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Estuarine fronts, which arise from the convergence of distinct water masses, exhibit considerable spatial and temporal variability and play a crucial role in shaping ecological dynamics within estuarine ecosystems. Despite their importance, due to limited data, there’s inefficiency understanding on how biological communities, particularly zooplankton, respond to these dynamic environmental features. The Yangtze River Estuary (YRE), a transitional zone between the Yangtze River and the East China Sea, is an ideal place in which to study the response of zooplankton communities to estuarine fronts, as freshwater discharge, offshore waters, and the Taiwan Warm Current converge here and form sediment and plume fronts in summer. We investigate zooplankton communities and environmental variables including temperature, salinity, turbidity, and Chlorophyll a (Chl a) in the YRE during summer from 2016 to 2023, and examine the differences in spatial distribution of estuarine fronts and zooplankton community and the dominant environmental factors controlling zooplankton variation in different runoff years. Our findings found that the sediment fronts appeared around 122.5°E except in drought years (2022 and 2023); the plume fronts extended to 123.5°E and beyond during wet years (2016, 2020 and 2021), while shrank within 123°E in drought years. The zooplankton communities were classified into low-salinity, moderate-salinity, and high-salinity groups spatially in most years, but the low-salinity group had not been detected in the extreme drought year 2022. During flood years, low-salinity nearshore species such as Oithona brevicornis, Centropages dorsispinatus and Cladocera exhibited a notable increase in dominance, while the drought favored euryhaline species like Microsetella rosea. Furthermore, the turbidity, salinity and temperature all played significant roles in zooplankton spatial variation in wet years, while only salinity played as an important factor in drought years. These results implied the prominent sediment fronts and extended plume fronts in wet years shaped the zooplankton spatial variation collectively; in contrast, sediment fronts disappeared during drought years, and the plume fronts played a crucial role in shaping the zooplankton spatial variation. Besides, the extremely low runoff in 2022 has been shown to lead to obvious changes in zooplankton communities, which might affect fisheries stocks and require concern.
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Highlights

	Interannual runoff variation significantly alters the spatial distribution of fronts in the YRE, with outward extended plume fronts in wet years and disappeared sediment fronts in drought years.

	The distinct sediment fronts and extended plume fronts shape the zooplankton spatial variation collectively in wet years.

	The sediment fronts disappeared, zooplankton low-salinity group were not detected and dominance of euryhaline species raised in the extremely drought year of 2022 due to the low runoff.






1 Introduction

Oceanic fronts are distinct three-dimensional zones where water masses with contrasting properties converge, leading to sharp gradients in characteristics such as temperature and salinity (Liu et al., 2022; Zhou et al., 2021). These fronts are typically characterized by abrupt changes in hydrographic features and can range in size from a few meters to several thousand kilometers. While some fronts are transient, lasting only a few days, others are more stable, occurring seasonally or persisting over long periods (Wang et al., 2021; Belkin et al., 2009).

The Yangtze River Estuary (YRE) is a dynamic and complex coastal ecosystem (Xu et al., 2024), shaped by both river discharge and tidal currents. The interaction between biological and physicochemical elements plays a crucial role in this ecosystem (Li et al., 2024a; Fukuda and Asanuma, 2007). The YRE features two prominent frontal systems: sediment and plume fronts (Zhou et al., 2021). The Yangtze River, which carries substantial sediment, forms sediment fronts at its mouth (Liu et al., 2022; Dai et al., 2011). The formation of these sediment fronts results from the interaction between river discharge and tidal currents (Liu et al., 2022). In the outer estuary, the convergence of freshwater from the river and saline water from the shelf leads to the formation of plume fronts (Liu et al., 2022). Between these sediment and plume fronts, optimal nutrient and light conditions foster phytoplankton blooms, leading to what is referred to as the “sandwich” structure (Li et al., 2021). The discharge of the Yangtze River is subject to significant interannual variability, driven by human activities and climate change (Shang et al., 2023). These variations directly impact the formation and structure of the sediment and plume fronts in the YRE.

Fronts play a pivotal role in shaping nutrient distribution, primary production, fisheries, and biogeochemical cycles (Jiang et al., 2024; Woodson and Litvin, 2015). Traditional studies have suggested that ecological gradients, representing changes in biological communities along environmental gradients, are closely associated with salinity changes in estuaries (Cram et al., 2024; Liu et al., 2024; Wang et al., 2024; Burdis and Hirsch, 2017; Liu et al., 2014). Since the formation of fronts is theoretically closely related to salinity gradients in estuaries, considering fronts as boundaries for ecological gradients would provide a more accurate approach by capturing critical environmental transitions that influence species distribution and community structure.

