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River-derived nutrient imbalances can induce phosphorus (P) limitation in coastal plankton, but the salinity thresholds that govern this phenomenon have received little attention. Here, we provide a first insight into threshold responses in P-limitation along the salinity gradient in coastal ecosystems. Our seasonal sampling in the northern South China Sea showed a clear nonlinear decrease in alkaline phosphatase activity (APA) with increasing salinity. A pivotal finding was the identification of a salinity threshold at 32.83, presenting an early-warning indicator for P-limitation detection. Using a mixed-effects model, we further revealed that the robust positive correlation between phytoplankton biomass and APA gradually weakened as salinity increased toward this threshold. This implies a shift in phytoplankton’s P-limitation at this salinity threshold and the contribution of heterotrophic bacteria in APA within high-salinity seawater. These insights highlight the importance of refining monitoring strategies with salinity and APA dynamics as early-warning indicators for nutrient limitation in coastal ecosystems.
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1 Introduction

Phosphorus (P), an essential element for all organisms, exerts significant control over marine primary production, which forms the base of most marine food webs (Dyhrman et al., 2007). Typically, the bioavailability of P in marine surface waters is limited, not only because of its high demand but also because a significant proportion is bound in dissolved organic complexes (Duhamel et al., 2021). Under conditions of P-stress or P-limitation, phytoplankton and bacterioplankton often use alkaline phosphatase (AP) to hydrolyze organic P compounds and thereby render P available for uptake (Dyhrman and Ruttenberg, 2006; Duhamel et al., 2021). Because alkaline phosphatase activity (APA) serves as a pivotal and sensitive indicator of P-limitation for aquatic microorganisms, understanding its dynamics and controlling factors is crucial for unraveling the intricacies of marine nutrient dynamics and their broader implications for marine ecosystems.

The coastal ocean serves as a crucial interface connecting terrestrial and marine ecosystems and remains profoundly shaped by anthropogenic impacts (Barbier et al., 2011). Fluvial discharges contribute to natural variability creating gradients of coastal-eutrophic and open-oligotrophic attributes within these zones (Terhaar et al., 2021). A typical ecological effect of river discharges is the conveyance of nutrient-rich waters. The ratios of dissolved inorganic nitrogen to phosphorus (DIN/DIP) are often high within these coastal ecosystems because of high DIN and low DIP concentrations, where there is hence a shift towards P-limitation (Jickells, 1998; Yin and Harrison, 2008). For instance, Sylvan et al. (2006) have noted that excessive DIN entry into the Mississippi River watershed periodically intensifies P-limitation on the Louisiana shelf. A revealing pattern emerges in the southern North Sea, where the decreasing DIN/DIP gradient from nearshore to offshore creates a range of nutrient limitation conditions for phytoplankton (Burson et al., 2016). The combination of P and silicon (Si) limitations near the coast transitions to combined nitrogen (N) and P limitations in intermediary zones and to exclusively N-limitation further offshore (Burson et al., 2016). Similarly, Mo et al. (2020) have found that phytoplankton in the Yangtze River plume exhibit higher APA than those in the Kuroshio surface waters, and there is a strong, positive correlation between the DIN/DIP ratio and APA. Nonetheless, because of the dynamic nature of the coastal environment, the current understanding of P-limitation and P status in these regions is still incomplete.

The challenge of discerning trends in P-limitation within coastal regions arises from the interrelated variations of planktonic growth and changing conditions of nutrient limitation along the environmental gradient. The relationship between P-limitation and riverine transport is nonlinear because the status of nutrient limitation and microbial biomass undergo simultaneous, dynamic changes (Turner and Rabalais, 2013; Tseng et al., 2014). This complexity is amplified in non-equilibrium systems like plumes that are constantly mixing with seawater. For instance, under these conditions, nutrient limitation and phytoplankton growth are interlinked in complex ways. The nutrient uptake efficiency of phytoplankton varies as a function of cellular nutrient levels, while extracellular nutrient concentrations change in response to phytoplankton uptake, excretion, and mortality (Turner and Rabalais, 2013). On the one hand, nutrient concentrations, including DIN and DIP, influence the rate of nutrient uptake by phytoplankton cells. The nutrient concentrations change dynamically as a result of uptake, transformation, and excretion along the gradient from a river to the ocean (Turner and Rabalais, 2013). On the other hand, the intense biological activity within river plumes accelerates DIP consumption. This uptake of DIP results in an exceptionally high DIN/DIP ratio. At the edges of the plume, the stratification of the water column suppresses vertical mixing, and simultaneous biological uptake depletes available P and further intensifies P-limitation (Tseng et al., 2014). However, as phytoplankton encounter offshore seawater with low concentrations of DIN and a lower ratio of DIN/DIP (Liu et al., 2010, 2013), they gradually transition to N limitation or simultaneous limitation by N and P (Burson et al., 2016). These interactions, which are evident in the gradient from a river to the ocean, underscore the importance of a nuanced approach when determining the environmental threshold and mechanisms that regulate P-limitation.

