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Abstract

:

In this work, we identified the seasonal and spatial variations in fish assemblages and their relation to environmental variables in the Yangtze Estuary and adjacent waters. A total of 61 fish species in 32 families were identified over four seasons; of these, 12 species were dominant and Harpadon nehereus was the most dominant species. Fish varied in abundance, biomass, and species composition in different seasons; both biomass and abundance were highest in autumn and lowest in spring. Fish can be spatially divided into high-salinity assemblages and low-salinity assemblages. The spatial variation in fish assemblages was caused by the selectivity and adaptability of species for the environmental conditions of the estuary and the seasonal variation in fish assemblage structure likely resulted from migrations of dominant taxa associated with fish spawning and foraging behavior as well as the environment. The results of CCA analysis showed that temperature, depth, salinity, dissolved oxygen, and chlorophyll were the major factors affecting the fish assemblage differences throughout the seasons. Of these, temperature drove the seasonal variation in assemblage structure, while salinity significantly affected the spatial distribution of assemblages. This paper revealed the relationship between the seasonal and spatial distribution patterns of the fish assemblage and environmental factors and the results could provide a scientific basis for the management and sustainable utilization of fishery resources in the Yangtze Estuary and adjacent waters.
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1. Introduction


The Yangtze Estuary is the largest estuary in China and its environment is complex and diverse [1]. Sea currents in this area are affected by many factors, such as fresh water from the Yangtze River, the northern Jiangsu coastal current, the Taiwan warm current, and the branch of the nearshore Kuroshio [2]. This estuary is highly productive and rich in biological resources. Due to the nourishment of the Yangtze Estuary, many species live in the Yangtze Estuary and adjacent waters and others migrate to and/or through it to reproduce, deposit or release eggs, rear young, or feed during their life cycles [3]. Favorable habitat, baiting, and breeding conditions make the Yangtze Estuary the largest estuarine fishery in China: the Yangtze Estuary Fishery.



In recent years, the waters of the Yangtze Estuary have faced enormous environmental pressure, with nutrients such as inorganic carbon and reactive phosphate exceeding the standard and the seawater being eutrophicated, causing frequent red tides, thereby causing fish death, affecting fish spawning and migration and reducing the fish catches [4]. Human activities, such as tidal flat reclamation, have also caused habitat destruction [5]. The fishery resources of the Yangtze Estuary have faced great threats in recent years, showing obvious characteristics of resource decline, such as reduced biodiversity, individual fish catch, and declining fishing production [6]. Ecological protection and restoration of this estuary is urgently required [7].



The basic research on fish assemblages in the Yangtze estuary plays a crucial supporting role in the rational utilization and effective protection of fishery resources, especially the scientific basis for policy formulation. Most studies on fish in the Yangtze Estuary had focused on species composition, biodiversity, and fishery resources [8,9,10]. Only a small number of studies had reported interannual and spatial differences in fish assemblage structure adjacent to the Yangtze Estuary and how these are related to environmental factors [3,11,12,13]. There is a lack of seasonal and spatial variation studies of fish assemblages in recent years.



We analyzed seasonal fish and environmental survey data in the Yangtze Estuary and adjacent waters to identify seasonal and spatial variations in fish assemblages and their relation to environmental variables, ultimately providing a scientific basis for improving the management of fishery resources in the region.




2. Materials and Methods


2.1. Study Area


Surveys were conducted in February (winter), May (spring), August (summer), and November (autumn) of 2018. Due to the water depth and fishing prohibition policy, trawling was only carried out in the Yangtze Estuary’s adjacent waters and there was no trawling site in the Yangtze Estuary (Figure 1). There were 28 survey stations in total: 16 in February and May, 12 in August, and 15 in November. These sites were chosen because they included a gradient of environmental variation from the estuary to the open sea. Weather and equipment failure resulted in not all sites being sampled for each survey.