Zooplankton play a crucial role in estuarine food webs, converting phytoplankton and detritus into biomass, supporting higher trophic levels, and serving as critical food for fish larvae, while also acting as an important biological indicator of estuarine ecological health (Rogers et al., 2024; Du P. et al., 2023; Liu et al., 2023; Fernández and Molinero, 2008). They are highly sensitive to the environmental changes, such as fluctuations temperature, salinity, and Chlorophyll a (Chl a) concentration (Julien et al., 2024). Zooplankton respond to climate change through shifts in distribution, reproduction, and population dynamics, with temperature rise affecting growth rates, breeding seasons, and migration patterns, while ocean acidification and oxygen changes influence their physiological processes (Ratnarajah et al., 2022; Schubert et al., 2017). Previous studies on the distribution of zooplankton in the YRE suggest that temperature is the key factor influencing seasonal variations in community structure, while salinity drives regional variations in community structure (Yang et al., 2024; Shao et al., 2017; Xu et al., 2005). Given their sensitivity to salinity (von Weissenberg et al., 2022; Castellano et al., 2018), zooplankton communities in the YRE may respond to salinity fronts. Sediment fronts, characterized by elevated turbidity at the YRE mouth, affect light penetration and thus phytoplankton growth (Li et al., 2023). Since zooplankton rely on phytoplankton as a food source, they may also respond to sediment fronts and Chl a concentrations in the YRE. Based on the above characteristics of zooplankton response to environment, we speculate that the spatial distribution of zooplankton communities in the YRE would change with interannual variations in sediment and plume fronts, both of which are affected by river runoff.

Despite several investigations, previous research has not comprehensively addressed the response of zooplankton to estuarine fronts in the YRE, nor has it examined multi-year community structure variations. This study aims to demonstrate the response of zooplankton communities to the interannual variability of fronts in the YRE using summer samples from 2016 to 2023, providing insights into the intricate interactions between river discharge, estuarine fronts, and zooplankton communities. These findings will enhance our understanding of the ecological response of zooplankton to hydrographic fronts in estuarine and coastal environments.




2 Materials and methods



2.1 Study area

The Yangtze River, the world’s third longest and China’s longest river (6,300 kilometers in length, with an average discharge of 30,000 m3/s), originates from the Tibetan Plateau and traverses western China to the eastern plain, ultimately emptying into the East China Sea, carrying significant sediment loads along its course (Dai and Lu, 2014). The YRE, a transitional zone between the river and the East China Sea, is influenced by complex hydrodynamic conditions due to the interaction of freshwater discharge, offshore waters, and the Taiwan Warm Current (Figures 1a, b). These interactions give rise to prominent features, including sediment and plume fronts (Zhou et al., 2021; Jiang et al., 2018). Suspended matter in the YRE undergoes substantial sedimentation near the sediment fronts, leading to a sharp decline in turbidity on the seaward side of deeper waters and an improvement in light conditions (Liu et al., 2022). Additionally, upwelling along the southern side of the plume fronts brings nutrient-rich bottom waters to the surface, stimulating phytoplankton growth in the upper water layers. This phenomenon creates a “sandwich” spatial distribution of phytoplankton between the sediment and plume fronts (Li et al., 2021), suggesting the potential existence of chlorophyll fronts in the outer YRE.




Figure 1 | (a) Circulation in the East China Sea (modified from Sun et al., 2023); (b) Map of the sampling stations in summer during 2016 and 2023 in the YRE; (c) Monthly flow data for the Yangtze River sourced from the Datong Hydrological Gauge Station in August from 2016 to 2023. The arrows in (a) represent the Kuroshio, the TWC (Taiwan Warm Current), and the YRDW (Yangtze River Diluted Water). The red star indicates the location of Datong Hydrological Gauge Station.



Climate change and human activities have caused significant interannual variations in the Yangtze River’s runoff (Shang et al., 2023). Analysis of average monthly runoff data at Datong Station in August between 2016 and 2023 (Figure 1c) reveals considerable variability. August 2016 and 2020 recorded exceptionally high monthly runoff, characteristic of flood years, while August 2022 and 2023 experienced significantly reduced runoff, indicating drought years. The remaining years (2017, 2018, 2019, and 2021) demonstrated more typical, stable runoff levels.




2.2 Sample collection and analysis

Eight research cruises were conducted off in the waters off the YRE on the following dates: August 17-26, 2016; August 25-September 6, 2017; August 29-September 5, 2018; August 16-21, 2019; August 17-22, 2020; August 17-September 3, 2021; August 17-25, 2022; and August 20-27, 2023 (Figure 1b). Except for 2020, when zooplankton samples were collected using a plankton net (diameter 50 cm, mesh size 505 μm, and length 145 cm), in all other years, samples were collected using a plankton net (diameter 31.6 cm, mesh size 160 μm, and length 140 cm), equipped with a flow meter and hauled vertically from the bottom to the surface. The collected zooplankton samples were preserved in a buffered 5% formalin solution in 1-L plastic bottles. The volume of filtered water was estimated using the digital flow meter. The larger mesh size in 2020 likely resulted in the underestimation of smaller-size zooplankton taxa, leading to a potential sampling bias. However, the impact of this discrepancy was less, as we analyzed spatial variations in zooplankton communities influenced by sediment and plume fronts within every specific year independently.

In the laboratory, the zooplankton samples were filtered over a 160 μm mesh and weighed with a 0.1 mg electronic balance after picking out sundry items. Zooplankton abundance (ind/m3) was calculated by dividing the number of individuals by the volume of filtered water. Zooplankton biomass (mg/m3) was determined by dividing the wet weight of samples by the volume of filtered water. Taxonomic identification and enumeration were performed under a Zeiss SteREO Discovery V8 stereomicroscope. Adult zooplankton, crustacean larvae, and other larvae were identified to species, family, and class levels, respectively.

Environmental parameters including temperature, salinity and turbidity were measured using a Sea-Bird 911 Conductivity-Temperature-Depth (CTD) instrument (Sea-Bird Electronics Inc., USA). The calibration of CTD device was carried out by the National Center of Ocean Standards and Metrology for each cruise. The calibration was performed in the laboratory to ensure that the precision of temperature and conductivity reaches 0.001°C and 0.0003 S/m, respectively. Seawater samples for Chl a analysis were collected from the surface layer (2 m) and processed by filtering 100 mL of water through 0.7-μm GF/F filters (Whatman). The retained Chl a was then extracted in 90% acetone for 24 hours at −20°C and quantified using a Turner Design Fluorometer.




