observed SSTs in the Yellow Sea increased from 1957 to 2006 by 1.27°C (Figure 3B), and by 1.64°C in the East China Sea (Figure 3C). There was a strong relationship between MTC and SST in the Yellow and East China Seas from 1950 to 2010, especially when taking a 3-year time-lag into account (Table 1). SSTs in the South China Sea exhibited a smaller increase, of 0.63°C since 1957 (Belkin, 2009). However, even the smaller SST change in the South China Sea does not explain why its MTC remained stable through the entire period considered here (but see section Discussion).


Table 1. Test statistics of GLM between MTC and SST without and with time-lag (up to 4 years).

[image: image]



Segmented regression analysis was used to detect the year when the MTC increase began. In the Yellow Sea, a relatively stable trend was observed at the beginning of the time series, and the MTC began to increase in 1968 (Figure 4A); in the ECS, the MTC began to increase in 1962 (Figure 4B).
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FIGURE 4. Segmented regressions, as used to demonstrate that the increase of SST in the Yellow Sea began in 1968 (A), and in 1962 in the East China Sea (B).



Finally, Figure 5 compares the composition of the catches in the Yellow and East China Seas in the 1950s with that of the 2000s in terms of the preferred temperature of the species in these catches. As might be seen, the more recent catches consist of more species with affinities to warmer waters. The mean MTC in the Yellow and East China Seas in the 1950s was 20.5°C, increasing to 22.5°C in the 2000s. The percentage of species whose median temperature preference was 12°C in 2000s experienced the most significant decrease, from 16.1% in the 1950s to 5.7% in 2000s; while the percentages of species whose median temperature preference were 24 and 28°C increased from 57.1 and 7.0% in the 1950s to 62.8 and 15.5% in the 2000s, respectively.
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FIGURE 5. Fisheries catch composition comparison between 1950s and 2000s in the Yellow and East China Seas, illustrating the tropicalization of the fish communities.



DISCUSSION

Reporting overaggregated taxa is a persistent issue with many countries' statistical reporting system. As the species composition (and hence the temperature preference) of aggregated groups could not be inferred, the catches used for MTC calculation contributed about half of total catches in the Yellow Sea and East China Sea, but <30% of total catches in the South China Sea.

Greenhouse gas emissions resulting from intensive human activities have been altering ocean properties since the beginning of twentieth century (Stocker et al., 2013), which include ocean warming, acidification and reduced ice cover in polar regions (Gattuso et al., 2015). Given the current rate of greenhouse gas emission, these alterations in ocean are expected to continue (Pörtner et al., 2014), and the mean global ocean temperature is projected to increase 1–4°C by the end of twenty-first century (Cheung and Pauly, 2016). China's seas have become warmer generally in the last few decades, but the trend is not homogenous, with the East China Sea experiencing the most pronounced increase and the South China Sea having the least increase (Belkin, 2009), which will have different effects on fisheries.

The basic body functions of fish, i.e., growth and reproduction must occur within certain temperature preference ranges and tolerance limits (Pörtner and Farrell, 2008; Pauly, 2010; Sunday et al., 2011). When the temperature of their environment is beyond the preferred range of the species, they respond by altering their distribution to maintain themselves within their preferred temperature range, as they do when they migrate seasonally (Pauly, 2010).

There is a large amount of observational evidence for distribution shifts of marine fishes in response to ocean warming, and meta-analyses have established that fishes are moving toward higher latitudes at average rates of 10 s of km per decade (Poloczanska et al., 2013). For example, a study conducted in the North-east Atlantic Ocean showed that 35 of the 50 abundant marine fishes in the NE Atlantic waters had shifted their ranges in the last few decades in directions that were consistent with gradients of SST change (Simpson et al., 2011). Similarly, Cheung et al. (2008) projected the impact of climate change on the distribution ranges of small yellow croaker (Larimichthys polyactis), one of the most important fishery resources in the Yellow and East China Seas, and predicted that its distribution range would reach well beyond the Yellow Sea, i.e., that this fish would invade the Bohai and Japan Seas. Similarly, a study focused on the Taiwan Strait showed that 13 new, warmer water species now occurred in the Taiwan Strait, which previously occurred more southward in the South China Sea (Dai, 2004). In addition, 25 fish species, including, e.g., Daya jordani, Lepidotrigla japonica, and Pseudorhombus dupliocellatus, which were previously caught only in the southern part of the Taiwan Strait were now also caught in its northern part (Dai, 2004).

As different species, under ocean warming, shift their distribution ranges at different rates, cascading effects can occur within the marine ecosystems whose communities gain or lose species. Community composition shifts with an increase of warmer-water marine species have been observed in many temperate and colder regions of the world (Arvedlund and Kavanagh, 2009; Fodrie et al., 2010; Stergiou and Tsikliras, 2011; Keskin and Pauly, 2014). Given a strong exploitation rate, as occurs in most of the world's LMEs, fish community change will be reflected in the composition of survey and/or commercial fisheries catches (Cheung et al., 2013), which makes the MTC a valid proxy to examine the effects of ocean warming imposed on the marine communities structure.

In addition to ocean warming, fishing activities and large-scale climate oscillations can also affect species abundances and shift community composition, but in different ways. Intensive fishing pressure leads to catch compositions shifting from a dominance of large, high-trophic level species to relatively small, low-trophic level species (Pauly et al., 1998); however, there is no selection for fishes with different temperature preferences. Large-scale climate oscillation, such as ENSO, which can also impact the distribution of fishery resources, has limited impacts on China's coastal LMEs. Moreover, instead of causing MTC to steadily increase, ENSO usually causes fish to concentrate in various areas, and hence fishing fleets to move back and forth. Therefore, neither fishing activities nor large-scale climate oscillation would lead to long-term trends in MTC.