2.2. Sampling


The survey fishing vessel, the “Zhe Shengyu 10201”, is a 255 KW bottom trawler. The light trawl net measures 150.5 × 96.5 m and has a mouth perimeter of 150.5 m, upper line length of 66 m, lower line length of 73 m, and maximum mesh of 200 mm. The mesh diameter decreased from the net body to the pocket net (30 mm). The net headline height during trawling ranges from 9–11 m, the average distance between the net sleeves was 18 m, and the net was trawled at 2–3 Kn for 0.5–1 h at each station.



Fish were frozen and delivered to a laboratory for identification using the taxonomic keys and catalogue of marine and freshwater fish. Each specimen was measured in centimeters and weighed with an electronic scale to grams. Environmental parameters were collected from surface water at catch collection sites. At each station, a conductivity, temperature, and depth (CTD) device recorded salinity (S), depth (D), and temperature (T); the water samples collected by the water bottle were collected and frozen for subsequent laboratory analysis (pH, turbidity (Turb), dissolved oxygen (DO), total phosphorus (TP), total nitrogen (TN) and chlorophyll a (Chl a)). Turbidity was measured by a turbidity meter, dissolved oxygen was measured by an iodometric titration, total nitrogen and total phosphorus were measured by an QuAAtro Continuous-flow Analyzer, and chlorophyll a was measured by fluorescence extraction. All of these were determined in the study according to GB/T 12763-2007 specifications for oceanographic surveys (SAC, 2007).




2.3. Data Analysis


Species abundance and biomass at each station were expressed as 103 individuals per km2 (103 ind. km−2) and kilogram per km2 (kg km−2), respectively. The dominant fish species were classified using the index of relative importance (IRI), calculated as:


IRI = (N% + W%) × F% × 10,000,



(1)




where N%, W%, and F% are relative abundance, biomass, and frequency of occurrence, respectively.



Based on the IRI index of relative importance, fish species with IRI >1000 are deemed to be dominant. Only species that appear in at least two stations are included in follow-up data analysis [14].



Levene’s and Kolmogorov–Smirnov tests were applied to determine data homoscedasticity and normality, respectively, after which one-way ANOVA was used to analyze the seasonal variation in fish assemblage abundance, biomass, biodiversity indexes and environmental factors and Student’s t-test was applied to analyze the spatial difference in environmental factors among regions.



Canonical correspondence analysis (CCA) was used to explore relationships between fish assemblages and the measured environmental variables. Detrended correspondence analysis (DCA) was first performed to determine a suitable response according to the maximum gradient length of the first DCA axis (>4, CCA; >4 and <3, CCA or RDA; <3, RDA). In CCA analysis, a Monte Carlo test was used to confirm the significance and importance of each environmental variable and to perform CCA ranking with a significance of p < 0.05. Analyses were performed using SPSS 21.0 (data), PRIMER 6.0 (assemblages), and CANOCO 5.0 (ranking).





3. Results


3.1. Seasonal and Spatial Variations in Fish Assemblages


Seasonal variations in fish abundance and biomass are shown in Figure 2a. Because the number of stations selected was different in season, the overall abundance and biomass of each season cannot be compared; we used the mean abundance and mean biomass of each station in a given season. Fish abundance and biomass were high in autumn, at 14.24 kN/km2 and 262.97 kg/km2, respectively, and low in spring, at 0.70 kN/km2 and 16.04 kg/km2, respectively. Spring values were significantly lower than those in winter and autumn (p < 0.05). The number of fish and individual biomass were significantly higher during autumn than in spring. There were no significant differences between other seasons (p > 0.05).



Clear seasonal differences in fish assemblages are shown in the NMDS plot (Figure 2b), with an adequate stress value of 0.17. ANOSIM reveals fish assemblages in each season to differ significantly (winter vs. spring: R = 0.553, p = 0.001; winter vs. summer: R = 0.692, p = 0.001; winter vs. autumn: R = 0.499, p = 0.001; spring vs. summer: R = 0.401, p = 0.001; spring vs. autumn: R = 0.591, p = 0.001; summer vs. autumn: R = 0.372, p = 0.002).