For coastal P-limitation of microbial growth, the environmental threshold can be identified by the salinity where the dynamic equilibrium between riverine and marine influences shifts. When the ecosystem is not close to this threshold, it is likely to be more resilient to disturbances. However, it could approach a regime shift if it were nudged toward the threshold (Hughes et al., 2013). Identifying such thresholds not only offers valuable insights into the present-day dynamics but also forecasts potential ecosystem responses to ongoing anthropogenic pressures and global climate change (Doney et al., 2012; Xiao et al., 2018; Zhang et al., 2023). For instance, nutrient inputs that exceed those associated with a threshold can lead to eutrophication (Conley et al., 2009), hypoxia (Breitburg et al., 2018), or even harmful algal blooms (Glibert and Burford, 2017)—phenomena that severely endanger marine biodiversity and ecosystem services (Halpern et al., 2015). Furthermore, because of the close relationship between the dynamics of microorganisms and the structure/function of marine food webs, the ramifications of these shifts can cascade through the entire ecosystem (Chassot et al., 2010).

Based on these considerations, we propose that the relationship between coastal P-limitation and various environmental factors could shift along salinity gradients because of the transition from seawater diluted by water from river plumes to the offshore ocean. Specifically, we anticipate a distinct shift in plankton P-limitation at a certain salinity within this salinity gradient. At salinities lower than this threshold, where the environment is predominantly influenced by river plumes, P-limitation is likely intensified by high DIN/DIP ratios as a result of high DIN and low DIP concentrations. In contrast, at salinities higher than this threshold, where offshore seawater exerts more influence, DIN and DIP may be supplied in a ratio more closely resembling the nutritional requirements of microorganisms, especially phytoplankton.

To test our hypothesis, we analyzed data collected during the summer and winter cruises in 2008 in the northern South China Sea (NSCS). The study region was strongly influenced by the Pearl River, the third-largest river in China. With an average annual discharge of about 10,000 m3 s−1 along the northern coast of the South China Sea, the water from the Pearl River, carrying elevated terrestrial nutrient concentrations, extends across the expansive continental shelf of the NSCS (Gan et al., 2009). Notably, during summer months, the southwest monsoon can drive the Pearl River plume eastward, where it could potentially reach the Taiwan Strait several hundred kilometers distant (Han et al., 2012). We defined water masses based on insights from studies of physical oceanography and marine chemistry in this region (Gan et al., 2009; Wu et al., 2017). In addition, we used APA as a metric of the degree of plankton P-limitation (Accoroni et al., 2017; Mo et al., 2020). Ultimately, by combining various model-fitting approaches, we characterized and quantified the threshold for the transition of plankton P-limitation along the gradient from the coast to offshore. Specific goals of this project were to: i) identify the salinity thresholds for nutrient concentrations, chlorophyll-a (Chl-a) concentrations, and P-limitation along the salinity gradient from the Pearl River plume to offshore water, and ii) understand the shifting dynamics between environmental determinants and P-limitation across this gradient, emphasizing the contrast between conditions at salinities greater than and less than the threshold.




2 Materials and methods



2.1 Cruise background

Field cruises were undertaken in the NSCS during the summer (29 June−15 July 2008) aboard the R/V Shiyan III and during the winter (23 December 2008−10 January 2009) aboard the R/V Dongfanghong II (Figure 1). The summer cruise consisted of two phases: the first phase (30 June−8 July, Leg 1) involved a detailed survey on seven transects across the continental shelf and focused on the primary plume-upwelling area (Figure 1A). During the second phase (9−12 July, Leg 2), four of these sections were revisited for a comparative assessment (Figure 1A). For the winter cruise, our stations were strategically located along the western side of the Pearl River Estuary to account for the influence of the northeast monsoon on the trajectory of the plume (Figure 1B).




Figure 1 | Sampling distribution in the northern South China Sea during summer (A) and winter (B). Blue dots denote stations where conductivity-temperature-depth (CTD), nutrient, and Chl-a sampling took place. Green dots indicate stations for alkaline phosphatase activity (APA) assays, in addition to the aforementioned samplings. Orange crosses indicate stations repeated during Leg 2.






2.2 Sampling and environmental parameters

The seawater samples were obtained using Niskin bottles attached to a CTD rosette system. During the cruises, seawater samples were collected from different depths at each station. The number of sampling layers ranged from 2 to 8 layers. In the summer cruise, the sampling depths ranged from 2 to 135 m, while in the winter cruise, the sampling depths ranged from 3 to 117 m. Concurrently, the SeaBird model SBE9/11 CTD recorder measured and recorded the salinity and temperature profiles during each cast. In accord with the study of Gan et al. (2009); Gan et al. (2010), and Wu et al. (2017), we defined the plume water and SCS water as water with a salinity below 33 and above 33.75, respectively. We categorized the water samples with salinities between these limits as mixing water.