2.3 Data analysis

Plume fronts (salinity fronts) were generally defined as regions with significant salinity gradients, and in this study, the plume fronts were defined as the arrival location of water masses with salinity 28 as salinity gradients were significant for each year (Zhou et al., 2021; Beardsley et al., 1985).

The original zooplankton species abundance data (species-station matrix) were transformed using a Log(X+1) transformation to normalize the data. A hierarchical cluster analysis was then conducted using the Bray–Curtis similarity coefficient to classify all stations into distinct groups. These clusters were displayed on station maps for each year to visualize spatial patterns. Differences in zooplankton biomass and abundance among the groups were evaluated using the non-parametric Kruskal–Wallis test. The P-values for multiple comparisons were corrected using Bonferroni correction. To investigate the relationships between zooplankton biomass, abundance, and environmental factors (temperature, salinity, turbidity, and Chl a), Spearman correlation analysis was performed. Generalized additive models were employed to explore the potential influence of environmental variables on zooplankton biomass and abundance, with variables included in the model when p< 0.1. Canonical Correspondence Analysis (CCA) or Redundancy Analysis (RDA) was used to analyze the relationships between zooplankton community structure and environmental factors, following a preliminary Detrended Correspondence Analysis (DCA) to determine the appropriate method. The confidence intervals of Kruskal–Wallis test, Spearman correlation and CCA/RDA analysis were all set to 95%. Effect sizes (e.g., Cohen’s d or η²) were calculated where applicable.

The dominance index (Y) was calculated to identify the dominant zooplankton species using the formula:

 

In the formula,   represented the number of individuals of species  ,   represented the total number of zooplankton collected in the area, and   represented the occurrence frequency of species   at all stations. A species was considered dominant if  ≥ 0.02.

Distribution maps for salinity, temperature, turbidity, and Chl a for each year were generated using Ocean Data View. Cluster analysis was conducted using Primer 6 (Plymouth Marine Laboratory, UK). Results of cluster analysis, and the spatial and temporal distributions of zooplankton biomass and abundance were visualized using Surfer 18. The non-parametric Kruskal–Wallis test was performed using IBM SPSS Statistics 27. PCoA analysis, Spearman analysis and GAM model were conducted using Python 3.10. CCA and RDA were performed using Canoco 5.





3 Results



3.1 Distribution of environmental factors in the YRE

From 2016 to 2023, the surface salinity, temperature, turbidity and Chl a in the YRE exhibited significant interannual variability, closely related to the variations in Yangtze River runoff.



3.1.1 Salinity

During flood years (2016 and 2020), low-salinity water expanded considerably outward, forming pronounced salinity fronts (the arrival location of water masses with salinity 28 defined in 2.3) that pushed further into the open sea. In 2016, the salinity fronts reached approximately 123.5°E (Figure 2a), while in 2020, they extended to 124°E or even further (Figure 2e). During drought years (2022 and 2023), the salinity fronts retracted significantly, with its position closer to the estuary at around 123°E or even closer (Figures 2g, h). During normal years (2017, 2018, 2019 and 2021), the salinity fronts displayed moderate positioning. In 2017, 2018 and 2019, the salinity fronts extended to 123°E (Figures 2b–d), whereas in 2021, they extended to 123.5°E or even further (Figure 2f).




Figure 2 | Sea surface (2 m) salinity distribution in the YRE in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h):2023.






3.1.2 Temperature

During flood years (2016 and 2020), the large influx of freshwater created a pronounced temperature gradient in the estuary (Figures 3a, e). During drought years (2022 and 2023) and normal years (2017, 2018, 2019 and 2021), the temperature gradient was less pronounced (Figures 3b–d, f–h).




Figure 3 | Sea surface (2 m) temperature (℃) distribution in the YRE in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h):2023.






3.1.3 Turbidity

During flood years (2016 and 2020), suspended particle concentrations surged (ranged from 0.025 to 120.000 NTU in 2016, ranged from 0.013 to 241.035 NTU in 2020), resulting in a pronounced turbidity gradient at the estuary, with the sediment fronts becoming prominent and located near 122.5°E (Figures 4a, e). During drought years (2022 and 2023), the concentration of suspended particles decreased significantly (ranged from 0.007 to 35.091 NTU in 2022, ranged from 0.629 to 19.451 NTU in 2023), leading to a less obvious turbidity gradient at the estuary, causing the sediment fronts to almost disappear (Figures 4g, h). During normal years (2017, 2018, 2019, 2021), the suspended particles concentrations were moderate, and sediment fronts remained within 122.5°E (Figures 4b–d, f).




Figure 4 | Sea surface (2 m) turbidity (NTU) distribution in the YRE in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h):2023.