The spatial distribution of fish biomass for each season is shown in Figure 3. High biomass occurred during winter in southern and northern waters, spring biomass in southern waters was significantly higher than in northern waters, biomass was highest in the central area in summer, and biomass in offshore waters was significantly higher than in nearshore waters in autumn. The spatial distribution of biomass varied in different seasons.



Fish were spatially divided into high-salinity assemblage and low-salinity assemblage. Figure 4 depicts seasonal fish assemblages. Two salinity-based assemblages were apparent in each season: a high salinity (I) and a low salinity (II). Assemblage I mostly occurred in the western survey area near the Yangtze Estuary, and assemblage II mostly occurred in the eastern survey area. ANOSIM reveals significant seasonal differences in the composition of the two assemblages (winter assemblage I vs. II: R = 0.766, p = 0.001; spring assemblage I vs. II: R = 0.452, p = 0.009; summer assemblage I vs. II: R = 0.674, p = 0.002; autumn assemblage I vs. II: R = 0.767, p = 0.003).




3.2. Species Composition


In total, 61 fish species in 11 orders and 32 families were identified within trawl samples. Most (44) species were collected in autumn, followed by 28 each in winter and summer, and 27 in spring (Figure 5a). Of these, 10 occurred each season and 19 occurred only in autumn. Perciformes and Clupeiformes taxa were most commonly encountered (Figure 5b). Perciformes was the most species rich order (25 species), followed by Scorpaeniformes (10 species), Clupeiformes (8 species), and Pleuronectiformes (6 species); remaining orders contain fewer species.



Throughout 2018, 12 species had IRI values >1000 and dominated samples (Figure 6). Both the dominant taxa and the degree of dominance changed seasonally. Four species (Setipinna taty, Coilia mystus, Collichthys lucidus, and Cynoglossus abbreviatus) accounted for 73.6% of the total abundance and 61.2% of the total biomass in winter. Of these, Cynoglossus abbreviatus had the highest proportional abundance (28.7%) and biomass (26.2%). In spring, five species (Setipinna taty, Lophius litulon, Pampus argenteus, Larimichthys polyactis, and Harpadon nehereus) accounted for 52.3% of the total abundance and 68.4% of the total biomass. Of these, Harpadon nehereus was proportionally the most abundant (19.0%) and Lophius litulon had the highest biomass (26.2%). Five species (Larimichthys polyactis, Harpadon nehereus, Chelidonichthys kumu, Muraenesox cinereus, and Cynoglossus joyneri) dominated in summer, accounting for 64.6% of the total abundance and 82.2% of the total biomass. Of these, Cynoglossus joyneri had the highest proportional abundance (24.0%) and Chelidonichthys kumu had the highest biomass (30.8%). In autumn, two species (Trichiurus lepturus and Harpadon nehereus) dominated, accounting for 66.3% of the total abundance and 51.0% of the total biomass. Of these, Harpadon nehereus had both the highest proportional abundance (45.4%) and biomass (47.1%). The dominant species in this region was Harpadon nehereus but no single species was dominant in all seasons. The overall contribution of these dominant species to seasonal abundance and biomass exceeded 50%.



Seasonal variations in the abundance and biomass of dominant species are shown in Figure 6. While seasonal changes in the biomass and abundance of each fish were largely similar, exceptions include that from summer to autumn, the abundance of Pampus argenteus decreased but its biomass increased, indicating that individuals of this species had increased in size by autumn. Seasonal variations in the abundance and biomass of dominant fish were associated with their seasonal migration.