Dissolved inorganic nutrient concentrations, including nitrogen (nitrate and nitrite, DIN, μmol L−1), phosphorus (DIP, μmol L−1), and silicate (DSi, μmol L−1), were analyzed by a Technicon AA3 AutoAnalyzer. The detection limits for DIN, DIP, and DSi were 0.03 μmol L−1, 0.03 μmol L−1, and 0.05 μmol L−1, respectively. The seawater samples collected for chlorophyll a (Chl-a) analysis were processed by filtration using 25-mm Whatman GF/F fiber filters. The filtered samples were then promptly frozen and stored in liquid nitrogen until laboratory analysis. The Chl-a analysis was conducted using a Turner fluorometer equipped with a red-sensitive photomultiplier, following the method described by Welschmeyer (1994).




2.3 Bulk alkaline phosphatase activity assay

The bulk APA was measured following the method described by Hoppe (1983) and Huang et al. (2007). Before the APA assay, the seawater samples were initially filtered through a 200-μm filter to remove larger grazers. 4-Methylumbelliferyl phosphate (MUP, Sigma) was used as the fluorogenic substrate for APA determination. To initiate the reaction, the substrate was added to seawater subsamples in triplicate at a final concentration of 150 μmol L−1 in a 3 mL incubation volume. The assay was incubated for 3 hours at in situ temperature, which ranged from 18.5 to 31.5°C. The reaction was stopped by adding HgCl2, and the samples were then stored at −20°C for preservation. The fluorescence of the reaction product was measured using a spectrofluorometer (Varian Cary Eclipse) with excitation and emission wavelengths set at 365 nm and 450 nm, respectively, and at a pH of 10.3. Calibration was carried out using standard solutions of 4-Methylumbelliferyl fluorescence (MUF, Sigma) at concentrations of 0.01 to 1 µM. The APA was expressed as nmol of MUP released per liter per hour (nmol h−1 L−1).




2.4 Statistical analyses

Differences in environmental parameters (salinity, temperature, DIN, DIP, DSi, DIN/DIP, and Chl-a) and APA among different water masses were evaluated using the nonparametric Wilcoxon test, with significance determined at P < 0.05. Environmental parameters and APA underwent a log10 transformation to improve homoscedasticity and normality before model fitting. Multiple regression models, including linear regression, quadratic models, and generalized additive models (GAMs), were used to analyze how environmental factors and APA respond to increasing salinity levels. Also, informed by the methodologies of Berdugo et al. (2020) and Hu et al. (2021), we employed the R package “chngpt” for further analysis. Specifically, we applied step regression, which modifies only the intercept at a given salinity, and segmented regression, which alters both the intercept and slope at a certain salinity, to pinpoint the discontinuity threshold. Additionally, stegmented regression, which exclusively adjusts the slope at a specified salinity level, was used to ascertain the continuity threshold. Model preference was dictated by the Akaike information criterion (AIC). We selected the model with the lowest AIC value as the optimal model.

We then used the R package “lme4” to construct a multiple linear mixed-effects model to investigate the relationship between environmental factors and APA. Before fitting the model, we initially included all environmental factors from the study (salinity, temperature, DIN, DIP, DSi, DIN/DIP ratio, and Chl-a). We then evaluated the presence of multicollinearity by examining the variance inflation factors (VIF). Variable with VIF exceeding 10 was excluded from the analysis. Taking into account the influence of water masses on these relationships, we incorporated “water mass” as a random variable in our analysis. The model was formatted as follows:

 

In this formulation, α is the fixed intercept, and β is the slope of the associated environmental factor. The term ai served as the random intercept and was presumed to follow a normal distribution with a mean of 0 and a variance of  . This accounted for random fluctuations around the intercept and captured variability between water masses. A total of 500 independent simulations of bootstrapped resampling were conducted to obtain standardized coefficients for fixed terms from the linear mixed-effects model.

To explore the relationship between nutrient conditions, Chl-a, and APA along the salinity gradient in the NSCS, we adopted a moving-window analysis technique as detailed in Hu et al. (2021). Briefly, we arranged all the survey sites based on salinity and applied Equation (1) from a linear, mixed-effects model to a subset window of 100 sites with the lowest salinity readings. This subset was selected to guarantee robust statistical validity for our analysis. We then repeated this analysis for the subsequent sites in order of their salinities. For each subset window, we carried out bootstrapped resampling on the standardized coefficients of each fixed term to match the average salinity across the 100 sites. We assessed the significance of these bootstrapped standardized coefficients for the interplay between environmental factors and APA by examining their 95% confidence intervals.

Finally, structural equation modeling (SEM) was fitted to illustrate the direct and indirect effects of nutrient conditions and Chl-a on APAs below and above the salinity shift threshold. The goodness of fit of the SEM was assessed using the χ2 test (with P > 0.05 indicating a good fit), the Comparative Fit Index (CFI; a value near 1 suggests a favorable fit), and the root mean squared error of approximation (RMSEA; values below 0.05 indicate a good fit) (Schermelleh-Engel et al., 2003). The SEM analysis was conducted using the “lavaan” package in R (Rosseel, 2012).





