
1. Introduction
Riverine inputs of anthropogenic nutrients (mainly nitrogen, N, and phosphorus, P) and climate change are accel-
erating eutrophication and promoting the expansion of harmful algal blooms (HABs) in coastal waters (Galloway 
et al., 2008; Paerl et al., 2016; Rabalais et al., 2009). Global riverine nutrient transport to the ocean increased 
during the 20th century despite increased retention along aquatic continuums (Beusen et al., 2016). In China, the 
excessive application of synthetic fertilizers and discharges from livestock, domestic and industrial sources have 
resulted in excessive nutrient loading and eutrophication (Yu et al., 2019), and a number of rivers draining the 
Chinese land area discharge a large volume of nutrient-rich freshwater into coastal waters (Liu et al., 2018; Wang 
et al., 2020). Analysis of observations from 1970 to 2015 showed that HAB frequency in Chinese coastal waters 
increased with elevated dissolved inorganic nutrient concentration and climate warming (Xiao et al., 2019). De-
spite significant efforts to reduce nutrient pollution through wastewater treatment and by improving agricultural 
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<33) of the Taiwan Strait (TWS) in 2001–2010. Model results showed that river N input increased surface 
Chla by a factor of 2.1–2.7, revealing a clear eutrophic response. Without river N input, there was only one 
Chla peak in fall driven by current upwelling N. In contrast, sufficient river N supply and optimum temperature 
(above 20°C) likely caused another Chla peak (spring bloom) in the northern TWS (NTWS). The difference 
in the timing of spring blooms (Chla maxima) between the southern TWS (STWS) and the NTWS (April and 
May, respectively) may be explained by faster growth of phytoplankton at higher temperatures. Diagnostic 
analysis suggested that DIN was the main factor controlling interannual variation of Chla in the STWS, but only 
in the wet season in the NTWS. In the NTWS, reduced Chla in winter was mainly due to mixing by the strong 
northeast monsoon and lower temperatures. This study implies that the STWS is more sensitive to further 
increases in riverine N export and highlights the importance of fluvial N inputs in phytoplankton dynamics and 
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Plain Language Summary The coastal zone is home to over 50% of the world's population and 
the location of almost 50% of global economic output. Human activities have substantially altered the nutrient 
balance in the watershed and coastal areas. Here, we show the ecological response of the Taiwan Strait (a 
unique ecosystem with strong coastal currents and a monsoon climate) to riverine nitrogen export using a 
global river nutrient model and an ocean model. Model results for the period 2001–2010 show that algal 
blooms (high Chla) occurred earlier in the southern Strait (April) than in the northern Strait (May). River N 
input has increased surface Chla in the river plume area (salinity <33) by a factor of 2.1–2.7 and caused another 
Chla peak (spring bloom) in the northern strait. Dissolved inorganic nitrogen was identified as the main factor 
controlling interannual variation of Chla in the southern strait, but in the wet season only in the northern strait. 
The southern strait is more sensitive to further increases in riverine N export due to higher temperatures.
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nutrient management, the nutrient loading of coastal waters and associated HAB occurrences remain high (Tang 
et al., 2006; Yu & Liu, 2016).

Terrestrial and aquatic sciences have traditionally been disconnected (Grimm et  al.,  2003), and it required 
several decades before the connection between freshwater and marine eutrophication was recognized (Conley 
et al., 2009). However, an integrated perspective is needed to understand the societal, physical, and ecological 
processes that determine nutrient transport from land to sea, and to develop sustainable management strategies 
for these two interconnected systems. Although “aquatic continuum” (Billen et al., 1991; Bouwman et al., 2013) 
and “watershed-coast continuum” (WCC) concepts have been proposed, integrated modeling studies are still 
limited (Malara et al., 2020); such efforts include coupled or fully integrated simulations of watershed and coastal 
ecosystems to assess effects of current watershed management on nutrient loads discharged to coastal waters, and 
the associated impacts on coastal aquatic ecosystem functioning (Liu et al., 2015).

In this paper, we explore the ecological response to changing riverine N loads in the Taiwan Strait (TWS) eco-
system. TWS is located in the region joining the South China Sea (SCS) and the East China Sea (ECS) in the 
west Pacific Ocean (Figure 1), and has unique wind-driven and topography-related coastal currents, together 
with substantial upwelling, as a result of the Asian monsoon climate (Chen, 2003; Tang et al., 2002). During 
the period of prevailing southwesterly winds (from early summer to autumn), nutrients from upwelled SCS sub-
surface water and river plumes contribute to high Chla in the western TWS (Gan et al., 2010). Nutrient supply 
from upwelling has been considered a key driver of biogeochemical processes and ecosystem dynamics in the 
TWS (Hong et al., 2011). Still, the role of nutrient inputs from rivers on primary production and eutrophication 
is poorly known. In the absence of long-term observations of river nutrients in the TWS, we used simulated total 
nitrogen (TN) export from the Integrated Model to Assess the Global Environment–Global Nutrient Model (IM-
AGE-GNM; Beusen et al., 2015). Monthly inorganic nitrogen downscaled from annual TN export by recorded 
river discharge was fed into a coupled physical–biological numerical model (ROMS) for the TWS system (Wang 
et al., 2016a). The specific objectives of this study were to (a) investigate the characteristics of river discharge 
and N fluxes to TWS at seasonal and annual scales; (b) quantify how coastal current affects dissolved inorganic 
N (DIN) diffusion in the plume area, and (c) examine the distinct ecological response (phytoplankton growth) 
between the northern and southern TWS to river N input. The contribution of fluvial N inputs to algal blooms 
and the unique phenological features in TWS is also discussed.