Dominant species and the spatial distributions of assemblages differed seasonally. In winter, the dominant assemblage I species were Setipinna taty and Lophius litulon, while the dominant assemblage II species were Cynoglossus abbreviatus and Amblychaeturichthys hexanema. The dominant spring assemblage I species were Engraulis japonicus and Ilisha elongatus, while the dominant spring assemblage II species were Coilia mystus and Harpadon nehereus. The dominant summer assemblage I species were Pleuronichthys cornutus and Scomber japonicus, while the dominant summer assemblage II species were Harpadon nehereus and Cynoglossus joyneri. The dominant autumn assemblage I species were Harpadon nehereus and Trichiurus lepturus, while the dominant autumn assemblage II species were Coilia mystus and Collichthys lucidus. Of these, Harpadon nehereus was a dominant species in spring, summer, and autumn, typically occurring in low-salinity assemblages in spring and summer but high-salinity assemblages in autumn; Coilia mystus was a dominant species of low-salinity assemblages in spring and autumn.




3.3. Fish Assemblage in Relation to Environmental Factors


The background environmental factors of the Yangtze Estuary are shown in Table 1. Most environmental factors varied significantly (p < 0.05) between seasons: depth ranged from 5–63 m; temperature was significantly higher in summer and lower in winter; salinity significantly differed between summer and autumn; dissolved oxygen significantly differed among three seasons; pH was significantly higher in summer; the highest total nitrogen value was in summer, while that for total phosphorus was in winter; and turbidity was significantly higher in winter than other seasons. Moreover, chlorophyll a ranged from 0.25–8.18, but did not significantly differ among seasons.



On the basis of the Monte Carlo tests of F-ratios (p < 0.05), temperature, salinity, depth, dissolved oxygen, and chlorophyll a were the most significant environmental variables affecting the fish assemblages. Of these five environmental variables, temperature, salinity, and depth had the most significant effects (p = 0.002). Temperature explained 17.6% of the variation in the species–environment relationships and made a contribution of 41.1% in all environment variables; salinity explained 6.2% of the variation, with a contribution of 14.5% in all environment variables; and depth explained 4.3% of the variation, with a contribution of 10.1% in all environment variables. In addition, dissolved oxygen (p = 0.004) and chlorophyll a (p = 0.034) also affected fish assemblages but their explanatory power and contribution were relatively low (dissolved oxygen explained 4% of variation, with a contribution of 9.4%, and chlorophyll a explained 2.2% of variation, with a contribution of 5.1%).



CCA (Figure 7a) demonstrates that the seasonal variation in fish assemblages in the Yangtze Estuary was driven by environmental factors, such as temperature, salinity, depth, dissolved oxygen, and chlorophyll a. Winter assemblages are mainly associated with low temperature and high dissolved oxygen; spring assemblages associated with low temperature, low dissolved oxygen, and low chlorophyll a; summer assemblages associated with high temperature, low dissolved oxygen, low salinity, and high chlorophyll a; and autumn assemblages associated with high temperature, high salinity, and low dissolved oxygen [15].



The location of species on the CCA diagram indicates their habitat preferences on an environmental gradient [16] (Figure 7b). From the CCA species ranking chart of measured variables, temperature, depth, salinity, dissolved oxygen, and chlorophyll a most affected the distribution of fish assemblages adjacent to the Yangtze Estuary. In winter, Coilia mystus and Cynoglossus abbreviatus were mainly associated with low temperature and high dissolved oxygen and occurred in the first CCA quadrant. The dominant species in spring, Pampus argenteus and Setipinna taty, were mainly associated with low chlorophyll a. The dominant Chelidonichthys kumu in summer was mainly associated with high temperature and chlorophyll a content. The dominant Harpadon nehereus in autumn was mainly associated with high salinity and low dissolved oxygen.



The degree of interpretation of the CCA results in Figure 7 is shown in Table 2. The CCA results are shown in Table 2. Eigenvalues (0 to 1) indicate the importance of the CCA axes. CCA revealed that the sum of all canonical eigenvalues accounts for 34.27% of the sum of all eigenvalues. Eigenvalues of the first two axes were relatively high (1 = 0.592, 2 = 0.217) while eigenvalues for axes 3 and 4 were relatively low (3 = 0.195, 4 = 0.095). The cumulative percentage variance of species data was 32.65% and that for the species–environment relation was 95.31%. The first two axes explained 17.59% and 51.34% of all variation, respectively.