3 Results



3.1 Hydrography background

Previous studies by Cao et al. (2011); Han et al. (2012), and Wu et al. (2017) have provided a comprehensive overview of the environmental characteristics in the NSCS during the summer cruise (Legs 1 and 2). Briefly, during Leg 1, the eastward extension of the low-salinity plume into the NSCS resulted in the formation of two low-salinity centers (typically < 29) (Supplementary Figure S1A). One was between transects 1 and 2 inland, and the other was in the middle of transect 5 (Supplementary Figure S1A). Concurrently, high-salinity, low-temperature upwelling occurred in the inner shelf (Supplementary Figures S1A, D). During Leg 2, the weakening of river discharge resulted in the dispersal of the plume centers (Supplementary Figure S1B). During the winter cruise, the plume was influenced by the northeast monsoon and located near the east side of the Pearl River Estuary, with a significantly reduced influence on the NSCS compared to the summer cruise (Supplementary Figure S1C). This resulted in a more pronounced salinity gradient in summer than in winter (Supplementary Figures S1AC).




3.2 Environmental differences between water masses

We investigated the variations in temperature, nutrient concentrations, and Chl-a among different water masses (Figure 2). The temperature of the summer plume significantly exceeded that of the mixing water (Wilcoxon test, P < 0.01) and the SCS water (Wilcoxon test, P < 0.001). Conversely, the temperature of the winter plume was significantly lower than that of the mixing water (Wilcoxon test, P < 0.01) and the SCS water (Wilcoxon test, P < 0.001) (Figure 2A). The summer and winter plumes exhibited distinct patterns of nutrient concentrations (Figures 2B−D). Specifically, the DIN, DIP, and DSi concentrations in the winter plume were significantly higher than those in the winter mixing water and the SCS water (Wilcoxon test, P < 0.01). By contrast, the concentrations of these three nutrients in the summer plume were significantly lower than those in the summer SCS water (Wilcoxon test, P < 0.001). Additionally, the DIN, DIP, and DSi concentrations in the winter plume were significantly higher than those in the summer plume (Wilcoxon test, P < 0.01). Furthermore, the DIN/DIP ratios in the summer and winter plumes were significantly higher at 34 ± 36 and 22.4 ± 5.9, respectively, than other water masses in their respective seasons (Wilcoxon test, P < 0.05), although there was no significant variation between seasons (Wilcoxon test, P > 0.05) (Figure 2E). Likewise, the Chl-a concentrations in both summer and winter plumes (1.5 ± 1.3 μg L−1 and 1.3 ± 0.3 μg L−1, respectively) were notably higher than those in other water masses during the corresponding seasons (Wilcoxon test, P < 0.001) (Figure 2F).




Figure 2 | Variations in temperature (A), DIN (B), DIP (C), DSi (D), DIN/DIP ratio (E), and Chl-a (F) among different water masses during summer and winter. ZP represents the Pearl River plume; SCS denotes the South China Sea water; MW refers to the mixed water of the Pearl River plume and the South China Sea water. Columns with the same letters demonstrate (e.g. a, ab) no significant difference among groups determined by the nonparametric Wilcoxon test, and those with different letters (e.g. a, b) indicate significant differences among groups.






3.3 Distributions of APA

The distribution of APA values in the NSCS was influenced by the plume in both summer and winter. As shown in Figures 3A−C and Supplementary Figure S2, APA values were the highest within the plume; the values were lower in offshore surface and subsurface waters. During the summer Leg 1 cruise, station S506, which was strongly affected by the plume (with surface salinity of 26.71, Supplementary Figure S1A), showed a very high surface APA value of 973 nmol h−1 L−1 (Figure 3A). However, as the intensity of the plume diminished during the summer Leg 2, the surface APA at station S506 reduced to 470 nmol h−1 L−1 (Figure 3B), at a surface salinity of 30.25 (Supplementary Figure S1B). Similarly, in winter, the peak surface APA value was recorded at station F00c, where it reached 387 nmol h−1 L−1 (Figure 3C). This station is located near the western shore of the Pearl River Estuary and is influenced by the plume, as evidenced by its surface salinity of 31.00 (Supplementary Figure S1C).




Figure 3 | Surface distribution pattern of alkaline phosphatase activity (APA) on the northern South China Sea (NSCS) during summer Leg 1 cruise (A), summer Leg 2 cruise (B), winter cruise (C), and comparison among different water masses (D). ZP denotes the Pearl River plume; SCS refers to the South China Sea water; MW indicates the mixed water of the Pearl River plume and the South China Sea water. Columns with the same letters demonstrate (e.g. a, ab) no significant difference among groups determined by the nonparametric Wilcoxon test, and those with different letters (e.g. a, b) indicate significant differences among groups.



