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The Changjiang estuary (CJE) is a large estuary that is affected by multiple anthropogenic stressors and climate change. The long-term trend of zooplankton in the CJE is an important indicator of the ecological response to stressors. We applied the Mann–Kendall trend analysis and Pettitt test to detect the trend and breakpoints of the biomass of the large mesozooplankton (LMZ; 505–20 000 μm) in four seasons, abundance of main LMZ taxa in summer from the 1960s to 2020, and abundance of dominant species in summer from 2000 to 2020 in the CJE. Results showed that LMZ biomass increased significantly during spring and summer, and the breakpoints both occurred in the 1980s. After the breakpoint, the mean biomass increased from 142.88 to 429.42 mg/m3 in spring and from 296.28 to 723.92 mg/m3 in summer. After 2000, the abundance of Copepoda in summer increased by more than 10 times compared to the 1960s. Under the conditions of warming and increased dinoflagellate abundance in the CJE, the abundance of the warm-water and omnivorous small calanoid copepod Paracalanus aculeatus increased significantly. Meanwhile, the significant decrease in the abundance of the temperate brackish species Labidocera euchaeta was probably mainly related to warming. The rapid changes in LMZ biomass during the late 1980s and mid-1990s is probably the result of a combination of enhanced bottom–up support, reduced top–down pressure, and promotion of temperature. This study provides scientific evidence and insights into the adaptive management of the Changjiang Basin.
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Introduction

Estuaries are located at the transition zone between a river and shelf, which are characterized by strong coastal nonlinear physical processes (current, wind, and tide), and receive terrestrial materials from mega-river systems, including abundant dissolved or particulate organic and inorganic matter (Ge et al., 2020a). Additionally, estuaries are affected by climate change (Giosan et al., 2014). Anthropogenic activities in river basins, especially agricultural and industrial drainage and damming, have resulted in reduced sediment and increased nutrient transport into estuaries in recent decades, such as in the Mississippi, Indus, Nile, and Changjiang estuaries (Giosan et al., 2014; Chen et al., 2021). Nitrogen (N), phosphorus (P), and silicon (Si) are the three major nutrients. Among these, N and P concentrations have increased in river systems and associated estuaries, mainly because of fertilization. The Si concentration remained relatively stable, but exceptions have been observed following hydrological perturbations in upper river catchments, such as damming and water diversion for irrigation (Ge et al., 2020a). Increasing nutrient inputs, changing relative nutrient ratios, decreasing sediment loads, and global warming affect the biogeochemical dynamics of estuarine ecosystems. Phytoplankton abundance increases, harmful algal blooms, and seasonal hypoxia have been detected in regions with large riverine inputs in summer when vertical stratification is the strongest over a year, for example, the northern Gulf of Mexico, Chesapeake Bay, Baltic Sea, and East China Sea (ECS; Zhang et al., 2021). The responses of zooplankton are inconsistent across estuaries and may be determined by different trophic interactions in the food web. For example, the abundance of the ctenophore Mnemiopsis leidyi increased and that of the copepod Acartia tonsa decreased in the Chesapeake Bay (Kimmel et al., 2012; Stone et al., 2018), and the zooplankton standing crop reduced in the Nile delta (Chen et al., 2021), while the abundance ratio of copepods to cladocerans changed in the San Francisco estuary (Lehman et al., 2010).

The Changjiang (Yangtze) River is one of the largest rivers in the world, delivering approximately 9.28 × 1011 m3/yr of freshwater and 3.51 × 108 tons/yr of sediments into the estuary (multi-year mean between 1951 and 2020 at the Datong hydrological gauging station) (CWRCMWR, 1951–2020). As the longest river in China, over 30% of its population lives within the Changjiang drainage basin (Zhang et al., 2021). Since the 1960s, population growth and economic development in the basin have resulted in a rapid increase in nutrient fluxes into the Changjiang estuary (CJE), particularly dissolved inorganic N (Chai et al., 2006; Wang et al., 2018). In addition, over the past 60 years, more than 50,000 dams have been built in drainage basins; the sediment load of the Changjiang River has decreased significantly in recent decades, particularly after the construction of the world’s largest dam, the Three Gorges Dam (TGD) in 2003 (Zhao et al., 2021). The ECS, where the CJE is located, is one of the most rapidly warming large marine ecosystems (Belkin, 2009). Similar to other typical estuaries that are severely impacted by anthropogenic activities and warming, the CJE and its adjacent waters have been suffering from serious eutrophication, nutrient ratio shifts, phytoplankton and harmful algal blooms, seasonal hypoxia (Li et al., 2018; Li et al., 2019), and deterioration of fishery resources and jellyfish blooms exacerbated by overfishing (Xian et al., 2005).