2. Materials and Methods
2.1. Study Site

The study focuses on the coastal area of the TWS, which has an area of 80,000 km2 (Figure 1). Seven major rivers 
are flowing into the east and southeast China Sea, namely the Yangtze River (YR), Qiantang River (QR), Ou 
River (OR), Min River (MR), Jiulong River (JR), Han River (HR) and Pearl River (PR; Table S1 in Supporting 
Information S1). The TWS is a shallow shelf channel that connects the East China Sea (ECS) and South China 
Sea (SCS) and has an average water depth of 60 m. Controlled by the Asian monsoon climate, TWS circulation 
is strongly affected by southwesterly winds in summer (June–August; SW monsoon) and northeasterly winds in 
winter (December–February; NE monsoon; Chen, 2003). Warm, saline, and oligotrophic water enters the TWS 
from the south (South China Sea Warm Current [SCSWC] and Kuroshio Branch Water [KBW]). In contrast, cold, 
fresh, and eutrophic water from the north enter the TWS along the coast (Zhe-Min Coastal Water [ZMCW]; Hong 
et al., 2011). The relative influence of the SCSWC/KBW and the ZMCW varies seasonally in response to changes 
in monsoonal winds, which determine hydrographic conditions, nutrient levels and biological productivity in the 
TWS (Shang et al., 2005). ZMCW enters the TWS southward in the dry season (October–March), and SCSWC 
enters the TWS northward in the wet season (April–September). The MR and JR rivers drain directly into the 
northern TWS (NTWS) and southern TWS (STWS), respectively. Driven by the Asian monsoon and coastal 
currents, inflow from the other rivers enters the TWS intermingled with ZMCW via southward transport along 
the coasts in the dry season (October–March) and northward with SCSWC in the wet season (April–September).

2.2. Modeling Approach

We linked the IMAGE-GNM model output to the coupled physical–biological numerical model for the TWS 
(Figure S1 in Supporting Information S1). The IMAGE-GNM is a spatially explicit 0.5 × 0.5° resolution and 
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annual time scale model (Beusen et al., 2015) which is coupled with the global hydrological model PCR-GLOB-
WB (Sutanudjaja et al., 2018; Van Beek et al., 2011). The IMAGE-GNM model, which calculates the N budget 
from diffuse sources (agricultural land, natural land, flooded areas, and deposition) and point sources (aqua-
culture, wastewater from urban areas), provided the yearly total N flux (TN) for each river. Dissolved inorganic 
N (DIN) dominates total N in most aquatic systems and is composed of nitrate (NO3-N), nitrite (NO2-N) and 
ammonium (NH4-N). The NO2-N fraction was merged with the NO3-N pool, as it is a minor fraction of total 
DIN. To downscale annual TN to monthly fluxes of NO3-N and NH4-N (fn), we used the observed monthly 
mean discharge (qc; see Equation 1) and the fraction of NO3-N (average 63%) and NH4-N (average 19%) in TN 
at the mouth of the Jiulong River in 2009–2010 (Yu et al., 2015). This fraction is close to the NO3-N fraction 
(67.5%–81.9%) in the Pearl River (Liu et al., 2019). Nitrogen fractions from other rivers were not available and 
considered constant. Such interpolation was operationally reasonable to explore the spatial and temporal trend 
of Chla in the river plume area. The recorded monthly mean discharge (qc) data were obtained from hydrology 
agencies under the Ministry of Water Resources of the People's Republic of China.

𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑇𝑇𝑖𝑖 × 𝑓𝑓 ×
𝑞𝑞𝑐𝑐𝑖𝑖

∑12

𝑖𝑖=1
𝑞𝑞𝑐𝑐𝑖𝑖

(𝑖𝑖 ∈ [2001𝑖 2010]𝑖 𝑖𝑖 ∈ [1𝑖 12]) (1)

where TNi is yearly total N flux, f is fraction of NO3-N and NH4-N in TN, qc,j is measured monthly mean dis-
charge, i is the year (range from 2001 to 2010), and j is the month in a year.

Figure 1. ROMS model domain (blue circle) and target study area Taiwan Strait (TWS), enclosed by dashed lines and 
separated into North Taiwan Strait (NTWS) and South Taiwan Strait (STWS). Zhe-Min Coastal Water (ZMCW) occurs in the 
dry season, and South China Sea Warm Current (SCSWC) occurs in the wet season; river flow and Kuroshio Branch Water 
(KBW) occur throughout the year. River plume areas (not shown) are mixing zones for freshwater and seawater with salinity 
less than 33.
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The physical–biological numerical model has been applied in the TWS without considering the interannual varia-
tion of river discharge and N (Wang et al., 2013, 2016a). The physical numerical model used in this study was the 
Regional Ocean Model System (ROMS; Shchepetkin & McWilliams, 2005), which is a free-surface, primitive 
equations ocean model with terrain-following coordinates. The modeling domain (covering the northwestern 
Pacific from 93.13 to 147.68 E and from 8.54 S to 44.9 N) was gridded by a curvilinear-orthogonal grid with a 
spatial resolution that varied from 20 km at the open boundary to 1 km in the TWS. The long semicircular curve 
across the northeastern Pacific in Figure 1 was defined as the open boundary with the other three boundaries 
being closed. The model was forced by 6-hourly data from the National Centers for Environmental Prediction 
reanalysis product (http://www.opc.ncep.noaa.gov), including wind, net shortwave and longwave radiation and 
precipitation rate, etc. The open boundary conditions were derived from My Ocean Project (http://www.myocean.
eu/) data. Measured river discharge and simulated N flux in the IMAGE-GNM model for the major rivers (Yang-
tze, Qiantang, Ou, Min, Jiulong, Han and Pearl) were specified as the point sources at the coastal boundary. The 
model was spun up by climatological forcing conditions until reaching a stable state (Wang et al., 2013) and then 
forced by the surface and opening boundary condition from January 2000 to December 2010.