4. Discussion


4.1. Seasonal and Spatial Variations in Fish Assemblages


As a typical temperate estuary, the fish assemblages of the Yangtze Estuary had significant seasonal variation. Fish abundance and biomass were highest in autumn and lowest in spring and the composition of species varied significantly in different seasons. The same distribution of fish occurred in the Yellow River Estuary, which is also a temperate estuary [17]. Tropical and subtropical estuaries have higher species richness than temperate systems [18]. The characterization of fish assemblages according to wet and dry seasons, influenced by rainfall and freshwater inflow, is an acknowledged important feature in tropical and subtropical estuarine systems [19,20,21]. Significant seasonal variation were also seen in the Estuarine River of Indian Sundarbans, which serves as a tropical and subtropical estuary [22]. As a high-latitude estuary influenced by glaciers, the seasonal variation in fish communities in the Gulf of Alaska was stronger than site effects [23]. It can be seen that seasonal variation in fish communities is common in most estuarine areas.



In 2018, fish in the Yangtze Estuary and adjacent waters can be spatially divided into high-salt assemblages and low-salt assemblages. Based on the samples adjacent to the Yangtze Estuary from spring of 2015, Xu et al. (2017) divided demersal fish assemblages into offshore, southern-middle, and southern-open-sea groups [3]. The southern-middle and southern-open-sea groups were similar and differed from the offshore group, which is consistent with the distributions of the two fish assemblages that we report here. From 1999 to 2001, the species adjacent to the Yangtze Estuary were divided into assemblages based on the temperature at the first level, and second-level assemblages based on salinity. Benthosema pterotum preferred high-salinity waters, while Pampus argenteus and Amblychaeturichthys hexanema occurred in lower-salinity waters [24]. Compared with those from the 1999–2001 data, fish assemblage structures in this region have changed significantly, suggesting that environmental factors may have also changed. In addition to the Yangtze Estuary, there was significant spatial variation among the fish fauna of 21 tropical Australian estuaries [25]. Continuously changing environmental gradients underlie the spatial variation in estuarine fish assemblages.




4.2. Seasonal Migration and Spatial Distribution of Dominant Species


The spatio-temporal variation in fish assemblages is mostly associated with changes in dominant species. While many species living in estuaries can tolerate wide fluctuations in environmental factors [26], other species are less tolerant and do not appear in large numbers [27]. These dominant species contribute the vast majority of abundance and biomass in different seasons. In 2018, the dominant species seasonally differed and the dominance of the same fish in different seasons also differed. The distributions of dominant species reflect differences in their habitat preferences. Among them, Setipinna taty and Pampus argenteus traditionally dominated throughout the region [3,11,13]. The fact that most dominant species were also commercially important signifies the importance of the Yangtze Estuary and adjacent waters as a fishing ground. For example, the Larimichthys polyactis supported a major fishery and motor-wheel trawling in the Yellow and East China seas [28].



Temporal differences in dominant species are mainly associated with seasonal migrations [29], with wintering, spawning, and feeding migrations all affecting their composition. Of the 12 dominant species of fish, 8 species (Setipinna taty, Coilia mystus, Pampus argenteus, Trichiurus lepturus, Larimichthys polyactis, Harpadon nehereus, Chelidonichthys kumu, and Muraenesox cinereus) had seasonal migratory habits [6]. Overwintering migrations of species reduce their regional abundance and biomass [30]. For example, Harpadon nehereus is a warm-water fish that is intolerant of winter low water temperatures adjacent to the Yangtze Estuary [31]; this species is dominant in spring, summer, and autumn but not winter. In some estuaries with large annual temperature differences, some species overwinter at sea. For example, marine species disappear in colder months and probably migrate to coastal waters to overwinter in Mont-Saint-Michel Bay, France [32]. Spawning of Setipinna taty extends from May to July in the Yangtze Estuary fishery [33] after which broodstock feed outside their spawning grounds [28]. In summer, Setipinna taty feeds in the outer waters and returns to wintering field in November [28], resulting in no Setipinna taty being caught in summer and their relatively low dominance in autumn. Spawning of Coilia mystus occurs from mid-May to early September, with spawning grounds adjacent to the Yangtze Estuary concentrated around Chongming, Hengsha, and Changxing islands [28]; no Coilia mystus were caught in summer trawls adjacent to the Yangtze Estuary. Decreased freshwater input from the Yangtze River in autumn increases salinity and warmer temperatures render the estuarine environment more suitable for fish feeding and conditioning [34]. Most fish have finished spawning in autumn and fish populations can replenish, increasing the abundance and biomass of fish in the Yangtze Estuary and adjacent waters. Fish migrations such as these lead to seasonal differences in the final structure of the fish community in the Yangtze Estuary and adjacent waters.



