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Abstract

Large-scale fishing bans are increasingly implemented to restore aquatic ecosystems, yet
their effects on lower trophic levels remain poorly understood. As one of the world’s largest
estuarine systems, the Yangtze River Estuary has been subjected to a ten-year fishing ban
since 2021, providing a unique opportunity to potentially examine the response of plankton
community to reduced fishing pressure along a steep salinity–nutrient gradient. This study
relies on one-off environmental and plankton field surveys conducted in autumn 2024 (a
sampling instead of multi-year time-series monitoring), we applied redundancy analysis,
Mantel tests, and threshold indicator taxa analysis to tentatively clarify the roles of nutrients
and salinity in structuring post-ban plankton communities. Species richness may have
increased substantially compared with pre-ban levels, but community evenness declined
and the dominance of Skeletonema costatum could have intensified, revealing a possible
non-equilibrium recovery pattern. Zooplankton density increased substantially, which
may not be fully consistent with the expectation under a simple top-down release scenario.
Threshold analysis showed that S. costatum exhibited bidirectional responses to dissolved
inorganic nitrogen and phosphate, with its positive response thresholds matching ambient
nutrient concentrations in the inner estuary; this discrepancy is only a plausible inference
since we lack direct measurements of fish predation and zooplankton grazing rates to
verify causal trophic interactions. Our findings suggest that bottom-up forces driven by
persistent eutrophication remain the dominant control on plankton community structure
three years after the ban. From a watershed management perspective, our observational
results provide a tentative implication that substantial reductions in nutrient loading might
be required to mitigate unbalanced plankton community recovery; otherwise, the structural
integrity of plankton assemblages could lag far behind the recovery of species richness
under the current eutrophic background.

Keywords: fishing ban; Yangtze River Estuary; plankton community; non-equilibrium
recovery; bottom-up effects; threshold response
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Key Contribution: This study suggests a non-equilibrium recovery pattern in the Yangtze
River Estuary three years after the fishing ban, characterized by rapid species richness
recovery but persistent structural imbalance likely driven by sustained nutrient loading.
These observations are not fully consistent with expectations under top-down release, and
instead point to bottom-up forces as the dominant driver of plankton community dynamics
at this early stage of recovery.

1. Introduction
The Yangtze River Estuary lies at the confluence of the Yellow Sea and the East China

Sea, influenced by the northward flow of the Taiwan Warm Current, the southward move-
ment of the Yellow Sea Coastal Current, and the mixed waters of the two seas to the east.
This convergence creates a complex physical oceanographic environment [1] characterized
by a steep salinity front east of 122◦10′ E that spans only 1–5 km in width [2] and a tur-
bidity maximum zone where suspended particulates accumulate and filter nutrients [3].
The resulting environmental gradient—sharp changes in salinity, nutrients, and trans-
parency across a narrow spatial range—directly shapes plankton community structure [4,5].
Decades of rapid economic development, however, have imposed intense anthropogenic
pressure on this system, driving biodiversity decline. To reverse this trend, in 2021, the
Chinese government implemented a ten-year fishing ban across the entire Yangtze River
basin, including the estuary [6].