Mesozooplankton play an important role in linking primary production to fish production and are excellent sentinels for the response of oceanic biota to climate change (Dam, 2013; Rice, 2015; Steinberg and Landry, 2017). Warm-water species generally refer to marine organisms whose growth and reproductive temperature range is higher than 20°C, and whose monthly average water temperature in their natural distribution area is higher than 15°C, and includes subtropical and tropical species. Temperate species generally refer to marine species with a wide range of suitable temperatures for growth and reproduction (4–20°C) and a wide range of monthly average water temperatures (0–25 °C) in their natural distribution areas, and includes cold-temperate species and warm-temperate species. Several previous studies comparing historical data from the 1960s, 1980s, and early 2000s in the CJE indicated that under the impact of warming, the abundance of warm-temperate species [Euphausia pacifica (Euphausiacea), Euchaeta plana (Copepoda)] decreased, whereas that of warm-water species [Pseudeuphausia sinica (Euphausiacea), Lucifer intermedius (Decapoda), and Lucifer hanseni (Decapoda), Euchaeta concinna (Copepoda), Temora turbinata (Copepoda)] increased (Ma et al., 2009; Zhang et al., 2010; Gao and Xu, 2011; Xu et al., 2013; Xu and Zhang, 2014). In addition, based on data in the CJE from 1996 to 2005, Li et al. (2010) revealed that the dominance of copepods decreased, while that of medusae increased. However, overall changes in the zooplankton community (including community biomass, main taxa, and dominant species) have not been reported in the CJE, especially when combined with data from the last two decades. We speculated that zooplankton biomass may increase under the background of warming, food increase, and overfishing; meanwhile, the abundance of warm-water and hypoxic-tolerant species may increase under warming and hypoxic stress.

Based on the above hypothesis and available data, we examined (1) the trend of zooplankton biomass in the four seasons from the 1960s to 2020, (2) the trend of abundance of zooplankton taxa in summer from the 1960s to 2020, and (3) the trend of abundance of dominant species of zooplankton in summer from 2000 to 2020. These results will provide an understanding of the response of mesozooplankton communities to the combined impacts of global warming and human perturbations in a large subtropical estuary and identify the factors that influence the changes in zooplankton characteristics.



Materials and methods


Study area

The CJE and inner shelf of the ECS are typical estuarine-shelf coastal zones with complicated hydrological systems, which are mainly affected by Changjiang Diluted Water (CDW), coastal currents, and the Taiwan Warm Current. CDW brings a large input of freshwater and sediment from the upstream. The mixing of freshwater with oceanic water forms a low-salinity plume. This plume changes seasonally in terms of its spreading areas and pathways, flowing either into the shelf of ECS during summer or farther away along the ECS coast during winter. A large quantity of suspended sediments from the river experience the dynamics of local vertical resuspension and settle in the estuary to form a sediment front (SF), which is jointly determined by the low-salinity plume and tidal mixing (Ge et al., 2020b; Li et al., 2021). A sediment plume usually co-occurs with a dissolved nutrient plume and a low-salinity plume. Sediment and dissolved nutrient fronts are located near the river mouth, whereas the low-salinity front (LSF) extends offshore over the shelf (Li et al., 2021; Figure 1A).




Figure 1 | Hydrological system around the Changjiang estuary (A) and sampling areas of historical zooplankton data in Table 1 (B). CDW: Changjiang Diluted Water; YSCC: Yellow Sea Coastal Currents, ECSCC: East China Sea Coastal Currents, blue solid and red dotted arrows indicate the different seasonal flow directions of Coastal Currents; TWC: Taiwan Warm Current; SF: Sediment Front; LSF: Low-Salinity Front.



Estuarine fronts are important mesoscale physical processes that shape spatial patterns of different water masses. The water masses on either side of the front are characterized by different water properties, generating different spatial patterns of primary productivity and habitats for plankton assemblages. In the CJE and its adjacent waters, the shoreward water mass of the SF was characterized by the highest nutrients and total suspended matter (TSM). Consequently, the extensive light limitation led to the lowest chlorophyll-a (Chl-a). The water mass between the SF and LSF displayed the highest Chl-a, which benefited from the increased light availability and higher nutrients contributed by the plume and coastal upwelling. The shelf water mass beyond the LSF showed the lowest TSM and nutrients, and hence, the distinct reduction in nutrient supply resulted in relatively low Chl-a (Li et al., 2021).