We then compared the APA values among different water masses (Figure 3D). In the summer plume, the APA values averaged of 289 ± 271 nmol h−1 L−1, which was significantly greater than that of other water masses. Although the APA value in the winter plume (89 ± 121 nmol h−1 L−1) was substantially lower than in the summer plume (Wilcoxon test, P < 0.001), it remained significantly higher than the APA value of the SCS water during the winter season (Wilcoxon test, P < 0.05).




3.4 Environmental factors and APA tipping points along the salinity gradient

We evaluated the responses of each environmental factor and APA to salinity with multiple regression model fits and identified the salinities at which these responses changed abruptly. The AIC values fitted using either the GAMs or threshold models were significantly lower than the AIC of the linear fitted model. The indication was that all environmental factors and APA responded to increased salinity in a nonlinear manner (Table 1). The salinity thresholds for the responses of all environmental factors ranged between 33.8 and 34.3 (Figures 4A–E). In contrast, a sharp reduction of APA was detected at a salinity of 32.83 (Figure 4F), with higher APA below this salinity and lower APA above it. This salinity was the boundary of the plume. These findings imply that plankton’s APA underwent a significant shift at the edge of the plume and was more sensitive to changes in water mass than both nutrients and phytoplankton biomass.


Table 1 | Best-fit models for environmental factors and alkaline phosphatase activity (APA).






Figure 4 | Responses of DIN (A), DIP (B), DSi (C), DIN/DIP ratio (D), Chl-a (E), and alkaline phosphatase activity (APA) (F) to salinity and their respective salinity thresholds. The orange dashed lines represent the nonlinear trends fitted by generalized additive models (GAMs). The vertical green dashed lines and red inset numbers indicate the salinity tipping points identified. The black solid lines denote the linear fit at both sides of each salinity threshold. ZP denotes the Pearl River plume; SCS refers to the South China Sea water; MW indicates the mixed water of the Pearl River plume and the South China Sea water.






3.5 Relationships between environmental factors and APA

We fitted a linear mixed-effects model to evaluate the relationship between environmental factors and APA (Supplementary Table S1; Figure 5). Across the salinity gradient, salinity was significantly and negatively correlated with APA (P < 0.01), whereas Chl-a concentrations were significantly and positively correlated with APA (P < 0.001). Subsequently, we used the moving-window approach to explore how relationships between environmental factors (nutrient concentrations and Chl-a) and APA varied along the salinity gradient (Figure 6; Supplementary Figures S3, S4). Significant negative associations between DIP concentrations and APA were observed throughout almost the entire salinity gradient. DSi concentrations were significantly and positively correlated with APA in the salinity interval 33.4−33.9. Meanwhile, the strong positive correlations between Chl-a concentrations and APA decreased until a salinity of approximately 32.6. Above this salinity level, the correlation remained weakly positive. At a salinity of 32.8, the correlation between the DIN/DIP ratio and APA abruptly changed from positive to negative and was significant and negative at higher salinity intervals. This salinity of 32.8 was almost identical to the salinity at which there was a sharp reduction of APA. These results suggested that elevated DIN/DIP ratios contributed to plankton P-limitation within the plume but exerted inhibitory effects on APA in both the mixing water and the SCS water.




Figure 5 | Bootstrapped standardized coefficients of the fixed terms obtained from a linear mixed-effects model. Marginal R2 (variance explained by fixed terms) and conditional R2 (variance explained by fixed and random terms) values are provided.






Figure 6 | Variations of standardized coefficients between environmental factors (DIP, DSi, DIN/DIP, and Chl-a) and alkaline phosphatase activity (APA) along salinity gradients using a moving-window approach. The dots indicate the bootstrapped coefficients of the fixed terms shown for each subset window. The curved dashed lines denote the nonlinear trend fitted by GAMs. The vertical dashed lines indicate the salinity threshold (32.83) identified from threshold models.



We used SEM to test for the direct and indirect hypothesized relationships between environmental factors and APA. The results showed that the regulatory pathways of APA were significantly different below and above the salinity threshold (32.83) (Figure 7; Supplementary Figure S5). At salinities below the threshold, the DIN/DIP ratio was significantly and positively correlated with APA (P < 0.001) (Figure 7A). Conversely, above the salinity threshold, the DIN/DIP ratio was negatively correlated with APA (P < 0.001) (Figure 7A). Simultaneously, the DSi concentrations not only directly exerted a positive influence on APA (P < 0.01) but also indirectly modulated APA by virtue of its positive impact on Chl-a (Figure 7B).




Figure 7 | Effects of environmental factors on alkaline phosphatase activity (APA). Structural Equation Models (SEMs) depict the hypothesized direct and indirect relationships among salinity, temperature, DIN, DIP, DSi, DIN/DIP, Chl-a, and APA when salinity is below 32.83 (A) and above this threshold (B). R2 denotes the proportion of variance explained. Blue and orange arrows indicate significant positive and negative relationships, respectively. Significance levels are represented as follows: *P < 0.05, ** P < 0.01, and *** P < 0.001. Goodness-of-fit statistics for the SEMs include the RMSEA (root mean squared error of approximation) and CFI (comparative fit index).