3.1.4 Chl a

The “sandwich” spatial pattern of Chl a could be observed almost every year. However, the location of the fronts and the value of the peak varied from year to year. In 2016, the Chl a fronts located between 122.5°E and 123°E with the highest value 22.87 μg/L at around 31.5°N (Figure 5a). In 2020, the Chl a fronts were observed between 122.5°E and 124°E with the highest value 29.62 μg/L at around 32°N; another area with the higher Chl a value was located in the northwest of the survey area (Figure 5e). In 2021, the Chl a fronts appeared near 123°E with the highest value 29.77 μg/L between 31°E and 32°N; another point with the higher Chl a value was located at 122.3°E, 31.5°E (Figure 5f). In 2022, the Chl a “sandwich” fronts appeared along 122.5°E, while the highest value 24.16 μg/L was located at 122.1°E, 29.1°E (Figure 5g). In 2023, the Chl a fronts appeared near 123°E with the highest value 29.28 μg/L between 32°N and 33°N (Figure 5h). For the other three years, the peak values were lower (17.11 μg/L in 2017, 11.65 μg/L in 2018 and 11.16 μg/L in 2019), with the fronts near 122.5°E or 123°E (Figures 5b–d).




Figure 5 | Surface (2 m) Chl a concentration (μg/L) distribution in the YRE in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h) :2023.







3.2 Zooplankton community

The species composition, dominant species, biomass, and abundance of zooplankton community in summer in the YRE exhibited substantial interannual variability from 2016 to 2023, closely related to the changes in Yangtze River runoff.



3.2.1 Species composition

Except the year of 2022, the zooplankton communities were spatially divided into four groups in most years (Figures 6a–f, h). Group I was primarily located in west of 122.5°E, Group II was found between 122.5°E and 123°E, while Groups III and IV were situated in the outer estuary (Figure 6). In 2022, the zooplankton communities were categorized into either Group III or Group IV (Figure 6g).




Figure 6 | Zooplankton communities based on taxon abundance in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h):2023. The green diamond represented Group I, the red circle represented Group II, the blue triangle represented Group III, and the yellow inverted triangle represented Group IV. The zooplankton samples in 2020 were collected using a plankton net with mesh size of 505μm, while in the other years, using the plankton net with mesh size of 160μm.



The PCoA analysis revealed distinct patterns in zooplankton community structure under varying Yangtze River runoff conditions (Figure 7). During flood years, zooplankton communities displayed clear group separations, with 2016 and 2020 showing notable distinctions, influenced by different size of plankton nets (Figure 7a). Community distributions in 2022 and 2023 (Figure 7b) also exhibited separation, particularly highlighting the uniqueness of 2022, where only two groups were observed. Group I was predominantly influenced by the strong effects of YRDW, while Groups III and IV were primarily shaped by the influence of oceanic waters, with the two groups remaining largely independent. In contrast, Group II was affected by both YRDW and oceanic waters, resulting in overlaps with both Group I, Groups III and IV (Figures 7a, b). In normal years, the groups largely overlapped, indicating high species similarity across the community (Figure 7c).




Figure 7 | PCoA results of zooplankton communities based on taxon abundance in summer from 2016 to 2023.






3.2.2 Dominant species

Copepods consistently represented the dominant zooplankton taxa in terms of species number and abundance across all years. Among them, Paracalanus aculeatus was either the first or second dominant species each year. During flood years, low-salinity nearshore species such as Oithona brevicornis and Centropages dorsispinatus exhibited a notable increase in dominance, becoming the main dominant species in 2016 (Figure 8). During drought years, the eurythermal and euryhaline species, such as Microsetella rosea, showed a significant rise in dominance, becoming the first dominant species (Figure 8).




Figure 8 | Dominance index ( ) (Equation 1) of dominant zooplankton species in summer from 2016 to 2023. The dominant species in 2020 were not listed here, as the sampling net in 2020 was different from the other years, and then the dominant species were not comparable with the other years.






3.2.3 Biomass and abundance

The mean biomass and abundance of zooplankton in summer in our study area varied between 616 to 2049 mg/m3 and 3254.95 to 13072.42 ind/m3, respectively, from 2016 to 2023 (Figures 9, 10).




Figure 9 | Zooplankton biomass of all groups in summer from 2016 to 2023. (a): 2016; (b):2017; (c):2018; (d):2019; (e): 2020; (f):2021; (g):2022; (h):2023. The zooplankton samples in 2020 were collected using a plankton net with a mesh size of 505μm, while in the other years, the size was 160μm. The black square represented the mean, the black horizontal line represented the median, the red circle represented outliers, and the star represented significant differences.






Figure 10 | The zooplankton abundance of all groups in summer from 2016 to 2023. (a): 2016; (b): 2017; (c): 2018; (d): 2019; (e): 2020; (f): 2021; (g): 2022; (h): 2023. The zooplankton samples in 2020 were collected using a plankton net with a mesh size of 505μm, while in the other years, the size was 160μm. The black square represented the mean, the black horizontal line represented the median, the red circle represented outliers, and the stars represented significant differences.



The highest zooplankton biomass in most years occurred in Group II (2016, 2017, 2018, 2019 and 2023); in 2021, the biomass in Group III was the highest; and the biomass in Group IV was higher than that in Group III in 2022. The spatial difference of zooplankton biomass among four groups was significant in 2017, 2018, 2019 and 2022 (Figures 9, Supplementary Figure S1). The Kruskal-Wallis test revealed significant differences in 2017 between Groups II and IV (p = 0.001) and between Groups III and IV (p = 0.002); in 2018 between Groups II and IV (p = 0.019); in 2019 between Groups II and III (p = 0.010); and in 2022 between Groups III and IV (p< 0.001) (Figure 9).