A nitrogen-based nutrient–phytoplankton–zooplankton–detritus model (Fennel et al., 2006) was coupled with the 
physical model. Separating new and regenerative productivity processes and considering the aggregate effect of 
detritus, the model contained seven state variables: nitrate (NO3-N), ammonium (NH4-N), phytoplankton, Chla, 
zooplankton, small detritus, and large detritus. NO3-N and NH4-N supported new and regenerated productivities, 
respectively. The model also considered the inhibition of NO3-N uptake by NH4-N. The initial and boundary 
conditions for NO3-N were derived from World Ocean Atlas 2005 (http://www.nodc.noaa.gov/OC5/WOA05/
pr_woa05.html). The detritus was divided into large and small components according to size. Phytoplankton 
mortality and inefficient ingestion by zooplankton generated small detritus. Small detritus can aggregate with 
phytoplankton to form large detritus in the model. A fraction of the detritus was mineralized into NH4-N in the 
water column, with the remaining fraction sinking toward the seabed. In this study, we adopted the simplified 
scheme of coupling pelagic and benthic systems, as proposed by Soetaert et al. (2000), where the organic matter 
that reached the bottom of the domain was immediately mineralized into NH4-N and added to the water composi-
tion in the same region. The advantage of this scheme was that it ensured mass conservation in both systems while 
capturing the essential dynamics of the pelagic–benthic coupling. Major parameters involved in the biological 
model are described in Text S1 in the Supporting Information.

In this study, the base modeling scenario was carried out using the surface and open boundary conditions (in-
cluding upwelling from deep-sea and surface flow from the adjacent sea) from January 2000 to December 2010, 
in addition to the riverine freshwater discharge and nutrient input. To identify the impact of riverine N input on 
coastal ecosystem functioning, a parallel modeling scenario was carried out that kept the river discharge but 
turned off the river N input. Hence, any difference between the simulations with and without river N input could 
be used to identify the impact of riverine N on surface Chla (a proxy for algal biomass and eutrophication).

Nutrients in the ROMS model include direct river inputs, coastal current and upwelled N (Figure S1 in Support-
ing Information S1). Another N source to the TWS is atmospheric deposition. Atmospheric N deposition to the 
whole strait during 2001–2010 was estimated as 135.6 ± 12.6 Gg yr−1 based on study by Wang et al. (2020), 
accounting for less than 5.5% of all DIN input to the TWS (see result 3.5); as atmospheric N was relatively unim-
portant, it was not included in the modeling. Small rivers in the region (both Chinese mainland and Taiwan) with 
less runoff were not considered as their influence in the TWS is small (Wang et al., 2013). The IMAGE-GNM 
and ROMS models were validated (see Text S2 and Figures S2–S4 in Supporting Information S1) and therefore 
considered appropriate tools to assess the temporal and spatial pattern of N and Chla in this region.

3. Results
3.1. Characteristics of Watershed Discharge, River Nitrogen Sources and Fluxes

Watershed precipitation and runoff depth (a measure of discharge) of the seven major rivers were highest in 
the wet season (April–September) and peaked in June (Figure S5 in Supporting Information S1). Comparing 
the natural land (nature) and other sources, agriculture-derived N dominated TN export to rivers and increased 
during the period 2001–2010 (Figure 2a). Yangtze River and Pearl River were the two most important rivers, 
contributing 74% and 18% of TN export to the coastal sea in 2010 (Figure 2b). Monthly river discharge and DIN 

http://www.opc.ncep.noaa.gov
http://www.myocean.eu/
http://www.myocean.eu/
http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html
http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html
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flux for the seven rivers are shown in Figure S6 in Supporting Information S1. Four of these rivers (YR, QR, OR, 
MR) mainly impact plume (i.e., salinity < 33) dynamics in the NTWS, while the other three (JR, HR, and PR) 
have a larger impact in the STWS (Figure 1). Total annual river discharge to the NTWS ranged between 28,019 
and 50,773 m3 s−1 and to the STWS between 7,426 and 12,679 m3 s−1. The highest river discharge for the NTWS 
occurred in 2010 and the lowest in 2006; the highest for the STWS was in 2001 and the lowest in 2009. Total N 
flux to the NTWS was stable at about 380 Gg N mon−1 in 2001–2007 and rose to 580 Gg N mon−1 in 2008–2010. 
In contrast, the total N flux to the STWS increased gradually from the period 2001–2004 (<10 Gg N mon−1) to 
2005–2007 (>10 Gg N mon−1) and 2008–2010 (>12 Gg N mon−1).

3.2. Annual Variation of Nitrogen, Chla and Temperature in River Plume Zone

The simulated annual plume areas in 2001 and 2010 were larger than those in other years (Figure 3a). The long-
term mean plume area in the NTWS (17,623 km2) was larger than in the STWS (12,886 km2). Annual mean 
concentrations of nitrate, ammonium, and Chla showed an overall increasing trend during the study period (Fig-
ures 3b–3e). Nitrate ranged from 2.1 to 4.6 μmol L−1 in the NTWS and from 1.1 to 5.3 μmol L−1 in the STWS; 
ammonium ranged from 1.0 to 1.8 μmol L−1 in the NTWS and from 0.9 to 2.9 μmol L−1 in the STWS, and the 
Chla range was 1.8–2.8 μg L−1 in the NTWS and 1.5–2.4 μg L−1 in the STWS. The annual mean sea surface 
temperature was 20.8–21.6°C in the NTWS and 21.5–22.6°C in the STWS (Figure 3e).

3.3. Seasonal Variation of Sea Surface Nitrogen and Chla in the River Plume Area

The simulated monthly mean river plume area (salinity < 33), N and Chla concentrations showed a clear seasonal 
variation (Figure 4). In the NTWS, the monthly mean river plume area varied by a factor of 2.9 from 7,855 to 
22,608 km2, with a larger plume area in winter (December–February), declining in spring (March–May), peaking 
again in June–July, decreasing in August and increasing again in September–October. In the STWS, the river 
plume area was smallest in the dry season (October to March) and expanded in the wet season (April to Septem-
ber) by a factor of 14.5 (from 2,904 to 42,056 km2). The spatial distributions of surface temperature, salinity, 
nitrate, ammonium, and Chla by month are shown in Figures S7–S11 in Supporting Information S1.