Zooplankton near the CJE are usually divided into three or four groups, depending on the preference of species for water temperature and salinity. Freshwater species (e.g., Sinocalanus sinensis) can only be found inside the river mouth and are usually scarce. Estuarine species (e.g., Pseudodiaptomus sp. and Tortanus sp.) live near the river mouth, where salinity varies from 6 to 20. Oceanic species from the Yellow and East China Seas (e.g., Calanus sinicus, Euchaeta spp., Paracalanus spp., and Sagitta enflata) usually appear offshore. Shelf species (Acartia pacifica, Centropages dorsispinatus, Labidocera euchaeta, Sagitta nagae, and Diphyes chamissonis) live between estuarine and oceanic species, and those from neritic areas of both the Yellow and East China Seas can be observed in this area (Gao and Zhang, 1992).

On the other hand, the Changjiang River is affected by the East Asian monsoon, which results in higher rainfall in summer and lower rainfall in winter. The maximum runoff occurs from May to October, contributing 71.8% of the annual flow recorded at the Datong station, the last station before the river enters the coast, approximately 600 km upstream of the river mouth. The operation mode of the TGD changed the seasonal discharge at the river mouth, and reduced peak flooding in the summer, while increased the flow in winter.



Description of datasets

A survey of the zooplankton community in the CJE began in 1959, during the China National Oceanic Census. Since then, surveys, including on zooplankton, have been conducted every decade, except in the 1990s. In addition, zooplankton monitoring observations in the summer have been conducted almost every year since 2000. All zooplankton samples were collected using a plankton net with a mesh size of 505 μm (diameter: 50 cm and length: 145 cm when the water depth was < 30 m; diameter: 80 cm and length: 280 cm when the water depth was > 30 m). Therefore, in this study, we analyzed the long-term changes of the designated “large mesozooplankton” which range in size from 505 to 20,000 μm (generally, mesozooplankton are zooplankton ranging in size from 200 to 20,000 μm).

Zooplankton data were derived from the literatures covering a similar region and our studies (Figure 1B). Historical data included zooplankton biomass from 1959 to 2017 in spring and winter, 1959 to 2020 in summer, and 1959 to 2010 in autumn. Historical data also included the abundance of zooplankton taxa in summer from 1961 to 2020, and the abundance of dominant species in summer from 2000 to 2020, although there were several missing values (Table 1). Eleven zooplankton taxa were collected; unfortunately, with many missing values. Data on Copepoda and Euphausiacea covered the 1960s, 1980s, 2000s, and the 2010s. Data on Mysidacea, Amphipoda, and Decapoda covered the 1960s, 2000s, and 2010s. Data on Chaetognatha, Tunicata, Diplostraca, Medusa (including Hydrozoa and Ctenophora), Polychaeta, and planktonic larvae only covered the 2000s and the 2010s. Zooplankton data representing spring, summer, autumn, and winter were collected in May, August, November, and January, respectively.


Table 1 | List of historical data on zooplankton in the Changjiang estuary and source.





Zooplankton samples were collected using plankton nets via vertical tows from 2 m above the bottom to the surface. The collected samples were stored in 5% formalin in 1-L plastic bottles. The volume of the filtered water was measured using a digital flow meter. In the laboratory, mesozooplankton samples were filtered through a silk sieve with a mesh size of 160 μm and then weighed with a 0.1-mg electronic balance after picking out sundries. Taxonomic identification and enumeration were performed using a stereoscope and microscope. Zooplankton biomass was determined as the ratio of the zooplankton wet weight to the filtered water volume, and abundance was determined as the ratio of the number of individuals to the filtered water volume. Dominant species were defined as those with a dominance index (Y) greater than 0.02. Y= (ni/N) ×fi , where ni represents the abundance of the species i, N is the total abundance of the community, and fi is the appearance frequency at all of the stations (Dufrene and Legendre, 1997).

The seasonal mean sea surface temperature (SST) from 1982 to 2020 was derived from level-4 daily products from multiple sensors including Advanced Very High Resolution Radiometers (AVHRRs), the series of Along Track Scanning Radiometers (ATSRs), and the Sea and Land Surface Temperature Radiometer (SLSTR) (2.1 version with 0.05° × 0.05° resolution; https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-surface-temperature?tab=form).