The ecological effects of the fishing ban extend beyond the direct recovery of fish stocks,
propagating through trophic levels to influence lower-trophic-level organisms. Under nor-
mal conditions, pre-ban anthropogenic fishing suppressed large predator populations,
thereby weakening their predation control over intermediate trophic levels such as zoo-
plankton. Following the ban, the removal of fishing pressure allows predator populations
to gradually recover, leading to the re-establishment of food-web regulatory mechanisms.
Previous studies have shown that the aquatic food web of the Yangtze River Estuary is
structurally complex, consisting primarily of grazing and detrital food chains [7], and that
trophic relationships among dominant shrimp species have already exhibited spatial differ-
entiation during the early post-ban period, indicating ongoing adjustments in food-web
structure [8]. The recovery of predator populations will therefore directly affect plankton
communities. As major primary producers, plankton are inevitably influenced in their
species composition and community structure by climate-driven physical and chemical
environmental changes [9,10]. However, the Yangtze River Estuary presents a complicating
factor: the same environmental gradient that structures plankton communities also creates
a strong nutrient regime, with phosphorus as a potentially limiting factor [1], that may
override food-web effects. This tension between bottom-up forces and top-down forces
forms a core unresolved ecological question in the early phase of estuarine ecosystem
recovery, and it remains unclear which force may dominate the assembly of plankton
communities. Beyond the relative strength of top-down and bottom-up regulation, another
critical knowledge gap exists: it is still unknown whether the planktonic system will return
to its pre-disturbance equilibrium state or shift toward an alternative stable state after
fishing cessation. Based on this conflicting ecological context, we put forward two mutually
exclusive testable a priori hypotheses and corresponding predicted ecological responses for
this study. Hypothesis 1 (bottom-up control dominance): Spatial variation in phosphorus-
limited nutrients along the salinity gradient acts as the primary driver of plankton biomass
and community composition, while the cascading effects induced by predator recovery
exert minor influences, leading to weak correlations between plankton assemblages and
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the spatial distribution of predatory fish. Hypothesis 2 (top-down control dominance):
Population recovery of large predatory fish generates stronger regulatory impacts than
nutrient gradients; elevated grazing pressure on zooplankton will trigger cascading shifts
in phytoplankton, and the spatial variation in plankton communities will be tightly coupled
with the recovery pattern of top predators rather than nutrient conditions. Two distinct re-
covery trajectories are hypothesized under the above hypotheses: an equilibrium recovery
trajectory, where plankton community composition converges to historical pre-ban baseline
configurations with consistent nutrient-plankton and predator-plankton correlations; and
an alternative non-equilibrium trajectory, where plankton assemblages deviate from histor-
ical states under the combined constraints of persistent nutrient gradients and post-ban
predator restoration.

Autumn represents a strategic window for such an assessment. This season is a critical
nursery period for many commercial fish, during which plankton abundance and compo-
sition directly determine juvenile survival [11]. River discharge declines, hydrodynamic
disturbance moderates, and the environmental gradient becomes particularly pronounced.
Plankton communities during this season are less affected by extreme hydrological events
and seasonal climatic fluctuations than in summer [11], allowing a clearer signal of post-ban
change to potentially emerge. Moreover, three years after the ban, fish stocks have already
shown significant signs of recovery [6]; however, the responses of plankton, the foundation
of the estuarine food web, remain poorly quantified.

In this study, environmental and plankton survey data in autumn 2024 are integrated
to characterize post-ban community structure along the salinity gradient. Two questions
are addressed: whether the observed changes are governed primarily by bottom-up effects
(nutrient regime) or top-down effects (predator release), and whether the observed commu-
nity patterns in this autumn are more consistent with an equilibrium-oriented restoration
pathway or with a non-equilibrium, alternative-state trajectory.

2. Materials and Methods
2.1. Study Area

The study area covers the Yangtze River Estuary (30◦50′–31◦80′ N, 121◦05′–123◦08′ E).
Sampling stations (Figure 1) were classified into three zones based on historical salinity
criteria [12–15]: inner estuary (≤5%), estuarine zone (5–25%), and offshore zone (≥25%).

Figure 1. Distribution of sampling stations in the Yangtze River Estuary.Red dots are the locations of
the survey station.

2.2. Data Collection
2.2.1. Environmental Data

Environmental and plankton data were collected in autumn (September–October) 2024
following national standards [16]. Environmental parameters included water temperature,
dissolved oxygen (DO), chemical oxygen demand (COD), chlorophyll a (Chla), salinity,
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pH, suspended solids (SS), phosphate (PO4-P), silicate (SiO3-Si), and dissolved inorganic
nitrogen (DIN). The sampling stations were approximately uniformly distributed across
water depths ranging from 5 m to 48 m. At each station, water samples were collected
using Niskin bottles mounted on the CTD rosette frame, at the surface (0.5 m depth) and
near the bottom (approximately 1–2 m above the seabed). All samples were stored at
4 ◦C until analysis. Temperature, salinity, pH, and dissolved oxygen (DO) were measured
in situ using a Sea-Bird SBE 25 CTD profiler (Sea-Bird Electronics, Inc., Bellevue, WA,
USA); all other variables were determined following standard analytical methods. Quality
assurance/quality control (QA/QC) procedures included field blanks, transport blanks,
and replicate analyses at a frequency of approximately 10%.