Surface nitrate concentrations in the wet season (1.6 μmol L−1 in the NTWS and 1.5 μmol L−1 in the STWS) were 
significantly lower than in the dry season (5.3 μmol L−1 in the NTWS and 4.0 μmol L−1 in the STWS; Figure 4b); 
the ammonium concentration in the wet season (1.3 μmol L−1 in the NTWS and 1.2 μmol L−1 in the STWS) was 
lower than in the dry season (1.6 μmol L−1 in the NTWS and 2.1 μmol L−1 in the STWS). Ammonium peaked in 

Figure 2. TN delivery to rivers from different sources for the period 2001–2010 for the seven river watersheds (a). Contribution of TN export to coastal sea for all river 
watersheds in 2010 (b).
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Figure 3. Simulated annual mean plume area, concentrations of nitrate, ammonium and Chla, and water temperature within 
the plume area in 2001–2010. Plume area was defined as salinity less than 33. Data indicate the difference between the model 
results of [Total] and [without river N]. [Total] is simulated values with river N and discharge; [without river N] is simulated 
values without river N but with discharge. Error bar is one standard deviation of monthly values.
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Figure 4. Simulated monthly mean plume area, surface concentrations of nitrate, ammonium and Chla, and water 
temperature within the plume area in 2001–2010. Two Chla peaks in spring-summer and fall are marked. Data indicate the 
difference between the model results of [Total] and [without river N]. [Total] is simulated values with river N and discharge; 
[without river N] is simulated values without river N but with discharge. Error bar is 1 SD of yearly values.
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spring (April) and was relatively high in the dry season (October–March) in 
both the NTWS and the STWS (Figure 4c).

The simulated Chla concentration peaked in early summer (May–June) and 
late summer (August) in the NTWS, while in the STWS there was a peak 
in spring (April–May) and early fall (August–September; Figure 4d). Mean 
surface Chla decreased from 2.9 ± 0.6 μg L−1 in the wet season to 1.8 μg 
L−1 in the dry season in the NTWS, while in the STWS surface Chla ranged 
from 2.4 ± 0.7 μg L−1 in the wet season to 1.6 ± 0.3 μg L−1 in the dry season. 
Overall, the NTWS had higher Chla than STWS except in spring.

The simulated monthly mean sea surface temperature ranged between 13.2 
and 28.8°C in the NTWS, and between 14.2 and 28.3°C in the STWS. Water 
temperature exceeded 20°C from June through November in the NTWS and 
from May through November in the STWS (Figure 4e).

3.4. River Impact on Surface Nitrogen and Chla in the Plume Area

The difference between simulated values with and without river N input pro-
vides quantitative information on the impact of riverine N on surface N and 

Chla (Table 1; Figure 5). The river impact derived in this way is the combined influence of N input from all rivers 
and subsequent coastal biogeochemical processes (e.g., mineralization and nitrification) and biological processes 
(e.g., uptake, grazing, mortality; Figure S1 in Supporting Information S1). In general, river impact on nitrate and 

Region Season NO3-N (%) NH4-N (%) Chla (%)

NTWS Dry season 98 ± 2a 79 ± 6.0c 63 ± 13b

Wet season 97 ± 3a 86 ± 11a 71 ± 12a

STWS Dry season 98 ± 2a 77 ± 10c 54 ± 18c

Wet season 93 ± 7b 82 ± 13b 60 ± 18b

Note. River impact indicates the difference between the model cases with and 
without river N input. River impact (%) = ([total] – [without river N])/[total] 
× 100. [Total] is simulated values with river N and discharge; [without river 
N] is simulated values without river N but with discharge. The marked a, b, c 
besides mean ± SD indicate a significant difference between the four groups 
(p < 0.05, one-way ANOVA test).

Table 1 
River Impact on Surface Nitrogen and Chla in the Plume Area (Salinity < 33)

Figure 5. Simulated monthly Chla with and without river N inputs in the plume area of the TWS.
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ammonium in the NTWS was larger than in the STWS in the wet season (p < 0.05), but this spatial difference 
was not significant in the dry season. River N export had a more substantial impact on plume nitrate concentration 
(93%–98%) than ammonium (77%–86%). The river impact on plume nitrate in the STWS in the wet season was 
less than in the dry season (p < 0.05), while the seasonal difference of the river impact in the NTWS was not 
significant (p > 0.05). More ammonium was associated with river export in the wet than in the dry season in both 
the NTWS and the STWS. The river impact on surface Chla in the NTWS was more evident than in the STWS, 
and a larger impact was found in the wet season than in the dry season. Simulated surface Chla with river N input 
were 2.1–2.7 times higher than without river N input (Figure 5). Riverine N export also had a major impact on 
algal bloom dynamics. Model simulations without riverine N inputs revealed one algal bloom (maxima in Chla) 
in autumn caused by upwelling N. Still, an additional algal bloom emerged in May and June when river N inputs 
were included. Given the highest river discharge and TN flux in June, the plume area and surface Chla were 
higher than in May (Figure 6).

Figure 6. Comparison of monthly mean surface Chla (in unit of μg L−1) with and without river N inputs in the Chla peak 
periods (May and June) of 2001–2010. Blue contour indicates the plume area (salinity less than 33). Two transects (S1 and 
S2) are marked in d to analyze the vertical distribution of N and Chla (refer to Figure 8).
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3.5. Contribution of River Nitrogen and Other Sources to Total DIN Flux in the TWS

Total DIN export to the whole TWS was estimated by season as the sum of direct river N input (JR and MR), 
SCSWC (wet season only), MZCW (dry season only), KBW, and atmospheric deposition (Table S2 in Supporting 
Information S1; Figure 7). TWS received a total DIN flux of 56 kg N s−1 in the wet season, about twice as much 
as in the dry season (29 kg N s−1). Although the direct riverine N export amounted to 9.6% and 9.1% during the 
wet and dry season, respectively, the impact of river N export on coastal N fluxes was significant. During the wet 
season, the coastal current N export increased from 16.9% to 28.2% when river N input was included (i.e., the 
direct and indirect river inputs were 9.6% and 11.3%, respectively). The impact of rivers was even more signifi-
cant during the dry season (29% in total, with 9.1% direct and 20% indirect contribution, Table S2 in Supporting 
Information S1). Accordingly, the river contribution to the coastal current N fluxes (SCSWC and MZCW) were 
40% and 93% for the wet and dry seasons, respectively.