Spatial variation in fish assemblages is associated with the geographical selection of dominant species. The variability was largely a product of contrasting spatial patterns displayed by different species [23]. In high-salinity assemblages, fish such as Setipinna taty and Engraulis japonicus dominate, and in low-salinity assemblages, estuarine fish such as Cynoglossus abbreviatus and Coilia mystus dominate. Setipinna taty is mostly found offshore. Coilia mystus mostly lives in shallow coastal waters or offshore waters and can adapt to a lower salinity than Setipinna taty [35].




4.3. Influence of Environmental Factors


The spatio-temporal variation in the dominant species was mostly driven by the physico-chemical conditions. The Yangtze Estuary and adjacent waters hydrology considerably varies temporally and spatially. Large-scale (kilometer) patterns in the distribution of species are probably the result of their responses to the physical environment [36]. Habitat differences cause fish assemblage differences [37]. The influence of environmental factors on the distributions of species is greater than that of biological factors, such as interactions between species [38,39]. We report that temperature, depth, salinity, dissolved oxygen, and chlorophyll significantly affect fish assemblages adjacent to the Yangtze Estuary. Dominant abiotic variables may act like a physiological sieve and play a vital role in structuring assemblages [40].



Sea-air heat transport is affected by atmospheric forcing, including wind, temperature, and lateral heat transport and runoff, while water heat capacity is affected by water depth and the thermocline [41,42]. Seasonal variation in environmental factors driven by water temperature drives seasonal variation in fish assemblages adjacent to the Yangtze Estuary, in that temperature has the highest explanatory power of measured variables in the species–environment relationship. Water temperature directly affects fish survival and growth by influencing body temperature, gonad development, and spawning, and indirectly by affecting prey growth and changes to other environmental factors [43]. Temperature affected spatial variation in fish assemblages in and around Haizhou Bay [44]. In subtropical estuaries, temperature affected the seasonal succession of fish assemblages in Pearl River [45] and Mississippi River’s Biloxi Bay Estuary [46]. In some tropical estuaries, water temperature is not the main factor influencing fish assemblages, possibly because the small changes in temperature throughout the year do not produce sufficiently strong temperature gradients [47,48]. For example, in the West African Gambia Estuary, the effect of water temperature did not significantly affect fish assemblages but salinity and dissolved oxygen did [49].



Salinity changes drive the spatial variability of fish assemblages in the Yangtze Estuary. Salinity plays an important role in fish growth, physiological and biochemical indicators, biomarkers, the size and number of ionic cells, salinity-related regulatory genes, and hormone levels [50]. Because of the considerable influx of fresh water, a salinity gradient adjacent to the Yangtze Estuary extends from east to west. Areas of different salinity support fish assemblages with different ecological guilds. Highly variable salinity may prevent settlement of many species in estuaries [1]. During the monsoon season, increased rainfall and river runoff lower salinity, and overall species abundance and biomass. Declines in fish populations were reported following floods and because of reduced salinity for Aguada and Mormugao, Goa, India, and for the Severn Estuary, southwestern Great Britain [51,52].