2.2.2. Plankton Data

For phytoplankton samples, vertical tows from bottom to surface were performed
using a 77 µm mesh plankton net. Meanwhile, 500 mL water samples were collected
separately from the surface and bottom layers at each sampling station. All phytoplankton
samples were fixed in situ with 1% Lugol’s solution and stored at room temperature after
fixation. Species identification was conducted via the Utermöhl method [17] to the lowest
possible taxonomic level. Notably, the surface and bottom water samples were only used
to supplement phytoplankton species richness records, while all quantitative analyses of
phytoplankton community composition and abundance were exclusively based on the
net tow samples to ensure data consistency and accuracy. For zooplankton sampling, a
plankton net with a mouth area of 0.5 m2 and a mesh size of 505 µm was applied for
sample collection. Zooplankton specimens were preserved with 5% buffered formalin and
enumerated and identified under a stereomicroscope in the laboratory. For macrobenthos,
two parallel grab samples were collected at each station. The samples were sieved through
a 0.5 mm mesh screen and fixed with 7% buffered formalin. All macrobenthos specimens
were identified to the species level as far as possible. All fixed biological samples were
preserved at room temperature until laboratory analysis. At stations with depth < 10 m,
only surface samples were collected; at stations ≥ 10 m, both surface and bottom samples
were taken.

2.3. Statistical Analyses

Principal component analysis (PCA) was performed on environmental variables to
identify the major gradients [18]. Four biodiversity indices were calculated: Margalef rich-
ness (D) [19], Shannon–Wiener diversity (H′) [20], Pielou evenness (J) [21], and dominance
(Y) [22]. In this study, species with Y > 0.02 were classified as dominant. Redundancy
analysis (RDA) was selected for subsequent ordination after detrended correspondence
analysis (DCA) yielded a maximum gradient length of <3. Prior to analysis, response and
explanatory variables, except pH, were log(X + 1)-transformed. Mantel tests [23–25] were
used to assess correlations between plankton community dissimilarity (Bray–Curtis) and
environmental distance matrices (Euclidean), with significance evaluated via 999 permuta-
tions. The Mantel test was adopted for the following two core reasons: (1) Our diversity
indices and environmental variables were both multivariate datasets derived from multi-
station estuarine surveys. Mantel test compares the overall similarity matrix of community
diversity metrics with the distance matrix of environmental variables, which can reflect the
overall matching degree between spatial diversity patterns and environmental gradients,
rather than merely one-to-one linear correlation between single indicators as Spearman cor-
relation does. (2) Estuarine environmental factors feature strong collinearity, and ordinary
regression models are susceptible to multicollinearity interference. Mantel test avoids the
bias caused by independent variable collinearity when evaluating the integral correlation
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between two matrix groups, which is more suitable for our dataset structure. For multiple
testing correction, we adopted the standard Bonferroni correction method.

Threshold indicator taxa analysis (TITAN) [26] was applied to identify community-
level thresholds for DIN, PO4-P, and SiO3-Si. To reduce the influence of rare species, only
taxa with an occurrence frequency of ≥5 were retained. The threshold of ≥5 occurrences
was chosen for three reasons: (1) to reduce interference from low-frequency accidental
species with fewer than 5 occurrence sites and eliminate bias induced by unstable species
response patterns; (2) to guarantee the ecological representativeness of indicator taxa
and capture community-wide responses to environmental gradients; and (3) to comply
with widely accepted analytical standards for TITAN [27]. The total number of sampling
stations in this study meets the sample size requirements for reliable TITAN threshold
estimation. Previous methodological benchmarks suggest that datasets with more than
30 independent sampling sites can yield stable, reproducible nutrient breakpoints with low
uncertainty during permutation testing [26,27]. Prior to all multivariate analyses (PCA,
RDA and Mantel tests), multicollinearity among environmental variables was quantified
via the variance inflation factor (VIF). Variables with VIF > 10 were sequentially removed
to eliminate severe collinearity.