Although using SST for comparison with MTC has been done in previous studies (Cheung et al., 2013; Keskin and Pauly, 2014), it has some possible inherent limitations. For instance, species are living in the whole column (or in different part of it), and the water column might be impacted differently by global warming. Although a long-term study conducted in the Yellow Sea found similar trends between the SST and the sea bottom layer temperature (Lin et al., 2005) which supports our analysis, future implementations might also explore MTC trends in connection with habitat preferences and uncorrelated temperature trends along the depth gradient.

MTC values computed for the Yellow and East China Seas have increased since 1950 (Figures 3B,C), as also can be seen by comparing the distribution of the temperature preferences of the species caught (Figure 5). That the MTC for the SCS did not increase (see Figure 3A) while SSTs for the same LME increased (Belkin, 2009) may at first seem to invalidate the MTC as a reliable proxy. However, a moment of reflection should suffice to realize that when a tropical ecosystem (such as the South China Sea) becomes warmer, the tropical fish therein that move away, in spite of their high temperature preferences, are not going to be replaced by other fishes with even higher temperature preferences. Thus, the MTC of tropical ecosystems will tend to stay more or less constant, as observed here for the South China Sea, and as anticipated by Cheung et al. (2013). The impacts of ocean warming imposed in the tropics can be quantified by the catch potential of fisheries, which may decline up to 40% in the tropics in 2055 compared with 2005 (Cheung et al., 2010).

Figure 3B required two scales for its Y-axis, i.e., one for its MTC, the other for its much lower (mean annual) SSTs. We interpret this as suggesting that fisheries catches in the Yellow Sea consist to a larger extent than in the other LMEs of warm-water fishes that visit the Yellow Sea in summer. We suggest that it is a hypothesis worth testing, as it would, if corroborated, add to information that could be extracted from MTC time series.

Climate change, and more specifically ocean warming, is projected to affect fish catches and communities in many different ways. Distribution range shifts of fishes and invertebrates will lead to redistribution of global catch potential, and China is among the countries with the largest predicted loss in catch potential (Cheung et al., 2010) and thus benefits from fisheries (Sumaila et al., 2011). Also, the fish distribution shifts can lead to fish communities that have not co-evolved as those previously observed (Molinos et al., 2015), and thus reduce the resilience of ecosystems (Cheung and Pauly, 2016).

The total catches for each of the 3 LMEs studied here (including the SCS) do decline (see Figure 2). For the YS and the ECS, this is the case since about 2000. That this is the case also for the SCS confirm Cheung et al. (2013), who suggested that the catch of tropical fish and invertebrates should decline, given that the population migrating out of the tropics would not be replaced by population for even warmer areas. However, Cheung et al. (2013) did not provide an estimate of the rate at which catches should decline, and the one estimated here, of 0.32% per year (See Figure 2C) is as reasonable as any.

Also, if Cheung et al. (2013) had estimated a rate of decline, it would have been under the assumption of “ceteris paribus,” i.e., that all other factors (e.g., fishing effort) are kept constant. This is far from reality. Thus, while the Chinese catches in the SCS have remained more of less steady since the 1990s, fishing effort has been increasing continuously [Fisheries and Fishery Administration of the Ministry of Agriculture (1979-2015)]. This suggests a decrease in the catch potential of that ecosystem.

Overall, jointly with overfishing, habitat degradation and pollution, ocean warming is having a large impact on China's marine fisheries, and the MTC can be used as a valid proxy to examine and quantify these impacts. Given that ocean warming is not unique to China, this study highlights the immediate need to implement adaptation policies to minimize the effect of such warming on fisheries in all marine ecosystems.

CONCLUSIONS

With a strong exploitation rate occurring in most of the world's LMEs, MTC can be taken as a valid proxy to examine the effects of ocean warming imposed on marine communities.

The MTCs began to increase in 1968 in the Yellow Sea and 1962 in the East China Sea, and a strong relationship was also found between MTC and SST in the Yellow and East China Seas, especially when taking a 3-year time-lag into account. There was no detectable increase in the South China Seas. In addition to the relatively small increase in SST over the time period considered here, the divergent trends of SST and MTC are attribute to the fact that the MTC of a tropical ecosystem such as the South China Sea was not predicted to increase in the first place, given that its fish fauna cannot be replaced by another with even higher temperature preferences.
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LME Parameters No time-lag 1-year time-lag 2-year time-lag 3-year time-lag 4-year time-lag

Intercept (°C)  Slope Intercept (°C) Slope Intercept (°C) Slope Intercept (°C) ~ Slope Intercept (°C)  Slope

Yellow Sea  Estimate 18 0.604 125 0.563 1.6 0.626 106 0.693 17 0.621
Std. Error 361 0241 37 0.247 370 0.247 364 0243 3.69 0.246
tvalue (49) 3.26 251 3.36 228 312 253 291 285 3.18 252
P-value 00021 00156"  0.0016™  00274" 00030  00146" 00055 00064 00026 00150

East China  Estimate 102 0536 100 0.544 955 0.568 892 0.599 9.08 0595

Sea Std. Error 2.48 0.115 255 0.119 262 0.422 254 0417 253 0118
tvalue (49) 411 464 3.93 457 365 4.66 350 506 357 5.05
P-value 00002 000003  0.0003" 000003 00007 000003  00010" 0000005 00008  0.000006™

“Significant at 0.05 level; **Significant at 0.01 level: GLM established when 12.3 < SST < 16.3 in the Yellow Sea, and when 20.5 < SST < 22.9 in the East China Sea.
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