Statistical analyses

Trend analyses of annual zooplankton biomass in four seasons and abundance of taxa and dominant species in summer were performed using the nonparametric Mann–Kendall test (M–K test), which is widely used to detect monotonic increasing or decreasing trends of time series. Test S was exported to indicate a monotonic trend when the number of years n ≤ 10, whereas Test Z was exported to indicate a monotonic trend when n > 10. Sen’s nonparametric method was used to estimate the true slope of the existing trend (Salmi et al., 2002). Differences were considered statistically significant at p< 0.05. The Pettitt test was employed to determine whether at least one “breakdown-type” discontinuity existed in the time series. The time series were treated as nonstationary when the Pettitt test detected a change point in Pettitt test at p< 0.05. The nonstationary time series was further divided into subsets using the change points as breakpoints, and the nonparametric Kruskal–Wallis test (K–W test) was performed to confirm a shift in the mean value. K–W tests were also used to detect the differences in abundance of zooplankton taxa among decades. Spearman nonparametric tests were used to analyze the correlation between zooplankton biomass and SST. The M–K test, Sen’s slope estimation, and Pettitt test were executed in R using “zyp” and “trend” packages (R Development Core Team, 2014) (http://cran.r-project.org). The K–W test and Spearman test were calculated in SPSS 20.0.




Results


Trends of zooplankton biomass in four seasons

The annual mean zooplankton biomass for the years 1959, 1960, 1961, 1973, 1982/1983, 1985/1986, and 2006/2007 showed a gradual upward trend, from 109.59 mg/m3 around 1960 to 150.25 mg/m3 in the early 1970s and from 183.90 mg/m3 in the mid-1980s to 298.04 mg/m3 in the mid-2000s (Figure 2A; Table 2).




Figure 2 | The annual mean biomass of zooplankton from 1959 to 2007 (A) and zooplankton biomass in spring from 1959 to 2017 (B), in summer from 1959 to 2020 (C), in autumn from 1959 to 2010 (D), and in winter from 1959 to 2017 (E) in the Changjiang estuary. Red line: trend line. Yellow line and the value above it: the mean biomass over a period. Red arrow: change point (breakpoint). Blue dotted line: mean biomass before breakpoint; red dotted line: mean biomass after breakpoint.




Table 2 | Trend and change point test of zooplankton and SST in the Changjiang estuary.



Long-term data on zooplankton biomass for the four seasons showed significant increasing trends during spring and summer at rates of 15.55 and 23.32 mg/m3/yr, respectively, according to Sen’s slope of the time series (pspring< 0.05; psummer< 0.01). The biomass in spring increased from 117 mg/m3 around 1960 to 168 mg/m3 from the early 1970s to early 1980s, and from 278 mg/m3 in the late 1980s to 443 mg/m3 from the end of 1990s to the present. The biomass in summer increased from 183 mg/m3 around 1960 to 324 mg/m3 from the early 1970s to early 1980s, and from 439 mg/m3 in the late 1980s to 724 mg/m3 from the end of 1990s to the present. The Pettitt test revealed 1983 and 1988 as the breakpoints of biomass during spring for the period 1959–2017 (p = 0.013) and during summer for the period 1959–2020 (p = 0.001), respectively (Figures 2B, C). After the breakpoint, the mean biomass increased from 142.88 to 429.42 mg/m3 in spring (p = 0.002 in the K–W test) and from 296.28 to 723.92 mg/m3 in summer (p = 0.001 in the K–W test), or approximately 200% and 144% increased after the breakpoint in spring and summer, respectively (Table 2). However, no obvious monotonic long-term trend in biomass for autumn and winter was detected (Figures 2D, E; Table 2).