In addition to temperature, salinity is the main influencing factor, other environmental factors also play an important role in the seasonal and spatial variations in fish assemblages. Depth affects the spatial variability of fish assemblages, possibly because species have different depth preferences. For example, Cynoglossus abbreviatus frequents bottom waters, Trichiurus lepturus migrates from deep to shallow waters from day to night, and Setipinna taty inhabits the middle and upper layers of the water column. Off Western Australia, depth is the main variable affecting fish assemblage structure, with those from 5–15 m differing significantly from those from 20–35 m [53]. Dissolved oxygen affects fish respiration; when concentrations drop to 5 mg/L, some fish experience difficulty respiring [54] and from 2.0–3.0 mg/L, a hypoxic zone forms [54]. Recent research has determined the Yangtze Estuary’s adjacent waters from 31.0–31.2° N, 122.8–123.1° E near the hypoxic zone and the hypoxic zone is gradually expanding [55]. This hypoxia is influenced by both natural processes and human disturbance, severely impacting marine ecology and posing a serious threat to the ongoing viability of this ecosystem [56].



Levels of chlorophyll a indicate the amount of organic matter in river runoff into the estuary. Seasonal differences in chlorophyll a are not significant but subtle changes can impact seasonal changes in fish assemblages. Because chlorophyll a indicates phytoplankton growth, the greater the phytoplankton biomass, the higher the primary productivity, and the more conducive an environment is to the growth of fish food [49].



The variation in species distribution explained by the first four axes of CCA was only 32.65%, indicating that other factors are also affected the distribution of fish assemblage in the Yangtze Estuary and adjacent waters. Physiological tolerances of organisms to the dominant gradient determine the frame of the structure, while biotic interactions determine the species distribution within this frame [57]. The effect of biological variables on the fish assemblage structure in the Yangtze Estuary and adjacent waters needs further study.



In terms of the effective utilization and rational protection of fishery resources in the Yangtze Estuary, different utilization and protection policies can be formulated at different times according to the seasonal changes and migration habits of fish assemblages, such as the formulation of fishing ban periods. According to the spatial distribution pattern of fish, the reasonable fishing intensity of different areas is guided.





5. Conclusions


We identified the seasonal and spatial variations in fish assemblages and their relation to environmental variables in the Yangtze Estuary and adjacent waters. Significant seasonal and spatial variations in fish assemblages were apparent. Fish varied in abundance, biomass and species composition in different seasons, and can be spatially divided into high-salinity assemblages and low-salinity assemblages. Differences in the distributions of fish assemblages in the Yangtze Estuary and adjacent waters were associated with the selectivity of species to environmental conditions, and migration and/or emigration of dominant taxa. Temperature drove seasonal variation in assemblage structure, while salinity significantly affected the spatial distribution of assemblages.
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Figure 1. Sampling stations in the Yangtze Estuary’s adjacent waters. The background color indicates the depth variation. 
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Figure 2. Seasonal variations in fish mean abundance and mean biomass (a), where error bars indicate standard deviations, and NMDS plot of assemblage structure (b) for 2018. 
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Figure 3. Spatial and temporal variations in fish biomass, 2018: (a) winter, (b) spring, (c) summer, (d) autumn. 
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Figure 4. Fish assemblage structure, Yangtze Estuary, 2018: (a) winter, (b) spring, (c) summer, (d) autumn. 
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Figure 5. Species richness (a) and relative abundance of taxa (b) in the Yangtze Estuary and adjacent waters from 2018. (a, lower): UpSet plot showing the fish composition from 2018 (e.g., 19 species were found only in autumn (left), whereas 10 species occurred each season). 
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Figure 6. Seasonal distribution of dominant fish species with IRI > 1000: abundance (kN/km2), biomass (kg/km2), where error bars indicate standard deviations. 
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Figure 7. CCA plots of fish assemblages (a) and species (b) associated with environmental variables adjacent to the Yangtze Estuary. Seta: Setipinna taty; Comy: Coilia mystus; Loli: Lophius litulon; Cona: Coilia nasus; Paar: Pampus argenteus; Trle: Trichiurus lepturus; Vetr: Vespicula trachinoides; Thka: Thryssa kammalensis; Thmy: Thryssa mystax; Colu: Collichthys lucidus; Odru: Odontamblyopus rubicundus; Lapo: Larimichthys polyactis; Enja: Engraulis japonicus; Amhe: Amblychaeturichthys hexanema; Cyab: Cynoglossus abbreviatus; Sema: Sebastiscus marmoratus; Ilel: Ilisha elongata; Hane: Harpadon nehereus; Jobe: Johnius belangerii; Taob: Takifugu obscurus; Chku: Chelidonichthys kumu; Liha: Liza haematocheila; Muci: Muraenesox cinereus; Mimi: Miichthys miiuy; Psan: Psenopsis anomala; Cyjo: Cynoglossus joyneri; Dema: Decapterus maruadsi; Plco: Pleuronichthys cornutus; Anhi: Antennarius hispidus; Scja: Scomber japonicus; Sael: Saurida elongata; Dobe: Doederleinia berycoides; Apli: Apogonichthys lineatus; Paci: Pampus cinereus; Chsp: Chelidonichthys spinosus; Cyli: Cynoglossus lighti; Pear: Pennahia argentata. 
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Table 1. Seasonal variation in environmental factors, Yangtze Estuary and adjacent waters, 2018 (Mean ± SD).
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	Environmental Factor
	