The highest zooplankton abundance occurred in Group II in three years (2016, 2018, and 2019); in 2017 and 2023, the abundance in Group III was the highest; the abundance in Groups III and IV were higher than those in Groups I and II in 2021; and the abundance in Group IV was higher than that in Group III in 2022. The spatial difference of zooplankton abundance among four groups was significant in 2017, 2019, 2021 and 2022 (Figures 10, Supplementary Figure S2). The Kruskal-Wallis test revealed significant differences in 2017 between Groups I and III (p = 0.017) and between Groups III and IV (p = 0.007); in 2019 between Groups II and III (p = 0.002); in 2021 between Groups I and III (p = 0.041); and in 2022 between Groups III and IV (p< 0.001) (Figure 10).





3.3 Relationships between zooplankton community and environmental variables



3.3.1 Relationships between biomass and abundance of zooplankton and environmental factors

In flood years, 2016 showed significant negative correlations between temperature and both biomass (r = -0.39*, p = 0.018) and abundance (r = -0.49*, p = 0.003); while significant positive correlations between Chl a and both biomass (r = 0.36*, p= 0.030) and abundance (r = 0.42*, p = 0.011), as well as between turbidity and both biomass (r = 0.39*, p = 0.019) and abundance (r = 0.45*, p = 0.005). In 2020, there were significant negative correlations between temperature and biomass (r = -0.53*, p = 0.043) (Figure 11).




Figure 11 | Spearman correlation analysis between zooplankton biomass (a) and abundance (b) and environmental factors in summer from 2016 to 2023. Asterisks ("*") denote statistically significant differences (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: p < 0.001).



In normal years, 2017 showed significant negative correlations between temperature and biomass (r = -0.41*, p = 0.031), as well as between salinity and both biomass (r = -0.84*, p < 0.001) and abundance (r = -0.40*, p = 0.003), and significant positive correlations between Chl a and both biomass (r = 0.67*, p < 0.001) and abundance (r = 0.46*, p = 0.014). In 2018, temperature and salinity showed significant negative correlations with biomass (r = -0.50* and -0.48*, p = 0.009 and 0.012, respectively), and turbidity showed significant positive correlations with biomass (r = 0.44*, p = 0.023). In 2019, there were significant negative correlations between temperature and both biomass (r = -0.57*, p = 0.001) and abundance (r = -0.47*, p = 0.010), as well as between salinity and both biomass (r = -0.43*, p = 0.021) and abundance (r = -0.54*, p = 0.003), and significant positive correlations between turbidity and both biomass (r = 0.48*, p = 0.008) and abundance (r = 0.55*, p = 0.002). In 2021, none of the correlations were significant (Figure 11).

In the drought years, 2022 showed significant positive correlations between temperature and abundance (r = 0.60*, p < 0.001), as well as between salinity and abundance (r = 0.52*, p = 0.003); while significant negative correlations between turbidity and biomass (r = -0.44*, p = 0.013). In 2023, significant positive correlations were found between salinity and biomass (r = 0.37*, p = 0.026) (Figure 11).

For the GAM models with biomass as the dependent variable, temperature was a significant negative factor in 2016, 2019, and 2020. There were no significant factors in other years (Table 1).


Table 1 | Best generalized additive models selected for zooplankton biomass and abundance in relation to environmental variables from 2016 to 2023, only significant predictors included for each year.



For the GAM models with abundance as the dependent variable, temperature was a significant negative factor in 2016. There were no significant factors in other years (Table 1).




3.3.2 Relationships between zooplankton communities and environmental factors

During flood years, salinity, temperature and turbidity were the significant environmental factors that regulated the spatial variations of zooplankton community, explaining 7.1%, 6.2%, and 7.4% of the variation in 2016, respectively and explaining 28.6%, 8.6%, and 17.1% of the variation in 2020, respectively (Table 2, Figures 12a, b).


Table 2 | Explanatory powers of the environmental variables for the community structures in summer from 2016 to 2023.






Figure 12 | Relationships between zooplankton communities and environmental variables (only showing results where p< 0.05) in summer from 2016 to 2023. (a): 2016; (b): 2020; (c): 2021; (d): 2023.



During drought years, salinity was the relatively important environmental factor that regulated the spatial variations of zooplankton community. In 2023, salinity accounted for 17.8% of the variation; while there were no significant influencing factors in 2022 (Table 2, Figures 12c, d).

During normal years, there were no significant influencing factors in 2017, 2018 and 2019. While in 2021, salinity, temperature and turbidity were the primary significant environmental factors, explaining 8.2%, 7.0%, and 13.6% of the variation, respectively (Table 2).






4 Discussion



4.1 Dynamic mechanisms of fronts formation in the YRE and dominant role of Yangtze River runoff

Major estuaries worldwide, including the Mississippi River Estuary (Wang et al., 2021), Amazon River Estuary (Yu et al., 2022; Oumarou et al., 2007), and Pearl River Estuary (Ou et al., 2019; Zheng et al., 2014), experience significant freshwater input and exhibit diverse frontal dynamics. For instance, in the Mississippi River Estuary, the plume creates two distinct types of coastal fronts—one is extending from the surface to the seabed and the other is confined to surface waters. These fronts are driven by horizontal velocity and buoyancy gradients, with strong surface convergence and vorticity aiding in their formation (Wang et al., 2021). In the Amazon River Estuary, wind and tidal effects cause the salinity fronts to shift horizontally (Yu et al., 2022; Oumarou et al., 2007). Similarly, in the Pearl River Estuary, both sediment and plume fronts vary, primarily influenced by runoff and wind (Ou et al., 2019; Zheng et al., 2014). The Jiulong River Estuary also shows complex salinity fronts influenced by river plumes, tidal movements, and flow shear transformations, all modulated by runoff and tidal changes (Luo et al., 2012).