4. Discussion
4.1. Hydrological and Anthropogenic Controls on River Nitrogen Flux and Plume Area

The temporal variation of N flux was influenced by the hydrological conditions, anthropogenic N input and asso-
ciated biogeochemical processing during transport along the aquatic continuums. Two extreme hydrologic years 
(the dry year 2001 affected by La Niña, the wet year 2010 affected by El Niño) produced the lowest and largest 
N flux (Figure S6 in Supporting Information S1). The overall increase in river N flux in 2001–2010 was mainly 
due to the elevated anthropogenic N input (mainly from agriculture; Figure 2a). It appears that the enhanced N 
retention (e.g., denitrification) in the four lower river sections in the west coast of the TWS was unable to keep 
up with the increase in anthropogenic N loading (mainly from sewage and agriculture) and, as a consequence, 
riverine N export increased (Lin et al., 2020).

The annual plume area of the TWS is mainly regulated by river discharge and coastal current. Larger river dis-
charge usually caused a larger plume area (NTWS: plume area = 0.5122 × discharge − 311.6, R2 = 0.68; STWS: 
plume area = 0.7063 × discharge + 4569.8, R2 = 0.70). In winter, the ZMCW coastal current plays a key role in 
TWS hydrodynamics, which are closely related to the intensification of northeasterly winds (Zhang et al., 2020). 
For example, with low river discharge in 2001 (Figure S6 in Supporting Information S1), the plume area in winter 
was still large (Figure 3a) due to stronger northeastern winds (averaged wind speed was 8.1 m s−1, compared to 
the long-term mean value of 7.6 m s−1), which drove the ZMCW coastal current southward and likely expanded 
the NTWS plume area. In contrast, the El Nino year 2010 produced a larger discharge, but the river plume area 
was relatively small, consistent with the weak northeast wind in that year (average 6.2 m s−1; Zhang et al., 2020).

Figure 7. Total DIN flux to Taiwan Strait in wet and dry seasons. Data in parentheses show mean contribution of each source to the total flux in 2001–2010 (refer to 
Table S2 in Supporting Information S1).
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There are different factors controlling the monthly variation of the river plume area between the NTWS and the 
STWS (Figure 4a). In the NTWS, the strong coastal current (ZMCW) brought freshwater from major rivers (YR, 
QR, and OR) and caused a large river plume area in late fall, winter, and early spring (October through March). 
High water discharge from the Min River in summer (June–July) also led to an increased river plume area in the 
NTWS without ZMCW influence. The plume area is sometimes reduced in August and September due to up-
welling. In the STWS, the river plume area peaked in summer (June–August), following the seasonal pattern of 
rainfall and runoff depth (Figure S5 in Supporting Information S1). The spatial pattern of the temperature (Figure 
S7 in Supporting Information S1) suggests a strong ZMCW influence in winter. The salinity gradients (Figure 
S8 in Supporting Information S1) show that the three major rivers in the STWS (JR, HR, and PR) have a larger 
river plume in the wet season. The dominating southwest wind drives SCSWC into the direction of the STWS.

4.2. Mixed Effect of River Discharge and Coastal Current on Inorganic Nitrogen Dynamics and Chla in 
the Plume Area

Surface concentrations of nitrate and ammonium did not follow the salinity pattern (river plume area; Figure 4), 
primarily due to the changing N supply and multiple coastal processes involved (e.g., enrichment or dilution 
by storm runoff, mixing, and biogeochemical and biological processes). Ammonium and nitrate were lower in 
May–August and elevated in other months (Figure 4). In a study of the Jiulong River (one of a major river in the 
study area), Gao et al. (2018) showed that nitrate and ammonium concentrations were enriched in the dry season 
and diluted in the wet season. DIN was lower in the river plume during summer due to dilution by increased 
discharge and phytoplankton uptake (higher Chla; Figure 4d). Ammonium peaked in April due to the first flush 
of watershed surface pollution (e.g., human and animal wastes) by spring rainfall events. In contrast, river nitrate, 
the dominant DIN species, mainly originates from groundwater (baseflow), and can be diluted by stormflow 
(Gao et al., 2018). Nevertheless, the relatively large river discharge and strong ZMCW coastal current caused a 
greater river impact on the NTWS than the STWS, particularly in the wet season (Table 1).

The DIN input to the Taiwan Strait was twice as high in the wet season than in the dry season (Figure 7), and 
40% (wet season) to 93% (dry season) of the total DIN flux via coastal currents could be attributed to river 
impacts (Table S2 in Supporting Information S1). In the NTWS the ZMCW has a large impact from October 
to March, providing sufficient N derived from the rivers (YR, QR, and OR; Figures S9 and S10 in Supporting 
Information S1), but the growth of phytoplankton is restricted by low temperatures and low radiation (Figure 
S11 in Supporting Information S1); this model result is in agreement with the conclusions of Gong et al. (2000). 
Starting from April to June, the increasing temperature (and radiation), and direct river N input from MR (Figures 
S7 and S8 in Supporting Information S1) favors phytoplankton growth and causes a Chla peak in May (spring 
algal blooms; Figure  4d). The simulated Chla (phytoplankton growth) decreases in July, corresponding with 
lower discharge and nutrient flux (Figures S5 and S6 in Supporting Information S1) and minimum nitrate and 
ammonium availability (Figure 4). During the August–September transition period from prevailing southwesterly 
to northeasterly winds, high temperatures and recovered nutrient supply after the flooding season leads to the sec-
ond peak of Chla. Interestingly, we found the spring Chla peak rarely occurs without river N input in the NTWS, 
while there is a weak spring peak in STWS (Figure 5), primarily associated with the summer upwelling N supply. 
See more discussion regarding phytoplankton dynamics in response to river N in Section 4.3.