2.4. Source of Historical Data

To quantitatively compare the differences in the autumn plankton community in
the Yangtze River estuary before and after the fishing ban, this study integrated pub-
lished historical literature as pre-ban baseline data, combined with field survey data
collected in the autumn of 2024 as post-ban observations for cross-period comparisons. The
historical datasets comprised, for phytoplankton, independent transect surveys during
2004–2006 [28–30] and a long-term time-series from 2009 to 2021 [31]; for zooplankton,
corresponding data included independent surveys during 2005–2007 [30,32,33] and the
identical 2009–2021 time-series [31]. All historical and contemporary data were collected
under consistent autumn sampling schedules and similar station layouts and were analyzed
using a common set of community indicators: species richness, average density, Margalef
richness index (D), Shannon–Wiener diversity index (H′), Pielou evenness index (J), and
dominant species identification. Missing values in the original literature were denoted by
“/”. By applying uniform calculation protocols for all indices, we minimized methodolog-
ical biases and enabled a robust horizontal comparison of community structures across
the pre-ban, early-ban, and post-ban periods. Although all historical literature surveys
and field measurements conducted after the 2024 fishing moratorium were uniformly
carried out in autumn and covered the core stations across the full salinity gradient of
the Yangtze River Estuary, there remains an inherent heterogeneity in sampling protocols
among multiple sets of historical data. For this reason, this study primarily draws on its own
sampling results and conducts appropriate inferences with reference to trends observed in
historical data.

2.5. Data Processing

All analyses were performed in R 4.5.2 using the packages vegan, factoextra, dplyr,
TITAN2, linkET, and ggplot2 [34–39]. Spatial maps were generated with Ocean Data
View [40].

3. Results
3.1. Spatial Distribution of Environmental Factors

As illustrated in Figure 2, PCA revealed a dominant environmental gradient (Dim1,
61.4% of variance) separating the inner estuary (low salinity, high nutrients and suspended
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solids) from the offshore zone (high salinity, low nutrients). The estuarine zone occupied an
intermediate position, with Dim2 explaining an additional 12.4% of the variance. Individual
parameter distributions reflected this pattern: pH and salinity increased seaward, while
DO, SS, COD, PO4-P, SiO3-Si, and DIN decreased. Chla and water temperature peaked in
the estuarine zone (Figure 3).

Figure 2. PCA of environmental parameters in the Yangtze River Estuary in autumn.

Figure 3. Spatial distribution of environmental parameters in the Yangtze River Estuary in autumn:
(a) pH, (b) DO, (c) COD, (d) SS, (e) PO4-P, (f) DIN, (g) SiO3-Si, (h) Chla, (i) Temperature, (j) Salinity.

3.2. Spatial Distribution of Plankton Community Composition

Species richness increased progressively from the inner estuary to the offshore zone
for both phytoplankton and zooplankton (Figure 4). Diatoms (Bacillariophyta) dominated
all zones, rising from 31 species (inner estuary) to 104 (offshore). Dinoflagellates appeared
in the estuarine (12 species) and offshore zones (24 species). The number of species of
chlorophytes and cyanobacteria declined seaward. Among zooplankton, copepods were
the most species-rich group (5 to 25 species across zones). Larval forms peaked in the
estuarine zone, while chaetognaths, euphausiids, ostracods, and other taxa were restricted
to offshore waters.
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Figure 4. Spatial distribution of plankton community composition in the Yangtze River Estuary in
autumn: (a) phytoplankton; (b) zooplankton.