Trends of abundance of zooplankton groups in summer

Long-term changes in the abundance of 11 zooplankton taxa in summer were analyzed. Based on the time span of data, the monotonic trends of abundance were examined for Copepoda and Euphausiacea, while the differences in abundance between decades were examined for the other taxa. Results showed significant increasing trends in the abundances of Copepoda and Euphausiacea, according to Sen’s slope of the time series (pCopepoda< 0.01; pEuphausiacea< 0.05). The Pettitt test revealed 1984 as the breakpoint of the abundance of Copepoda (p = 0.012) and Euphausiacea (p = 0.050) (Figures 3A, B). After the breakpoint, the mean abundance of Copepoda and Euphausiacea increased from 46.55 to 493.12 ind/m3 and from 4.45 to 15.51 ind/m3, respectively. However, the K–W test showed that the differences in the abundance of Copepoda (p = 0.064) and Euphausiacea (p = 0.077) were not significant before and after the breakpoint (Table 2). In addition, there was no obvious interdecadal variation in the abundances of Mysidacea (p = 0.888), Amphipoda (p = 0.117), Decapoda (p = 0.304), Medusa (p = 0.180), Chaetognatha (p = 0.083), Tunicata (p = 0.180), Diplostraca (p = 0.655), Polychaeta (p = 0.180), and planktonic larvae (p = 0.655; Figures 3C–K; Table 3).







Figure 3 | Abundance of Copepoda (A) and Euphausiacea (B) in summer in the 1960s, 1980s, 2000s, and 2010s; abundance of Mysidacea (C), Amphipoda (D), and Decapoda (E) in summer in the 1960s, 2000s, and 2010s; abundance of Medusa (including Hydrozoa and Ctenophora) (F), Chaetognatha (G), Tunicata (H), Diplostraca (I), Polychaeta (J), Planktonic larvae (K) in summer in the 2000s and 2010s. Red line: trend line. The different scales of the Y-axis are adjusted for different taxa abundances.




Table 3 | Interdecadal differences in average abundance of zooplankton taxa in the Changjiang estuary.





Trends of abundance of dominant species in summer

In the CJE, in summer, the dominant species of Copepoda were A. pacifica, C. dorsispinatus, C. sinicus, L. euchaeta, P. aculeatus, and Euchaeta spp. (Euchaeta concinna and large numbers of Euchaeta larvae). During 2000–2020, the monotonic trend of the abundance of the dominant species P. aculeatus was significantly increasing and it was significantly decreasing for L. euchaeta based on the Sen’s slope of the time series (pP. aculeatus< 0.05; pL. euchaeta< 0.01). The Pettitt test revealed 2008 and 2005 as the breakpoints of abundance of P. aculeatus (p = 0.005) and L. euchaeta (p = 0.006), respectively (Figures 4D, E). After the breakpoint, the mean abundance of P. aculeatus increased from 9.10 to 75.07 ind/m3 (p = 0.009 in the K–W test), while the mean abundance of L. euchaeta decreased from 59.72 to 9.25 ind/m3 (p = 0.004 in the K–W test) (Table 2). In addition, the abundance of A. pacifica increased slightly at a non-significant level with 2006 as the breakpoint (p = 0.038) (Figure 4A; Table 2). The mean abundance of A. pacifica before and after the breakpoint was 63.10 and 177.82 ind/m3 respectively, (p = 0.032 in the K–W test). However, there was no obvious long-term trend in the abundance of the other dominant species of Copepoda (Figures 4B, C, F; Table 2).




Figure 4 | Abundance of Acartia pacifica (A), Centropages dorsispinatus (B), Calanus sinicus (C), Labidocera euchaeta (D), Paracalanus aculeatus (E), and Euchaeta spp. (F) in summer from 2000 to 2020. Red and blue lines: trend lines. Red arrow: change point (breakpoint). Blue dotted line: mean abundance before/after breakpoint; red dotted line: mean abundance before/after breakpoint. An empty column indicates that the species is not the dominant species in a given year. Euchaeta spp. includes Euchaeta concinna and large numbers of Euchaeta larvae.






Discussion


Significant increase in biomass

The annual average biomass of zooplankton in the CJE increased by 1.68 times from around 1960 to mid-1980s, and by 2.72 times from around 1960 to the mid-2000s. In terms of seasons, we found that zooplankton biomass from the 1960s to 2020 increased significantly during spring and summer, and breakpoints occurred in the 1980s. Biomass in spring increased by 1.67, 3.87, and 3.33 times from around 1960 to 1970s–1980s, 2000s, and 2010s, respectively. Similarly, biomass in summer increased by 2.08, 3.63, and 4.28 times from around 1960 to 1970s–1980s, 2000s, and 2010s, respectively. Owing to the lack of historical data for the early to mid-1990s, we can only identify the shift in zooplankton biomass occurring between the late 1980s and the mid-1990s. This period coincided with the rapid increase in N and P in the Changjiang Basin caused by the extensive application of fertilizers, rapid development of industry and urbanization after 1980, and the rapid rise in water temperature since 1982 in the ECS (Belkin, 2009; Wang et al., 2021).