	Winter
	Spring
	Summer
	Autumn





	Depth (D)
	M
	36.75 ± 27.16
	41.80 ± 9.68
	31.83 ± 10.20
	36.40 ± 15.69



	Temperature (T)
	°C
	7.92 ± 2.52 c
	14.41 ± 1.07 bc
	28.62 ± 0.84 a
	20.65 ± 1.38 ab



	Salinity (S)
	
	24.77 ± 6.90 ab
	30.81 ± 0.86 ab
	24.69 ± 5.82 b
	29.61 ± 6.64 a



	Dissolved oxygen (DO)
	mg/L
	10.05 ± 1.06 a
	9.03 ± 0.66 b
	7.25 ± 0.59 c
	7.35 ± 0.49 c



	pH
	FTU
	8.01 ± 0.05 b
	8.00 ± 0.26 b
	8.18 ± 0.05 a
	8.04 ± 0.06 b



	Total nitrogen (TN)
	μmg/L
	37.13 ± 15.93 a
	36.43 ± 7.24 a
	61.81 ± 49.66 a
	20.20 ± 12.70 b



	Total phosphorus (TP)
	μmg/L
	2.27 ± 1.71 a
	0.49 ± 0.18 b
	1.97 ± 2.64 ab
	0.93 ± 0.54 ab



	Turbidity (Turb)
	
	55.25 ± 60.96 a
	12.72 ± 29.40 b
	3.63 ± 5.69 b
	7.73 ± 7.30 b



	Chlorophyll a (Chl a)
	μg/L
	0.94 ± 0.62
	1.91 ± 1.95
	2.74 ± 2.58
	0.81 ± 0.53







Values with different letters (a–c) indicate significant differences among seasons; values with the same letter indicate that differences were not significant.
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Table 2. Results of canonical correspondence analysis relating fish biomass data to environmental factors adjacent to the Yangtze Estuary, 2018.
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	Axes
	1
	2
	3
	4
	Total Inertia





	Eigenvalues
	0.592
	0.217
	0.195
	0.095
	3.367



	Species–environment correlations
	0.956
	0.705
	0.852
	0.700
	



	Cumulative percentage variance
	
	
	
	
	



	of species data
	17.59
	24.02
	29.82
	32.65
	



	of species–environment relation
	51.34
	70.11
	87.03
	95.31
	



	Sum of all eigenvalues
	
	
	
	
	3.367



	Sum of all canonical eigenvalues
	
	
	
	
	1.154
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