In contrast, the YRE exhibits unique frontal dynamics due to its distinctive geographic and hydrodynamic conditions (Zhou et al., 2021), including sediment fronts and plume fronts (mainly salinity fronts). The sediment fronts in the YRE are primarily shaped by topography, where shallow waters facilitate their formation (Du Y. et al., 2023; Du P. et al., 2022; Yang et al., 2016; Framiñan and Brown, 1996), and by tidal forces. The Yangtze River Diluted Water (YRDW) and the Yellow Sea Coastal Current transport sediments to the YRE, with resuspension primarily driven by tidal bottom shear stress (Luo et al., 2017), providing a continuous driving force for fronts formation (Hu et al., 2016). Monsoons also contribute by influencing wind and wave conditions, impacting sediment resuspension (Liu and Wang, 2019). Therefore, in this study, the intensity of the summer tides and monsoon activity thus control the variability of the sediment fronts in different years. Additionally, the YRDW can alter the stratification of waters outside the estuary, suppressing sediment resuspension and affecting fronts dynamics (Lee et al., 2015). Thus, in this study, the size of the Yangtze River runoff in different years plays a key role in regulating the variability of sediment fronts. Furthermore, ENSO-induced anomalies in wind patterns and sea surface temperature further drive the interannual variation of the sediment fronts (Du Y. et al., 2022; Liu et al., 2013). In the outer estuary, the low-salinity YRDW converges with the high-salinity waters of the East China Sea shelf. The diluted water, being relatively less dense, overlays the denser seawater. This interaction between the two water masses leads to the formation of plume fronts where surface convergence and downwelling occur (Eduardo et al., 2015). Therefore, the plume fronts also show interannual variability influenced by runoff, wind, and tidal forces (Liu et al., 2022).

In this study, the interannual variations of the sediment fronts and plume fronts in summer generally aligned with the magnitude of the Yangtze River runoff (Figures 1c, 2, 4). The sediment fronts could be observed within this study area (Figure 4), but when the summer runoff was too low, the sediment fronts weakened significantly or even disappeared (Figures 4g, h), such as in drought years (2022 and 2023), emphasizing the pivotal role of runoff in regulating their position. Plume fronts also fluctuated with runoff: during flood years (2016 and 2020), the Yangtze River runoff reached 50,000 m3/s (Figure 1c), discharging a large volume of low-salinity YRDW into the open sea. This met the high-salinity seawater, forming plume fronts. Due to the large runoff, the plume fronts extended to 123.5°E (2016, Figure 2a) or even beyond 124°E (2020, Figure 2e). During drought years, with the runoff around 20,000 m3/s (Figure 1c), the plume fronts reached only around 123°E (2023, Figure 2h) or even near 122.5°E (2022, Figures 2g). Normal years with the runoff around 40,000 m3/s (Figure 1c) saw plume fronts around 123°E (2017-2019, Figures 2b–d), though 2021 was exceptional due to typhoon-induced fluctuations, extending plume fronts to 123.5°E (Figure 2f). Our sampling in 2021 in the YRE experienced Typhoon “Omais”, resulting in a longer sampling period (August 17th to September 3rd), with no sampling from August 21st to 27th. The heavy rainfall brought by the typhoon caused a decrease in surface salinity and led to the expansion of the plume fronts.




4.2 Sediment fronts and plume fronts shaped the spatial variation of zooplankton communities in wet years

In this study, turbidity, salinity and temperature were identified as significant factors influencing the spatial variation of zooplankton communities in 2016, 2020, and 2021 (Table 2, Figure 12), which could be classified as “wet years”, with relative contributions of turbidity and salinity greater than temperature. The years 2016 and 2020 were characterized by high Yangtze River runoff in August, while 2021 was impacted by the heavy rainfall brought by a typhoon during sampling period.

Previous researches indicate that turbidity in estuarine areas can affect the zooplankton distribution, with most studies reporting a negative impact of turbidity on the abundance of aquatic communities (Marcela et al., 2022; Salome et al., 2015; Carrasco et al., 2007). High turbidity reduces light availability, which inhibits phytoplankton photosynthesis and thus indirectly limits the food supply for zooplankton, affecting their growth and reproduction (María et al., 2018). Although some zooplankton can directly consume suspended particles, excessively high turbidity may overwhelm their capacity to process these particles, negatively impacting feeding and digestion (Goździejewska et al., 2024; Boenigk and Novarino, 2004). Moreover, turbidity can influence zooplankton behavior and alter predation pressures (Goździejewska et al., 2024; Sommaruga and Kandolf, 2014; Boenigk and Novarino, 2004). The turbidity gradient affects zooplankton communities by causing significant changes in their taxonomic and functional structure (size, feeding strategy), their quantitative parameters (abundance, biomass) and their interspecific relationships (Goździejewska et al., 2024). Salinity has also been widely recognized as a key factor influencing the spatial variation of zooplankton communities in many other estuaries (Venkataramana et al., 2023; Lucena-Moya and Duggan, 2017; Mouny and Dauvin, 2002). Zooplankton species possess unique physiological adaptations, including cellular osmoregulation, ion balance, and metabolic adaptability (Schubert et al., 2017; Charmantier et al., 1998; Yancey et al., 1982). Some zooplankton can maintain osmotic balance by regulating the concentration of solutes inside and outside their cell membranes, allowing them to maintain stable physiological conditions under variable salinity (von Weissenberg et al., 2022; Castellano et al., 2018). These physiological characteristics influence their survival and reproductive capacity in environments with varying salinity (Schubert et al., 2017; Shang et al., 2005). Climatic events such as typhoons can have significant effects on zooplankton communities by briefly altering the ecological environment (Liu et al., 2021).