The STWS was mainly affected by the rivers JR and HR and the SCSWC, which manifests as the largest plume 
area in summer (June to August; Figure 4a). From October to March, although there is adequate nutrient availa-
bility in the plume area, the growth of phytoplankton is restricted by the low temperatures (Figure 4e). Spring al-
gal blooms in April–May (1 month earlier than the NTWS) was likely associated with "first flush" rainfall events 
that cause a high supply of ammonium (Figure 4c) together with increasing radiation and temperature (over 20°C) 
in April (Figure 4e). The diluting of nutrient concentrations in the plume area by SCSWC oligotrophic waters and 
frequent floods in June–August lower phytoplankton growth and Chla. In August–September, nutrient concentra-
tions increase again and cause algal blooms in fall.

In the TWS, the monsoon induced upwelling complicates the impact of riverine DIN flux. Two transects (S1 and 
S2) extending from the estuary to the open sea area are chosen at the STWS and NTWS in Figure 6d to investigate 
the interaction. The vertical nitrate distribution in Figure 8a shows that the river's high nitrate floats at the upper 
layers (above 5 m) within the plume region. Simultaneously nitrate advected from the deeper ocean occupies the 
most of the transect below 5 m (Figure 8b), but its concentration is obviously lower than that of the river's input. 
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The river's input and upwelled nitrate are overlaid at the upper layers of the upwelling region (40–70 km from 
river; Figure 8a). An interesting result is shown in Figure 8c that high nitrate N appears at upper layers of the 
plume region and at the lower layers of the offshore area in the transect as the river's nutrient is imported. Because 
of the buoyancy effect, the increased nitrate N at the lower layers could not be the source from the upper layers of 

Figure 8. Vertical distributions of simulated nitrate and Chla in transect S1 and S2 (refer to Figure 6) on June (left panels: result with river N input; middle panels: 
result without river N input; right panels: the difference between the values of [with river N] and [without river N]). STWS: South Taiwan Strait; NTWS: North Taiwan 
Strait. Nitrate N is in unit of μmol L−1 and Chla in unit of μg L−1.
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the plume region. According to the previous study (Wang et al., 2013), the biological uptake of the nutrient in the 
TWS is significant at the subsurface because of the intense illumination intensity in summer. This is simulated in 
the vertical Chla distribution in Figures 8d–8f. Due to the river's high nitrate input, the Chla is distinctly increased 
at the upper layers of the plume in Figure 8d compared to Figure 8e. The increased Chla at the upper layers would 
enhance the light decay, which leads to the limitation of phytoplankton photosynthesis by light. As a result, the 
Chla is lower at the lower layers in Figure 8d than Figure 8e, which can be indicated by the negative difference 
of Chla between the simulations with and without the river's N input in Figure 8f. The less utilization of nitrate 
N by phytoplankton causes the increased nitrate at lower layers in Figure 8a. A similar situation also occurs at 
transect S2 (Figures 8g–8l).

Therefore, the interaction between the river's input and upwelling nutrients can be derived. The river's input 
would additively increase the nutrient at the upper layers at both plume and upwelling regions. The increased 
nutrient would enhance the Chla at the upper layers but restrict the phytoplankton photosynthesis at lower layers 
by light limitation. Consequently, the nutrient advected from the deep ocean increase at lower layers due to less 
biological utilization.

4.3. Seasonal and Annual Ecological Response to River Nitrogen, Temperature and Wind

The substantially higher Chla in the ROMS model runs with river N input than model runs without river N 
(Figure 5), indicating a direct ecological response in the TWS to river N input. Without river N input, there was 
one Chla peak in fall driven by current upwelling N, but additional Chla peaks occurred in simulations with 
river N inputs in May–June and in August in the NTWS and in April–May and August–September in the STWS 
(Figures 4d and 7). This unique seasonal pattern was mainly controlled by the coincidence of adequate nutrient 
supply and temperature (>20°C). To quantify the key environmental factors that caused the time lag (1 month) 
of spring algal blooms between the NTWS and the STWS, a diagnostic analysis of the phytoplankton growth 
rate was performed. In the ROMS model, the growth rate (μ) is given as the product of Ln and tPPmax (Fennel 
et al., 2006), where Ln is a nutrient (ammonium and nitrate) factor and tPPmax is the temperature depending growth 
rate, as described in SI (Text 2: Biological model equations). From May to September, phytoplankton growth was 
nutrient-limited (low Ln) due to the diluted river N and the extension of plume water in the wet season. Water 
temperature and tPPmax gradually increased from March to July and decreased from August to February (Figure 4e 
and Figure S12 in Supporting Information S1). Overall, the temperature was the major control on the growth rate 
(μ), which was high in the wet season and low in the dry season (Figure S12 in Supporting Information S1). The 
growth rate (μ) increased faster from March to May in the STWS than in the NTWS, thus explaining the different 
timing of the spring bloom between the STWS (Chla peak in April) and NTWS (Chla peak in May; Figure 4d). 
Similarly, the growth rate (μ) of STWS peaked in September, 1 month later than NTWS, which is consistent with 
the timing of peak Chla in the fall algal blooms (Figure 4d).

In the biological module of ROMS, light, temperature, and DIN are three main factors controlling the phyto-
plankton growth rate. Since the discussion focuses on comparing the NTWS and the STWS, the temperature 
difference is much more significant than light, which changes little over the TWS. If DIN levels are adequate, 
higher temperatures result in higher phytoplankton growth rates, and at constant temperatures, the higher the DIN 
concentration, the higher phytoplankton growth rate. In the wet season, correlations between factor anomalies 
(Table S3 in Supporting Information S1) and scatter diagrams (Figure S13 in Supporting Information S1) reveal 
the significant positive relationship between Chla and DIN anomalies at annual scales (r = 0.93 in the NTWS; 
r = 0.76 in the STWS). In the dry season, the Chla and DIN anomalies were correlated in the STWS while were 
not correlated in the NTWS, indicating no restrictive effect of N on phytoplankton growth. This was because the 
nutrient concentration in the plume area was far higher than the half-saturation concentration required for phyto-
plankton growth due to the high nutrient inflows in the MZCW.