4 Discussion



4.1 Amplified APA values and P-limitation driven by river plume dynamics

Our research provides compelling evidence that river plumes create P-limited conditions in coastal regions, a conclusion supported by meticulous sampling and APA analyses in both summer and winter periods within the NSCS. Importantly, during the summer months, APA values within the Pearl River plume increased to ~4.3 times those measured in the NSCS (Figure 3D). Such patterns of APA distributions correspond with those observed across environmental gradients extending from the Yangtze River Estuary to the East China Sea (Mo et al., 2020), as well as from Sagami Bay, Japan, to the western North Pacific Ocean (Suzumura et al., 2012).

A prevailing hypothesis in the literature suggests that the concentration of DIP is the primary determinant of APA (Labry et al., 2005; Mahaffey et al., 2014). As noted by Ou et al. (2020), heightened AP expression by phytoplankton is evident under conditions of P-stress, especially when DIP concentrations in the coastal waters of the East China Sea fall below the threshold of 0.10 μmol L−1. Similarly, Kang et al. (2019) have delineated a threshold of 0.20 μmol L−1 for the bays of the NSCS. In our observations, the mean DIP concentrations in the summer plume and mixing water were 0.095 ± 0.090 and 0.075 ± 0.066 μmol L−1 (Figure 2C), respectively. These concentrations showed a consistent uptrend across the salinity gradient up to a level of 33.8 (Figure 4B).

An additional point of interest is the imbalanced ratios of DIN/DIP resulting from riverine influx (Tseng et al., 2014; Burson et al., 2016). The concentrations of various nutrients (DIN, DIP, and DSi) in the summer plume were significantly lower than in the winter plume (P < 0.01) (Figures 2B–D). This disparity can be attributed to different seasonal processes. During winter, the reduced biological activity due to lower temperatures results in decreased uptake of nutrients by phytoplankton (Winder and Sommer, 2012), leading to higher concentrations of these nutrients in the water column. Additionally, winter conditions typically involve stronger mixing and less stratification in the water column, which can bring nutrient-rich deep water to the surface (Han et al., 2013), further increasing the concentrations of DIN, DIP, and DSi. Conversely, in summer, enhanced biological activity, driven by higher temperatures and increased light availability, results in higher nutrient uptake by phytoplankton, thereby reducing the concentrations of DIN, DIP, and DSi in the plume water (Han et al., 2013; Tong et al., 2023).

The SCS summer water (salinity > 33.75) primarily included coastal upwelling and the nutrient-rich bottom water (Supplementary Figure S2). Coastal upwelling brings nutrient-rich deep water to the surface, enriching the SCS water (Han et al., 2012). Additionally, the bottom water itself contains high nutrient concentrations (Han et al., 2012), contributing to the overall nutrient levels in the SCS summer water. This combination of coastal upwelling and nutrient-rich bottom water explains the higher nutrient concentrations observed in the SCS summer water compared to the summer plume water (Figures 2B–D).

However, despite these seasonal differences, the DIN/DIP ratio in the plume showed no significant variation between summer (34 ± 36) and winter (22.4 ± 5.7) (P > 0.05). The implication is that within the plume, DIP consumption outpaced DIN consumption if DIN and DIP are taken up by phytoplankton in the standard Redfield ratio of 16 on a molar basis (Redfield et al., 1963). Han et al. (2012) have evaluated the biological assimilation of inorganic nutrients within the NSCS during summer. Their findings revealed a markedly elevated DIN/DIP uptake ratio of 61 ± 9 in the plume. However, these high DIN/DIP ratios can largely be attributed to high DIN concentrations and low DIP concentrations in the river plume. Essentially, these imbalanced nutrient ratios lead to DIN surpluses and DIP limitation, with the ultimate determinant for APA being relatively lower DIP concentrations.

Remarkably, the observed transition in DIP concentration corresponds with the salinity range of 32.6 to 33.9, wherein a pronounced negative correlation between DIP concentration and APA was discerned, as indicated by our mixed-effect model combined with the moving window analysis (Figure 6; Supplementary Figures S3, S4). This congruence highlights the direct regulatory role of DIP concentrations on APA.




4.2 Identification and implications of the salinity threshold in APA dynamics

Plankton dynamics in coastal environments involve a complex interplay of multiple factors, and salinity stands out as one of the principal determinants (Gasiūnaitė et al., 2005; Marshall et al., 2006; O’Boyle and Silke, 2010). Its implications, however, are not just limited to direct effects but span across various ecological interactions, particularly for APA (Labry et al., 2016). Building on this premise, our detailed investigation sought to reveal the role of salinity in shaping APA dynamics, especially identifying any thresholds that could demarcate significant shifts in behavior.