During wet years, turbidity primarily affected species composition of zooplankton in Group I (Figures 12a–c). In the high-turbidity regions within the sediment fronts, reduced primary productivity due to light limitation and the provision of refuge for turbidity-tolerant species led to changes in the zooplankton community structure (Lee et al., 2015). These areas were dominated by Group I of zooplankton, with Acartia pacifica as the main dominant species in all three wet years (Table 3). While turbidity typically exerts a negative influence on zooplankton abundance (Salome et al., 2015), this pattern was consistent with our findings in 2016 and 2021, where the biomass and abundance of Group I were relatively low (Figures 9a, f, 10a, f). Combining correlation and linear regression results, turbidity did not play a dominant role in influencing biomass and abundance in 2016, 2020, and 2021 (Figure 11, Table 1). In wet years, nutrients brought by high runoff and strong water mixing under the influence of typhoon diluted the influence of turbidity on zooplankton biomass and abundance (Li et al., 2024b; Zhang et al., 2024). In summary, our study suggested that the effects of turbidity on zooplankton were more reflected in species screening and adjustment of community composition than in regulation of overall biomass and abundance.


Table 3 | Dominance ( ) (Equation 1) of zooplankton dominant species in Group I during wet years.



Salinity also played a major role in shaping zooplankton community spatial pattern, particularly in wet years and in 2023 (Table 2, Figure 12). In wet years, the expansion of low-salinity areas due to the extended plume fronts affected zooplankton species composition. During the drought year of 2023, when only a plume front was present without a prominent sediment front, the absence of turbidity fronts left salinity as the primary factor influencing zooplankton distribution. According to the zooplankton clustering results, the average salinity of different regions was calculated (Figure 13), and the representative species composition of different regions was shown (Figure 14). In the high salinity regions (>25), the species with the highest relative abundance at four years all was euryhaline species P. aculeatus; in the moderate salinity regions (10-25), the relative abundance of nearshore low-salinity species A. pacifica and C. dorsispinatus increased; in the low salinity region (<10), the relative abundance of brackish-water species P. polesia greatly increased, while that of euryhaline species P. aculeatus decreased (Figures 13, 14). Combined with the results of correlation and linear regression, the controlling effect of salinity on zooplankton biomass and abundance was also weak (Figure 11, Table 1). In conclusion, the regulation of turbidity and salinity on zooplankton community is mainly reflected in the species composition.




Figure 13 | Average salinity in different regions for each summer during 2016, 2020, 2021 and 2023.






Figure 14 | Relative abundances (%) of representative species in different salinity regions for each summer during 2016, 2020, 2021 and 2023. Salinity regions: LS, low (<10); MS, moderate (10-25); HS, high (>25). Ecotype: *, euryhaline; ▲, nearshore low-salinity; ◼, estuarine brackish-water.



In contrast, during the normal years of 2017, 2018, and 2019, when a dual-front structure existed, and in the drought year of 2022, when only salinity fronts were present, the environmental gradients of salinity, temperature, turbidity, and Chl a were relatively smaller, and these factors were not detected to have significant effects on zooplankton distribution (Table 2).

Spearman correlation analysis indicated a significant positive correlation between Chl a and zooplankton biomass and abundance in 2016 and 2017, though no significant correlation was found in other years (Figure 11). However, CCA and RDA results suggested that Chl a was not a major factor determining zooplankton spatial distribution (Table 2). Previous studies in other estuaries have also found that food availability, while important, is not always the primary limiting factor for zooplankton biomass and abundance (Sun et al., 2016; Chen et al., 2011). Although herbivorous copepods, such as Acartia spp., prefer areas with abundant food resources, food quality, including phytoplankton species composition and defenses, may play a more critical role in zooplankton utilization of available biomass (Sun et al., 2016; Van Donk et al., 2011). In the YRE, changes in the phytoplankton community composition, such as shifts towards species with lower nutritional value (e.g., high levels of detritus or toxins), could affect zooplankton feeding efficiency and growth, despite high Chl a concentrations (Marc et al., 2025; Camille et al., 2024). In this study, compared to salinity and turbidity, Chl a had a weaker influence on zooplankton communities, impacting biomass and abundance in some years but showing negligible effects on species composition in the YRE.




4.3 The impact of the extreme drought in 2022 on zooplankton communities

In the context of global warming, the summer subtropical high in 2022 exhibited unprecedented strength and extensive coverage, persistently influencing the Yangtze River Basin. This phenomenon, compounded by the prolonged La Nina event and anthropogenic activities, led to significant changes in the region (Ge et al., 2025; Lyu et al., 2023). This extreme hydrological event significantly affected the zooplankton communities in the YRE and adjacent waters. The river’s flow dropped to a historical low of 20,000 m³/s (Figure 1c), causing a sharp increase in estuarine salinity. Tidal action further exacerbated saltwater intrusion, allowing oceanic species to invade the estuary (Wang et al., 2023). Consequently, Groups I and II were entirely replaced by Groups III and IV (Figure 6g). The reduction in river runoff also led to the disappearance of turbidity fronts (Figure 4g), which had previously supported species like A. pacifica. In 2022, A. pacifica lost its dominance in the estuary (Figure 8), primarily due to the higher salinity and absence of turbidity fronts.