The temperature had no apparent effect on phytoplankton growth in both the NTWS and the STWS in the wet 
season. The correlations between Chla and temperature anomalies were insignificant (Table S3; Figure S13 in 
Supporting Information S1). In the dry season, the growth rate was highly correlated with temperature (r = 0.93, 
p = 0.00) but there was only a weak correlation between Chla and temperature anomalies in the NTWS (r = 0.46 
and p = 0.19), implying that there were other factors controlling surface Chla. Our previous study suggested that 
wind plays a key role in vertical mixing and re-distribution of Chla in the Taiwan Strait in winter, as the Chla 
generated in the upper layer would be mixed by strong winds into the lower layer, leading to the low surface Chla 
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concentration (Wang et al., 2016b). The negative correlation between Chla and wind anomalies (r = −0.71 and 
p = 0.02) confirm that wind-induced vertical mixing was the main regulatory factor for the change in Chla con-
centration. In this case, the temperature regulation effect was overwhelmed by the wind.

In contrast to the NTWS, there was a positive correlation in the STWS between Chla and DIN anomalies in the 
dry season (Table S3 in Supporting Information S1). The extremely positive and negative DIN anomalies were 
consistent with the maximum anomalies of Chla and growth rate (Figures S13 and S14 in Supporting Informa-
tion S1), highlighting the control effect of DIN. On the other hand, there was no correlation between Chla and 
temperature anomalies (r = −0.09 and p = 0.81), though the temperature controlling effect on the phytoplankton 
growth rate was pronounced (Figure S14 in Supporting Information S1). In addition, the correlation between 
Chla and wind speed anomalies was also weak (r = 0.11 and p = 0.75). Therefore, DIN played a significant reg-
ulatory role on Chla, and the effects of wind-induced mixing and temperature were not significant for the STWS.

5. Conclusions
Based on a global river nutrient model (IMAGE-GNM) and a regional ocean model system (ROMS), we explored 
the seasonal and annual N transfer from seven major rivers and ecological response in coastal plume area of 
Taiwan Strait. Agriculture-derived N dominated TN export to rivers and increased during the period 2001–2010. 
Rivers provide 40% (wet season) to 93% (dry season) of the total DIN flux via coastal currents. Our model results 
show distinct responses of surface plume water nitrate, ammonium and Chla to river N input in the NTWS and the 
STWS. Simulated surface Chla concentration in the plume area with river N input was 2.1–2.7 times higher than 
simulations without river N input (upwelled N only), revealing a clear ecological response. Sufficient river N sup-
ply and optimum temperature (above 20°C) likely caused another Chla peak (spring algal bloom) in the NTWS. 
The phytoplankton growth rate was faster from March to May in the STWS than in the NTWS as temperatures 
increased, resulting in different timing of peak Chla between the STWS (April) and the NTWS (May). In the wet 
season, DIN was the main factor controlling the interannual variation of Chla concentration in the plume area 
of the NTWS and the STWS. In the dry season, DIN was the dominant factor influencing the annual change of 
Chla concentration in the STWS, while in the NTWS, lower Chla was mainly due to the strength of the northeast 
monsoon, followed by temperature. In other words, DIN was a year-round limiting factor for Chla concentration 
in the STWS, but only in the wet season in the NTWS. Therefore, the eutrophication problem in the southern 
strait is anticipated to be ecologically more sensitive to increased river N in future. By comparing two simulations 
with and without river N input, we confirmed the importance of fluvial N inputs on phytoplankton dynamics and 
the unique phenological features in the TWS.
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Introduction 

Here we provide the biological model equations (Text S1). In Text S2, model validation 

for IMAGE-GNM and ROMS are present by comparing with measured values (Figure. 

S2-S4). Finally, model limitation and improvements are discussed (Text S3). 

Figures start with Figure S1 showing the scheme of the coupled physical–biological 

numerical model (ROMS) for the Taiwan Strait linking river N input from the IMAGE-

GNM model. Figures S2-S4 show the model validations. Thereafter, we show the 

monthly precipitation and runoff in Figure S5, monthly observed river discharge and 

simulated total nitrogen export flux in Figure S6. Monthly simulated mean surface 

temperature was shown in Figure S7 and salinity in Figure S8. Then simulated surface 

mean surface nitrate, ammonium, Chla difference between with and without river 
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nitrogen input are shown in Figures S9-S11, respectively. Finally, monthly mean values 

of key environmental factors controlling the phytoplankton growth rate were plotted in 

Figures S12-S14. 

Table S1 show the Characteristics of the main rivers influencing the Taiwan Strait. Table 

S2 is a summary of estimated DIN flux by main sources to the TWS in 2001-2010. Table 

S3 list the correlation coefficient (r) and p value in the correlation analysis between the 

key environmental factor anomalies at annual scale. 

Data tables S1-S3 are data supporting the conclusions. 
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Text S1. 

Biological model equations 

Major parameters involved the biological model are described as following formulas (1-

7). More descriptions are detailed in Fennel et al. [2006]. 

tPPmax = VP(T) ∙ f(I)       (1) 

VP(T) = μ0 ∙ 1.066
T        (2) 

f(I) =
αI

√Vp
2+α2I2

            (3) 

LN = LNO3 + LNH4         (4) 

LNO3 =
[NO3]

[NO3]+KNO3
∙ INH4

    (5) 

LNH4
=

[NH4]

[NH4]+KNH4
         (6) 

INH4
=

KNH4
[NH4]+KNH4

         (7) 

 

Parameters Meaning 

tPPmax temperature determined factor 

μ0 phytoplankton growth rate at 0 °C 

T temperature 

f(I) photosynthesis-light (P-I) relationship 

I Light intensity 

α Initial slope of P–I curve 

LN N-nitrogen determined factor 

KNO3
 half-saturation concentration for NO3 absorption by phytoplankton 

KNH4
 half-saturation concentration for NH4 absorption by phytoplankton 

INH4
 existence of NH4 limited NO3 absorption by phytoplankton 
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Text S2. 