Our study offers clear evidence for a nonlinear APA response to environmental gradients extending from the river plume to offshore seawater, with a notable decline observed at a critical salinity threshold of 32.83 (Figure 4F). Remarkably, this salinity threshold aligns closely with established physical oceanographic benchmarks used to categorize plume masses in this area, specifically a salinity value below 33 (Gan et al., 2009). This suggests that the interplay between coastal water masses exerts a substantial influence on P-limitation. During summer, the water column is strongly stratified by salinity and temperature gradients that prevent offshore waters—characterized by more equilibrated nutrient conditions—from blending with the plume. This stratification leads to a distinct spatial manifestation of plankton P-limitation (Han et al., 2012; Liu et al., 2013).

In addition, the salinity threshold for APA is markedly lower than that for nutrients and Chl-a concentrations. This suggests that P-limitation is more responsive to water mass transitions due to the rapid response of phytoplankton and bacteria to low P availability. APA is quickly produced when P is scarce, making it an immediate indicator (Hoppe, 1983; Ou et al., 2006). Therefore, APA’s lower salinity threshold underscores its sensitivity to subtle environmental changes, particularly in dynamic estuarine and coastal ecosystems (Huang et al., 2007; Mo et al., 2020).

The identification of this salinity threshold is consistent with the findings of various studies that have explored the impact of salinity on phytoplankton dynamics. For example, studies by Kovalenko et al. (2017) have identified critical change-points for pelagic phytoplankton communities across nutrient gradients, highlighting the sensitivity of phytoplankton to environmental thresholds. Additionally, Li et al. (2011) demonstrated the influence of nutrient availability on the seasonal dynamics of Prorocentrum populations in the East China Sea, aligning with our observations of nutrient-driven APA variations.

It is worth considering the broader implications of our identified salinity threshold. The identification of this threshold suggests that there are underlying mechanisms or controls in the environment that drive these abrupt changes in APA response. Natural boundaries or thresholds such as these often signify a change in the dominance of certain biological, physical, or chemical processes (Hu et al., 2021; Zhang et al., 2023). For example, the salinity threshold could demarcate regions of varied microbial community compositions (Kim et al., 2019), each adapted to its respective salinity range and hence exhibiting differential APA expressions (Labry et al., 2016; Ou et al., 2020). Furthermore, the implications of this threshold may extend to the broader ecosystem dynamics. Regions below the threshold might witness different trophic interactions, nutrient cycling patterns, and overall ecosystem productivity compared to those above it (Deppeler et al., 2018; Houk et al., 2020). Such transitions can have profound impacts on the local fisheries, carbon cycling, and biogeochemical processes (Oczkowski and Nixon, 2008; Deppeler et al., 2018). Understanding this threshold in detail might also provide insights into how climate change and anthropogenic activities, which influence riverine freshwater discharges and subsequently coastal salinities, could impact these critical coastal ecosystems in the future (Carpenter and Bennett, 2011; Cloern et al., 2016). Building on the foundational understanding of the salinity threshold, it is pertinent to delve deeper into how various APA responses vary across this gradient and interact with other environmental parameters.




4.3 Varied APA responses to regulatory factors on either side of the salinity threshold

In line with our hypothesis, the relationship between environmental factors and APA demonstrated variability across the salinity gradient (Figure 6; Supplementary Figures S3, S4). Among the environmental variables assessed, the association between DIN/DIP ratios and APA showed the most pronounced shifts on either side of the salinity threshold (Figures 6, 7; Supplementary Figures S3–S5). Previous researches have indicated that DIN/DIP ratios or nutrient reserves alone might not be entirely reliable as markers of nutrient limitation or availability (Dodds, 2006; Turner and Rabalais, 2013). This unreliability arises from the significant affinity many phytoplankton species exhibit towards DIN and DIP. When these nutrients become scarce, their measurable levels can be lower than what conventional analytical techniques can detect (Turner and Rabalais, 2013). Moreover, phytoplankton can adapt by adjusting their internal nutrient quotas and enhancing short-term uptake rates in response to external nutrient concentration shifts (Turner and Rabalais, 2013). More importantly, according to Klausmeier et al. (2004), the standard Redfield DIN/DIP ratio of 16 does not represent a universal biochemical optimum but rather reflects an average species-specific DIN/DIP ratio. Optimal DIN/DIP ratios for different phytoplankton are determined by either competitive equilibrium or exponential growth phase (Klausmeier et al., 2004).

Hence, a combined assessment of biological responses and nutrient conditions is vital to understanding the regulatory dynamics of nutrient limitation and availability. The correlation between DIN/DIP ratio and APA shifted from a positive to a negative near the salinity threshold for APA (Figures 6, 7; Supplementary Figures S3–S5). The implication might be a direct influence of DIN/DIP ratios on the abrupt shift in P-limitation status. Additionally, below the salinity threshold for APA, this relationship displayed a steady linear decrease (Figure 6 and Supplementary Figure S3). This trend can likely be attributed to the plume—a dynamically changing non-equilibrium system—where DIN/DIP ratios inch towards a relative equilibrium as they merge with seawater, diminishing the direct influence on plankton P-limitation. Conversely, the DIN/DIP ratio maintained a consistently negative relationship with APA beyond most of the salinity values (Figure 6 and Supplementary Figure S4). This trend suggests that balanced DIN/DIP ratios in offshore marine environments alleviated P-limitation and thereby lowered expression of APA. Given that the DIN/DIP ratio serves as only a potential determinant of plankton P-limitation, our study highlights the importance of integrating bioassays when evaluating the status of P-limitation.