N- and P-fertilizer application in the Changjiang Basin increased gradually from 1–2 × 106 t/yr and 0.2–0.5 × 106 t/yr during the 1960s–1970s to 7–8 × 106 t/yr and 2.5 × 106 t/yr at the end of the 1990s, respectively, and both were stable after 2000 because of changes in national policies (Wang et al., 2021). The rapid increase in N and P in the Changjiang Basin led directly to an increase in dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) in the CJE. DIN concentrations in the Datong station increased from 20 μmol/L in the 1960s to 65.1, 89.4, and 150 μmol/L in the 1980s, 2000s, and 2010, respectively, and then decreased slightly in the last decade. DIP concentrations increased from 0.5 μmol/L in the 1960s to 0.6, 1.1, and 1.4 μmol/L in the 1980s, 2000, and 2005, respectively, and then reduced to 1.0 µm/L after 2010 (Jiang et al., 2010; Wang et al., 2021). Instead, the dissolved silicate concentration continued to decline during this period, from 320 μmol/L in the early 1960s to 100 μmol/L after 2000, and it has been almost stable in the last two decades (Wang et al., 2021). Belkin (2009) found that the SST in the ECS was relatively stable during 1957–1981, but accelerated warming was observed from 1982 to 2003 at a rate of up to 1.0°C/decade. A significant warming trend was also detected in our study area during 1982–2020 in spring (p< 0.001), summer (p< 0.05), and autumn (p< 0.001), with warming rates of 0.52, 0.21, and 0.20 °C/decade, and the Pettitt test revealed breakpoints at 1996, 1993, and 1995 during spring (p< 0.01), summer (p< 0.05), and autumn (p< 0.01), respectively (Figure 5; Table 2).




Figure 5 | Sea surface temperature (SST) in the Changjiang estuary in four seasons from 1982 to 2020. Red line: trend line. Red arrow: change point (breakpoint). Blue dotted line: mean SST before breakpoint; red dotted line: mean SST after breakpoint.



Jiang et al. (2010) revealed that the year-round average phytoplankton abundance decreased from 4.7 × 104 cell/L in 1958–1959 to 2.6 × 104 cell/L in 1985–1986, and then increased significantly to 9.9 × 104 cell/L in 2004–2005 in the area that is consistent with this study (approximately twice from the end of the 1950s to the mid-2000s), due to the increase in DIN concentration. This upward trend seems to be consistent with that of the annual average zooplankton biomass from the early 1960s to the mid-2000s. Furthermore, phytoplankton abundance increased in all seasons during this period, with the largest increase in spring (from 3 × 102 cell/L to 2 × 105 cell/L), followed by winter (from 5 × 101 cell/L to 1 × 104 cell/L) and autumn (from 2 × 101 cell/L to 3 × 103 cell/L), while an increase of more than two orders of magnitude in summer occurred beyond the LSF (Jiang et al., 2010). Conversely, fishery resource density decreased significantly between 1960 and the early 2000s. The catch per fishing effort decreased from 636.26, 1130.55, and 659.26 kg/h in 1960 to 16.26, 26.23, and 222.01 kg/h in 2004 during spring, summer, and autumn, respectively (Li et al., 2007), and then to 4.44 kg/h in 2011 during spring (Ding, 2013). In terms of temperature effects, the Spearman nonparametric test showed that zooplankton biomass was positively correlated with SST in spring (R = 0.214, p = 0.482, and n = 13), summer (R = 0.416*, p = 0.049, and n = 23), and autumn (R = 0.607, p = 0.148, n = 7), and the correlation was significant in summer. Therefore, the increase in zooplankton biomass in the CJE is a combined effect of enhanced bottom–up support, reduced top–down pressure, and promotion of temperature. The increase in zooplankton biomass was gradual, but a rapid rise occurred between the late 1980s and the 1990s, when all these three effects changed significantly. Coincidentally, Rebstock and Kang (2003) revealed that the zooplankton biomass in the ECS increased gradually from the 1980s to the early 1990s and sharply in the 1990s as a response to climate change. The significant positive correlation between zooplankton biomass and SST in summer observed in this study combined with Rebstock and Kang (2003) results suggests that climate change probably plays an important role in the rapid change in zooplankton biomass in the CJE.