Zooplankton biomass and abundance in 2022 were concentrated in the Zhoushan offshore area, significantly higher than in other regions (Supplementary Figures S1G, S2G). This was a result of reduced influence from YRDW, allowing the area to be more affected by nutrient-rich East China Sea currents. These currents, through upwelling and tidal mixing, introduced nutrients into surface waters, enhancing phytoplankton production and resulting in high Chl a (Figure 5g) (Li et al., 2021). This nutrient availability in the Zhoushan area provided an abundant food supply for zooplankton, explaining the higher biomass and abundance observed during the drought year (Liu et al., 2016). The increased salinity during this drought year favored species adapted to high-salinity conditions, notably M. rosea, whose dominance increased significantly (Figure 8). As a eurythermal and euryhaline species, M. rosea possesses strong osmoregulatory capabilities, allowing it to thrive despite rapid changes in salinity and temperature (Charmantier et al., 1998). The species’ ability to adapt to fluctuating food quality, including its diverse feeding strategy that includes phytoplankton and suspended particles, further contributed to its population expansion (Turner, 2004). With reduced freshwater input and rising salinity, competition decreased, giving M. rosea a distinct growth advantage (Kimmerer, 2002).

Based on this, we constructed a schematic diagram of zooplankton communities under three runoff models to illustrate the controlling effect of runoff changes on two frontal systems and zooplankton communities, mainly species changes, in the YRE (Figure 15).




Figure 15 | Runoff affects frontal system and zooplankton community in YRE. The four different colours of copepods represent the four communities of zooplankton, and the number of copepods indicates the approximate abundance.



The extreme drought in 2022 also likely affected fishery resources in the YRE (Cui et al., 2024; Brookes et al., 2015). During extreme drought, due to tough living conditions, zooplankton communities may exhibit a certain degree of homogenization. In contrast, fish tend to disperse actively, but the reduced connectivity between habitats leads to even higher homogenization levels (Diniz et al., 2023). Similar patterns have been observed in estuarine systems (Barros et al., 2024). Reduced freshwater flow and altered ecological conditions may have long-term implications for fisheries, especially as climate change increases the frequency of such extreme events (Leal et al., 2022). Continuous monitoring of zooplankton communities and their potential impacts on fisheries will be critical for sustainable resource management in the region. In addition, the extreme drought in the summer of 2024 led to the intrusion of large jellyfish, which typically thrive offshore at 123°E in the YRE, into nearshore low-salinity areas. This posed ecological risks to Hangzhou Bay, disrupted coastal power plant cooling systems, and resulted in economic losses. Although this study did not focus on large zooplankton, the findings from dry years highlight the need for heightened attention to the ecological risks posed by frequent extreme weather events to both estuarine ecosystems and industries, particularly in the context of climate change.





5 Conclusions

This study highlights the significant impact of estuarine fronts dynamics on zooplankton community in the YRE in summer during 2016 to 2023. Our findings reveal that in wet years sediment fronts notably influence species composition while plume fronts regulate distribution based on salinity tolerance, and salinity fronts emerge as the primary factor during drought years. The extreme drought of 2022 results in a marked increase in estuarine salinity, the disappearance of sediment fronts, and a notable shift in zooplankton communities, particularly favoring euryhaline species like M. rosea. This shift underscores the adaptability of certain species to changing environmental conditions, but also raises concerns about the implications for fishery resources or ecological risk in the YRE as climate change continues to increase the frequency of such extreme events. However, the variation of zooplankton community in the estuary are influenced by a variety of factors, many of which are not involved in this study, so the conclusions may be adjusted when the environmental factors of concern change. Furthermore, while our analysis focused on surface-layer measurements, subsurface vertical stratification and water column mixing processes were not explicitly addressed. Future studies employing depth-resolved sampling protocols coupled with high-resolution CTD profiling could elucidate how turbidity-salinity gradients interact with vertical hydrodynamics to structure zooplankton communities.
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Temperature 6.1 36.7 0.176
2019
Chl a 22 13.0 0.41
Turbidity 1.4 8.5 0.396
Salinity 286 49.1 0.004
Temperature 8.6 14.7 0.024
2020
Chla 4.0 6.8 0.456
Turbidity 17.1 293 0.002
Salinity 8.2 26.5 0.002
Temperature 7.0 226 0.01
2021
Chla 22 6.9 0.398
Turbidity 136 439 0.002
Salinity 3.6 57.1 0.304
Temperature 0.8 133 0.88
2022
Chl a 13 2L1 0.712
Turbidity 0.5 84 0.832
Salinity 17.8 827 0.006
Temperature 0.5 24 0.946
2023
Chla 20 9.5 0.448
Turbidity 1.1 53 0.718

2016, 2020, 2021, 2022: CCA; 2017, 2018, 2019, 2023: RDA.
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P-value R- Deviance

of Temperature squared explained

2016

Biomass 0.0912 0.0631 17%
Abundance | 0.0653 0.0767 ‘ 18.2%
2019

Biomass 0.0320 V 0.0636 23.6%
2020

Biomass 0.0647 0.151 39.4%
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