Relative to other environmental factors, the association between DSi concentrations and APA across the entire salinity gradient appeared to be less pronounced (Figure 6; Supplementary Figures S3, S4). Yet, within the salinity range of 33.41 to 33.87, the positive correlation between APA and DSi concentrations remained significant (Supplementary Figure S4). This might be due to the increased contribution of diatoms to community-level APA within this salinity range. APA production is recognized as a trait that is specific to certain species or cells rather than a generalized reaction to P shortage (Rengefors et al., 2003). Hence, this trait is influenced by the specific physiological needs and regulatory mechanisms of different species. Variations exist in the occurrence and regulation of APA among different phytoplankton species or populations (Huang et al., 2007). Within various phytoplankton groups, the P-mediated thresholds for APA regulation differ (Ou et al., 2006; Meseck et al., 2009). Using cell-associated APA and enzyme-labeled fluorescence (ELF) assays, Dyhrman and Ruttenberg (2006) observe that diatom populations on the Oregon coast display less frequent APA expression than dinoflagellates, since diatoms exhibit more rigorous DIP regulatory activity than dinoflagellates. Building on these results, it seems likely that within plumes, where DIP was deficient, diatoms experienced less severe P-limitation relative to other phytoplankton groups. However, when the salinity exceeded the threshold and DIP levels increased, the contribution of diatoms to overall APA increased.




4.4 Dynamics of phytoplankton and bacteria in APA production relative to the salinity threshold

We found that APA consistently exhibited a positive correlation with Chl-a concentrations across both the mixed-effects model and SEM (Figures 6, 7; Supplementary Figures S3–S5), underscoring the role of phytoplankton biomass in influencing APA (Mo et al., 2020). A noteworthy point, however, is that the strength of the positive correlation between APA and Chl-a concentrations weakened linearly below the salinity threshold for APA of 32.83 (Figure 6; Supplementary Figures S3, S4). Above this salinity threshold, the relationship exhibited lower and stable coefficients (Figure 6; Supplementary Figures S3, S4). The suggestion is that in waters with salinity above this threshold, there was a reduced influence of DIP on phytoplankton growth limitation.

Concurrently, while we have not directly measured the contribution of heterotrophic bacteria to APA, the diminishing correlation between APA and Chl-a concentrations hints at the potential involvement of other APA-producing entities, like bacteria. Such speculation is in line with existing literature, as several studies have highlighted the significant role of heterotrophic bacteria in APA production, particularly in diverse marine environments (Sebastián et al., 2004; Dyhrman and Ruttenberg, 2006; Labry et al., 2016). While both phytoplankton and bacteria possess the capability to secrete APA, the regulatory mechanisms for bacterial APA production are more multifaceted. Typically, phytoplankton produce AP as a response to P-limitation, causing APA suppression in environments with abundant DIP concentrations (Rose and Axler, 1997; Ghyoot et al., 2015). Conversely, in DIP-rich conditions, bacterial AP production can be stimulated not only for organic P recycling but also for mineralizing dissolved organic carbon (DOC) sources (Wambeke et al., 2002; Hoppe, 2003). Therefore, in deeper water samples marked by gradients exceeding the salinity threshold, it is plausible that APA is influenced to some extent by bacteria utilizing DOC from descending surface particles. It is essential, however, to note that the aforementioned bacterial involvement is speculative in our context, and a more comprehensive study would be necessary to delineate the exact contributions of bacteria in APA dynamics, especially across varying salinity gradients.





5 Conclusion

Our study highlights the existence of a significant environmental transition concerning plankton P-limitation at a salinity threshold of 32.83, typically found at the edge of river plumes. The alignment of this salinity threshold with known physical oceanographic benchmarks hints at a profound influence of water mass dynamics on plankton nutrient dynamics. Notably, the observed shift in DIN/DIP ratios around this salinity threshold illustrates the vital role of salinity in modulating plankton P-limitation. Additionally, the weakening positive correlation between Chl-a concentrations and APA as salinity nears this threshold suggests a shift in phytoplankton growth strategies, where they are alleviated from P-limitation. This observed trend hints at the potential involvement of other APA-producing entities. Specifically, the presence of APA in higher salinity waters, with more balanced DIN/DIP ratios, may be explained by bacterial production. Furthermore, our results indicate that DSi, in these offshore zones, could be an additional factor impacting phytoplankton P-limitation.

In conclusion, our study provides valuable insights into the interplay between salinity, nutrient dynamics, and plankton behavior in coastal ecosystems. By identifying the salinity threshold and its broader implications, we have contributed to the foundational understanding of how plankton respond to the shifting nutrient landscapes of complex coastal environments.
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