Additionally, the increases in zooplankton biomass were significant in spring and summer, but not in autumn and winter, which could not be ascertained clearly because of numerous missing data. The concentrations of DIN, DIP, and phytoplankton abundance in the four seasons increased to almost the same extent (Jiang et al., 2010), and the degree of warming in autumn was similar to that in summer (Table 2); however, the decrease in fishery resources in autumn was smaller than that in spring and summer (Li et al., 2007). Therefore, it is difficult to determine whether the non-significant increases in zooplankton biomass in autumn and winter were only due to the small sample size. More data are required for causal analysis.

Specific to the changing taxa in summer, significant increases were detected in the abundances of Copepoda and Euphausiacea, which continued to increase from the 1960s to 2020, but they were considerably higher after 2000 than before 2000. Furthermore, the degree of increase in the abundance of Copepoda was greater than that of Euphausiacea. The former was more than 10 times higher after 2000 than it was in the 1960s. Water temperature and food availability are the most important factors that affect the population dynamics of copepods (Ban, 1994; Devreker et al., 2005). The Chl-a concentration increased by only a factor of four (from 2 to 8 μg/L) from the 1980s to the 2000s (Wang, 2006; Jiang et al., 2014). We speculate that ocean warming was also an important cause of the increase in copepod abundance in the summer. Rebstock and Kang (2003) showed that the increase in the abundance of Copepoda, Chaetognatha, and Euphausiacea (both copepod predators) was synchronous with the increase in zooplankton biomass in the ECS due to warming. Based on these facts, we propose that the increase in zooplankton abundance was mainly due to the increase in crustaceans such as copepods in the CJE and ECS, and the effect of temperature cannot be ignored.

The increase in abundance of small copepods had limited contribution to the increase in biomass, due to their small size of individuals. However, small copepods are important food source for gelatinous zooplankton, e.g., small-jellyfish (Medusa in our study) and Chaetognatha (Wang et al., 2020a). The areas with high abundance of small copepods and Medusa overlapped near the CJE in summer (Gao et al., 2015). Therefore, the long-term increases in copepod abundance and SST might provide more abundant food and suitable temperature for gelatinous zooplankton. A study on trends in Large Marine Ecosystems showed that jellyfish populations increased obviously in the ECS and Yellow Sea ecosystems (Brotz et al., 2012). In addition, the abundance of small-jellyfish in Jiaozhou Bay (located in the Yellow Sea) increased by almost 4 times from the 1990s to 2000s (Sun et al., 2012). Our study also found that the abundance of Medusa and Chaetognatha in summer was higher in the 2010s than in the 2000s (Table 3), although the difference was not significant. Therefore, we speculated that the increase of zooplankton biomass in the CJE in summer might be related to the increase of gelatinous zooplankton.



Decrease in temperate species and increase in warm-water species

The effects of climate change on zooplankton have been discussed over several years. The trend in zooplankton biomass with warming was not consistent in different trophic ecosystems, but the expansion of warm-water species was almost uniform (Rebstock and Kang, 2003; Batten and Welch, 2004; Beaugrand, 2004; Sheridan and Landry, 2004; Hooff and Peterson, 2006; Wiafe et al., 2008; Piontkovski and Castellani, 2009; Keister et al., 2011; Rice, 2015). The impacts of climate change on China’s marine ecosystems have also been reviewed (Kang et al., 2021). Changes in zooplankton include a decrease in abundance of large-sized copepods (e.g., L. euchaeta and C. sinicus), northward expansion in distribution and an increase in abundance of small-sized copepods (e.g., A. pacifica and C. dorsispinatus) in the eutrophic temperate semi-enclosed Bohai Sea (Yang et al., 2018), northward migration of temperate species (e.g., C. sinicus, E. pacifica, and Sagitta crassa) and ctenophore Pleurobrachia globosa, blooms of Jellyfish and Thaliacea in the temperate continental shelf of Yellow Sea and subtropic continental shelf of the ECS (Xu et al., 2013; Shi et al., 2015; Xu and Zhang, 2014; Shi et al., 2016; Wang et al., 2020b), an increase in the abundance of small-sized copepods (e.g., Oncaea conifer), and species diversity in the tropic South China Sea (Wang et al., 2014; Gong et al., 2017).