3.3. Plankton Community Responses to Environmental Factors

RDA showed that the salinity–nutrient gradient explained 84.4% (Axis 1) of phy-
toplankton community variance and 84.3% (Axis 1) of zooplankton variance (Figure 5).
Specifically, in the phytoplankton RDA (Figure 5a), RDA1 explained 84.4% of the variance
constrained by the full set of environmental predictors, and RDA2 explained an additional
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11.7% of the constrained variance; together, the two axes accounted for 96.1% of the total
environmentally driven phytoplankton community variance. In the zooplankton RDA
(Figure 5b), RDA1 explained 84.3% of the constrained variance, while RDA2 explained
10.3%; the cumulative constrained variance explained by the two axes reached 94.6%.
Copepods were distributed along the gradient opposite to nutrient concentrations, while
hydrozoans and chaetognaths were positioned towards high-salinity regions. Both commu-
nities differed systematically between the low-salinity, nutrient-rich inner estuary and the
high-salinity, nutrient-poor offshore waters.

Figure 5. RDA of plankton communities and environmental factors in the Yangtze River Estuary in
autumn, (a) phytoplankton; (b) zooplankton.

3.4. Spatial Distribution of Dominant Species and Diversity in Relation to Environmental Factors

As shown in Table 1, Skeletonema costatum was the sole phytoplankton dominant across
all zones, with its dominance declining from 0.122 in both the inner estuary and the estuar-
ine zone to 0.021 offshore. For zooplankton, two co-dominant species (Schmackeria poplesia
and Sinocalanus sinensis) occurred in the inner estuary, and a single dominant (Eucalanus
subcrassus) appeared offshore, and no dominant species was found in the estuarine zone
(dominance < 0.02).

Table 1. Dominant plankton species in the Yangtze River Estuary in autumn.

Group Zone Species Dominance Mean Density (Ind. m−3)

Phytoplankton
Inner estuary

S. costatum
0.122 391,255.0

Estuarine zone 0.122 511,327.5
Offshore zone 0.021 64,621.3

Zooplankton
Inner estuary S. poplesia 0.025 1.2

S. sinensis 0.025 1.2
Estuarine zone / / /
Offshore zone E. subcrassus 0.030 4.1

Note: “/” indicates no species with dominance > 0.02.

All three diversity indices (Shannon–Wiener, Pielou, Margalef) were higher for zoo-
plankton than for phytoplankton, and for both communities they increased seaward,
tracking the salinity gradient (Figure 6).
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Figure 6. Spatial distribution of plankton diversity indices in the Yangtze River Estuary in autumn,
(a) phytoplankton; (b) zooplankton.

Mantel tests (Figure 7) showed that for phytoplankton, Pielou evenness was most
strongly correlated with COD, DIN, SiO3-Si, and N:P (p-value < 0.01); Simpson index
was correlated with COD, DIN, Chla, and SS (p < 0.05); and Shannon index was corre-
lated with pH and Chla (p < 0.05); and Margalef richness was largely independent of all
measured environmental variables. For zooplankton, Shannon and Simpson indices were
primarily correlated with DO, salinity, and N:P (p < 0.05); Margalef richness was corre-
lated with Si:N (p < 0.05); and Pielou evenness showed no significant correlation with any
measured variable.

Integrated analysis of the two plankton groups reveals distinct divergent responses of
biodiversity metrics to environmental gradients. For phytoplankton, Pielou evenness and
dominance indices exhibit the strongest sensitivity to organic pollution proxies and nutrient
concentrations, whereas for zooplankton, Shannon-Wiener diversity and dominance are
primarily regulated by salinity and dissolved oxygen regimes. Species richness indices of
both taxonomic groups show weak overall environmental coupling and relatively high in-
dependence from ambient conditions, with the notable exception that zooplankton richness
displays a unique significant correlation with the silicate-to-nitrogen ratio (SiO4-Si/DIN).

Figure 7. Cont.
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Figure 7. Correlations between plankton diversity indices and environmental factors in the Yangtze
River Estuary in autumn: (a) phytoplankton; (b) zooplankton. (For the horizontal Mantel lines
on the right, line length corresponds to the value of Mantel’s r, while line thickness indicates the
correlation strength.)

3.5. Threshold Responses of Plankton Communities to Nutrients

TITAN analysis (Figure 8) revealed multiple indicator taxa. For phytoplankton, S.
costatum showed bidirectional thresholds for DIN (negative: 0.18–0.27 mg L−1; positive:
0.95–1.02 mg L−1) and PO4-P (negative: 0.021–0.029 mg L−1; positive: 0.027–0.051 mg L−1).
Its positive response thresholds matched ambient nutrient concentrations in the inner estuary
and estuarine zone. Additional species responded to SiO3-Si, e.g., Biddulphia sinensis (negative,
0.58–1.64 mg L−1) and Coscinodiscus wailesii (positive, 1.08–1.82 mg L−1). For zooplankton,
Schmackeria poplesia and Acanthomysis longirostris responded positively to all three nutrients
(DIN: 1.02–1.36 mg L−1; PO4-P: 0.031–0.051 mg L−1; SiO3-Si: 1.82–2.71 mg L−1). Euphausiid
larvae were the sole negative responders to PO4-P (threshold: 0.025 mg L−1).

In this study, all nutrient change-point thresholds identified by TITAN are statistical
response breakpoints at the community level, rather than the intrinsic growth-favorable
ranges or physiological tolerance limits of individual species. The statistical thresholds
for negative responses at low nutrient concentrations represent the critical concentration
ranges across all surveyed community samples below which the relative abundance of
species exhibits a sharp decline; this decline results from community structural changes
driven by interspecific competition and overall resource scarcity under low-nutrient condi-
tions, and should not be equated with the physiological lower tolerance limit of nutrient
starvation for the species. The statistical thresholds for positive responses at high concen-
trations correspond to the nutrient concentration ranges under which the species becomes
dominant in the nearshore estuarine high-nutrient environment; this change-point signi-
fies the critical concentration at which the entire community shifts toward a Skeletonema
costatum-dominated structure, and is not equivalent to the physiologically optimal nutrient
saturation range measured under laboratory conditions.
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Figure 8. Cont.

https://doi.org/10.3390/fishes11070417

https://doi.org/10.3390/fishes11070417


Fishes 2026, 11, 417 12 of 18

Figure 8. TITAN of plankton community responses to nutrients in the Yangtze River Estuary in
autumn: (a–f) Phytoplankton responses to DIN, PO4-P, and SiO3-Si; (g–j) zooplankton responses to
DIN, PO4-P, and SiO3-Si.

3.6. Comparison of Historical Data

To further test the dominance of bottom-up effects, we compared post-ban community
structure with historical records spanning the pre-ban period. Three years after the fishing
ban, phytoplankton species richness had increased substantially, yet community evenness
had declined and the dominance of key species had strengthened (Table 2). Compared with
the mean values before and during the first year of the ban, species richness increased from
56 to 113, and the Margalef index increased nearly sixfold. However, the Shannon–Wiener
index rose only from 0.73 to 1.24, remaining below the value of 1.90 recorded in autumn
2004, and the Pielou evenness index declined from 0.30 to 0.26. S. costatum remained
the primary dominant species throughout the study period, but its dominance increased
markedly after the ban.
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Table 2. Comparison of phytoplankton community structure in the Yangtze River Estuary in autumn
before and after the fishing ban.

Metric Pre-Ban 2004 [28] Pre-Ban 2005 [29] Pre-Ban 2006 [30] Pre-Ban & First-Year
Ban (2009–2021) [31]

Post-Ban
(2024) (This Study)

Species richness 68 / 111 56 113
Mean density

(cells·m−3) 1.40 × 107 5.00 × 105 7.34 × 106 1.86 × 105 2.20 × 105

Margalef index (D) 1.18 / / 1.07 7.12
Shannon–Wiener

index (H′) 1.90 0.73 / 0.73 1.24

Pielou evenness (J) 0.68 0.29 / 0.30 0.26
Primary dominant S. costatum S. costatum S. costatum S. costatum S. costatum

Note: “/” indicates data not available.

Zooplankton communities underwent similarly pronounced changes (Table 3). Species
richness increased from 38 to 60, and mean density more than tripled, increasing from 9.45
to 40.51 ind. m−3. The Margalef index increased from 2.48 to 8.27, the Shannon–Wiener
index from 1.53 to 2.47, while Pielou evenness declined from 0.65 to 0.60. The primary
dominant species shifted from Tortanus vermiculus before the ban to E. subcrassus after
the ban.