In the present study, we found that the abundance of L. euchaeta and P. aculeatus during 2000–2020 significantly decreased and increased, respectively. L. euchaeta is a temperate brackish species with an optimum distribution temperature of approximately 16 °C and an optimum salinity of 12–20, whose abundance was higher in winter and spring, but lower in summer and autumn in the CJE (Xu and Gao, 2009). It has been reported that the abundance of L. euchaeta in spring, summer, and winter decreased significantly in 2002 compared to 1959 and this phenomenon was linked to warming (Xu and Gao, 2009). Our study reconfirmed the negative effects of warming on L. euchaeta based on data from the last two decades. This is the first report to show that the abundance of P. aculeatus increased significantly in the CJE. Paracalanus spp. are neritic, warm-water, small calanoid copepods, and could be found in the CJE in four seasons, with higher abundances in summer and spring (data from 2006 in this study). P. aculeatus was not a dominant species before 2004 in this area in summer, but it was the dominant species in 2004 and 2006, indicating that its abundance and relative abundance increased; however, the significance of this increase could not be determined (Zhang et al., 2010; data from 2006 in this study). The significant increase in the abundance of P. aculeatus was confirmed by data from the last two decades in this study. We propose that the increase in the abundance of P. aculeatus is related to its small size, warm-water preference, and feeding habits. Rice (2015) found that an increase in temperature can benefit smaller-sized copepods in eutrophic systems where food was not limited, probably due to the allometric growth law and food availability. Measurements of the in situ egg production rate (EPR) of Paracalanus parvus revealed that EPR and weight-specific female growth were both strongly positively related to water temperature (Jang et al., 2013). On the other hand, Paracalanus spp. often ingest ciliates, dinoflagellates, and nanoflagellates in large quantities in addition to phytoplankton (Suzuki et al., 1999). This was also confirmed by the weak correlation between EPR and female growth of Paracalanus spp. and Chl-a concentration (Jang et al., 2013). Wang et al. (2021) showed the change in phytoplankton from siliceous to non-siliceous-dominated communities around 2000 along with the increase in species number and abundance of dinoflagellates due to excessive N and lowering of dissolved silicate. Therefore, the increase in abundance of dinoflagellates in the CJE can also be one of the reasons for the increase in P. aculeatus (Wang et al., 2021).

Hypoxia in the CJE started in late spring and early summer, became the most serious in August, decreased in autumn, and finally, disappeared in winter. Hypoxia is primarily associated with marine-sourced organic carbon production, which is stimulated by coastal eutrophication, resulting from excessive terrestrial nutrient runoff. The intensity, duration, and frequency of hypoxia has increased significantly in recent decades (Li et al., 2018). It has been documented that jellyfish can survive in low-oxygen water at the bottom, which allows them to avoid predators (Purcell et al., 2007; Purcell, 2012); and Acartia tonsa appears to be quite tolerant to low oxygen relative to the co-occurring copepod species Labidocera aestiva and Centropages hamatus (Stalder and Marcus, 1997). Our results show a continuous increase in Medusa abundance from 2006 to 2020 (Figure 3F), but without a significant trend owing to the short time span of data. A slight increase in abundance of A. pacifica was also detected in this study (Figure 4A). However, jellyfish also benefit from warming (Purcell, 2005; Wang et al., 2012); therefore, it is difficult to determine the effect of hypoxia on zooplankton composition by comparing historical data. A number of studies in the northern Gulf of Mexico and Chesapeake Bay showed that hypoxia can drive the size structure of the zooplankton community and the vertical distribution in the water column, but few studies have describe detailed taxonomic composition in relation to hypoxia (Elliott et al., 2012).




Conclusions

Long-term changes in large mesozooplankton (505–20,000 μm) in the CJE from the 1960s to 2020 were revealed in this study. Zooplankton biomass increased, and the regime shift occurred between the late 1980s and the mid-1990s, when nutrient concentrations, phytoplankton abundance, and SST increased synchronously, while fishery resource density decreased significantly. The abundance of Copepoda in summer increased significantly from the 1960s to 2020, and it was more than 10 times after 2000 compared to the 1960s. In the context of warming and increase in dinoflagellate abundance, the abundance of the warm-water and omnivorous small calanoid copepod P. aculeatus increased significantly, whereas that of the temperate brackish species L. euchaeta decreased mainly due to warming. However, it is difficult to determine the effects of hypoxia on long-term zooplankton changes. Moreover, some increasing or decreasing trends were not significant, such as zooplankton biomass in autumn and winter, and abundance of Medusa and Chaetognatha in summer, probably because of the small sample size. Hence, long-term monitoring is necessary for the adaptive management of the Changjiang Basin.
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