Table 3. Comparison of zooplankton community structure in the Yangtze River Estuary in autumn
before and after the fishing ban.

Metric Pre-Ban 2005 [33] Pre-Ban 2006 [30] Pre-Ban 2007 [32] Pre-Ban & First-year
Ban (2009–2021) [31]

Post-Ban (2024)
(This Study)

Species richness 87 60 / 38 60
Mean density

(ind.·m−3)
55.20 101.44 158.70 9.45 40.51

Margalef index (D) / / 7.88 2.48 8.27
Shannon–Wiener

index (H′) 2.70 / 2.52 1.53 2.47

Pielou evenness (J) / / 0.77 0.65 0.60
Primary dominant T. vermiculus T. vermiculus E. subcrassus T. vermiculus E. subcrassus

Note: “/” indicates data not available.

4. Discussion
4.1. Environmental Control of Spatial Structure

The plankton communities of the Yangtze River Estuary are structured primarily by
the coupled salinity–nutrient gradient, consistent with patterns observed in other large
estuarine systems [41,42]. Species richness and diversity increased seaward for both phyto-
plankton and zooplankton, and community composition shifted from assemblages domi-
nated by green algae and cyanobacteria to those dominated by diatoms and dinoflagellates.
Salinity acts as the primary spatial template, filtering species along the gradient, while
nutrient availability, particularly nitrogen and phosphorus, fine-tunes internal community
properties such as evenness and dominance [43,44].

4.2. Bottom-Up Dominance in Post-Ban Community Dynamics

A central question in assessing the ecological effects of the fishing ban is whether the
removal of fishing pressure allows top-down control to reassert itself. If predator recovery
were the dominant driver, we would expect increased grazing pressure on zooplankton
and a consequent decline in their density, along with shifts in phytoplankton composition
reflecting reduced herbivory. Zooplankton density more than tripled after the ban, and S.
costatum dominance intensified rather than weakened. These patterns are consistent with a
system in which bottom-up forces, sustained nutrient loading, remain the primary control
on community structure, with top-down signals being comparatively weak at this early
stage of recovery [32,45,46].
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The bidirectional threshold responses of S. costatum provide ecological evidence con-
sistent with shifts in phytoplankton assemblages along estuarine nutrient gradients. Its
positive response thresholds for DIN and PO4-P coincide with the ambient concentrations
of these nutrients in the inner estuary and estuarine zone, indicating that the current nu-
trient regime lies within this species’ optimal niche. Under continued nutrient supply,
the removal of fishing-related physical disturbance (bottom trawling disturbance, gear
entanglement and scraping, and vessel navigation disturbance) may have simply allowed
r-selected dominants to more fully exploit resource-replete conditions [47,48].

4.3. Non-Equilibrium Recovery and Implications for Management

The above observations tentatively point to a plausible non-equilibrium pattern:
species richness recovered rapidly, but structural evenness lagged behind. The increase in
richness resulted largely from the shoreward penetration of high-salinity offshore species
along the salinity gradient [43,49]. In the low-salinity, high-nutrient inner estuary and
estuarine zone, however, sustained nutrient supply provided nutrient-replete conditions
for a small number of r-selected dominant species [50]. The eutrophic conditions remained
largely unchanged between the pre- and post-ban periods, and the removal of fishing
disturbance has allowed this bottom-up signal to emerge more clearly [6,51].

The further strengthening of S. costatum dominance may illustrate this mechanism.
Nutrient concentrations in the inner estuary and estuarine zone fall within this species’
positive response range [45], and its dominance is fundamentally rooted in the high-
nitrogen, high-phosphorus, low-salinity environment of the Yangtze River Estuary [50].
Meanwhile, S. costatum features a fast growth rate and strong environmental adaptabil-
ity, enabling it to rapidly become the dominant species upon pulsed input of nutri-
ents [51]. The role of the ban may lie more in reducing physical disturbance [6,51], thereby
providing more stable hydrodynamic conditions for the sustained aggregation of this
dominant species.

The sharp rise in zooplankton density offers tentative circumstantial evidence that
bottom-up forces may predominate over top-down control in structuring plankton commu-
nities, though top-down trophic effects cannot be fully excluded. If top-down release were
the dominant driver, zooplankton density would be expected to decline or at least remain
constrained [52,53]. The marked increase in density we observed is not fully consistent with
this expectation, suggesting that, three years after the ban, the grazing pressure exerted by
recovering top predators on zooplankton may remain insufficient to offset the productivity
surge driven by eutrophication. The tripling of zooplankton density likely reflects enhanced
primary productivity fueled by sustained nutrient loading, which cascaded upward to
support greater secondary production. Bottom-up effects thus remain the primary driver
shaping plankton communities at this stage.

The post-ban community, therefore, may exhibit a non-equilibrium recovery pattern:
species richness has recovered rapidly, but structural evenness lags behind. New species
have colonized from offshore waters along the salinity gradient, increasing richness. Yet the
nutrient-rich inner estuary remains dominated by a single species, suppressing evenness.
This decoupling of richness from evenness could challenge the assumption that species
recovery inevitably leads to community restoration.

These conclusions should be interpreted in light of several limitations. First, our
assessment rests on a single autumn survey three years after the ban; continued monitoring
across multiple seasons and years is needed to determine whether the non-equilibrium
pattern represents a transient state or may become a persistent regime. Second, the absence
of direct data on fish diet composition and grazing rates precludes a definitive quantification
of top-down pressure. Direct measurements of predator-prey interactions would likely
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strengthen this tentative conclusion. Third, the pre-ban baseline relies on a multi-year
mean that may smooth interannual variability; year-specific comparisons could reveal more
nuanced recovery trajectories, which introduces inherent uncertainty to our cross-period
comparison results. Finally, our study focused on the planktonic component of the food
web; extending the analysis to benthic communities and fish populations may provide a
more integrated assessment of ecosystem recovery, and our deductions regarding trophic
cascades are therefore limited to plankton assemblages only. Addressing these gaps will
require long-term, multi-trophic monitoring programs that couple biodiversity surveys
with direct measurements of trophic fluxes and nutrient dynamics.

Despite these caveats, our findings offer several insights for the management of large
estuarine systems. The ten-year fishing ban in the Yangtze River represents one of the most
ambitious conservation interventions ever implemented in a large river system [6]. Its
effects on fish stocks are beginning to be documented [54,55], but our results caution that
recovery at higher trophic levels does not automatically cascade downward to restructure
plankton communities. Without concurrent reductions in nutrient loading, the structural
recovery of the planktonic base of the food web may remain incomplete, even as species
richness increases. Future monitoring should integrate lower-trophic-level indicators,
particularly evenness and dominance metrics, into assessments of the ban’s ecological
effectiveness. Sustaining this recovery will require integrating nutrient management into
the regulatory framework of the fishing ban, a lesson relevant to large river systems globally.
As the world’s largest riverine fishing ban, the Yangtze experiment offers a critical test
of whether transformative conservation interventions can restore not only the targeted
fish stocks but also the broader food-web structure upon which long-term ecosystem
resilience depends.

5. Conclusions
Three years after the Yangtze River fishing ban, the estuarine plankton community

may show a non-equilibrium recovery pattern. Species richness may have increased, but
evenness declined and S. costatum dominance intensified. Zooplankton density increased
substantially, which may not be fully consistent with the expectation under a simple
top-down release scenario.

Bottom-up forces appear to potentially act as the primary driver of community struc-
ture, with top-down signals seemingly being comparatively weak at this early recovery
stage. The positive response thresholds of S. costatum to DIN and PO4-P match ambient
nutrient levels in the inner estuary.

Without substantial long-term nutrient reduction, structural recovery will likely lag
behind species richness gains, although this inference is constrained by our single-season
survey and lack of multi-trophic data. Integrating nutrient management into fisheries
policy may therefore be essential for achieving balanced estuarine food webs restoration.
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