Model validation for IMAGE-GNM and ROMS 

Observed and modeled discharge and TN concentration were compared for mouth 

stations of the Yangtze, Pearl and Jiulong Rivers. The ROMS simulated sea surface Chla 

was compared with MODIS Chla (https://oceancolor.gsfc.nasa.gov). The coverage of 

remote sensing data is always temporally and spatially incomplete due to  weather (e.g., 

large cloud coverage in dry season) and other factors (e.g. water turbidity and high 

colored dissolved organic matter) near the shore. The daily coverage in chlorophyll was 

highest in summer (about 30%), but less than 10% in other seasons. Based on data 

availability, we compared the ROMS model outputs with MODIS Chla for water deeper 

than 30 meters during summer (2003-2010). In addition, measured Chla in the TWS was 

extracted from the NSFC Open Cruise dataset (http://www.sss-nsfc.org.cn) and 

compared with the model results. 

IMAGE-GNM model results of TN concentration generally shows a good agreement 

with observations at three river-mouth stations (YR, PR, and JR) (Figure S2). The ROMS 

model successfully captured the inter-annual variation of Chla as observed remotely, 

although algal biomass was somewhat overestimated (Figure S3). There was a larger 

deviation in some years, for example, Chla was substantially overestimated in 2010 (an 

extreme wet year impacted by a strong El Niño, see 

https://ggweather.com/enso/oni.htm). The modeled and measured salinity and Chla of 

discrete samples were comparable (Figure S4). The validated IMAGE-GNM and ROMS 

models were therefore considered appropriate tools to assess the temporal and spatial 

pattern of nitrogen and Chla in this region. 

https://oceancolor.gsfc.nasa.gov/
http://www.sss-nsfc.org.cn/
https://ggweather.com/enso/oni.htm
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Text S3. 

Model limitation and improvements 

We used the simulated annual TN export from IMAGE-GNM, which is then scaled 

to different forms of N based on the average fraction of ammonium and nitrate in the 

JR. This procedure induces uncertainty because the contribution of different N forms 

depends on the characteristics of the rivers, including the contribution of wastewater 

sources and the distance of wastewater discharge points to the mouth of the river. 

Hence, an important improvement would be to develop a dynamic model that can 

describe the riverine export of the different forms of nutrients and that would resolve 

seasonal or shorter time scales. 

Another limitation of our approach relates to the use of nitrogen as the agent and 

limiting factor in the ROMS model. Although the model captures the seasonal and inter-

annual variations in Chla, different phytoplankton may be P/Si limited which often occur 

in inner estuaries and nearshore waters [J Xu et al., 2008]. A next step would therefore 

be to develop a biological model that considers different forms of N, P and Si to simulate 

processes such as production, diagenetic processes, denitrification and hypoxia. This 

will help to improve our understanding of key processes and drivers involved in 

evolution of the watershed-coast system and the relationships to eutrophication, HABs, 

and hypoxia. In addition, the influence of turbidity should be considered in the model, 

as phytoplankton biomass can be occasionally limited by light availability in the turbid 

inner shelf water [Gong et al., 2000]. 

Furthermore, our approach could be improved by fully integrating the watershed-

estuary-coast into one continuum model to better describe nutrient cycling and transfer 

to the coastal ocean. These models should be supported by further observations 

conducted at various time scales, then targeting the specific continuum for individual 

regions because of the disparities between different coasts. 
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Figure S1. Scheme of the coupled physical–biological numerical model (ROMS) for the 

Taiwan Strait (adapted from Jia Wang et al. [2016]) linking river N input from the IMAGE-

GNM model (adapted from X Liu et al. [2018]). 
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Figure S2. Comparison of measurements [Committee, 2014; Dai et al., 2010; Duan et al., 

2000; S M Liu et al., 2003; Shen et al., 2003; H Xu et al., 2013; Yu et al., 2015] and modeled 

discharge (A) and TN concentration (B) at mouth stations of Yangtze, Pearl and Jiulong 

Rivers. 

b. TN concentrationa. discharge
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Figure S3. Comparison between the spatial averaged model Chla and MODIS Chla in 

summer (June-August, 2003-2010) for the whole Taiwan Strait. Shallow water (depth 

less than 30 meters) was excluded from the comparison to avoid large error of MODIS 

Chla caused by the higher turbidity and colored dissolved organic matter. Upper panels: 

Model and MODIS Chla change over years (A: NTWS; B. STWS); Bottom panels: Scatter 

plot of Model Chla against MODIS Chla (C: NTWS; D. STWS). 
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Figure S4. Comparison between the model and measured daily salinity (A) and Chla (B) 

of samples collected from STWS in summer cruises (June to July, 2004-2006) (Stations 

refer to Wang et al. (2013)). Measured data were extracted from dataset created by 

NSFC Open Cruise for Taiwan Strait. Outlier of measurements (deviation greater than 

3σ and those data below the detection level) and salinity larger than 34 PSU were 

excluded from the regression. 
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Figure S5. Monthly mean precipitation by river watershed (A) and runoff depth by river 

(B) during the 2001-2010 period. Monthly precipitation is averaged from all 

meteorological stations within a watershed, and month runoff depth is river discharge 

normalized by watershed area. Mean NTWS indicates mean value of Yangtze River, 

Qiantang River, Ou River and Min River. Mean STWS indicates mean value of Jiulong 

River, Han River and Pearl River. Precipitation data are recorded by meteorological 

stations under China Meteorological Administration, and river discharge data are 

recorded by hydrological stations under Ministry of Water Resources of the People’s 

Republic of China. 
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Figure S6. Monthly observed river discharge and simulated TN export flux for the seven 

major rivers draining into China’s coast for the period 2001-2010 (for location of river 

mouths see Figure 1). 
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Figure S7. Monthly mean surface temperature (°C) in Taiwan Strait in 2001-2010. 
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Figure S8. Simulated monthly mean surface salinity in Taiwan Strait in 2001-2010 (blue 

contours indicate salinity = 33). 
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Figure S9. Monthly mean surface nitrate (µmol L-1) difference between simulations with 

and without river N input in the Taiwan Strait in 2001-2010. 
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Figure S10. Monthly mean surface ammonium (µmol L-1) difference between 

simulations with and without river N input in the Taiwan Strait in 2001-2010. 



16 

 
Figure S11. Simulated monthly mean surface Chla (μg L-1) difference between 

simulations with and without river N export in the Taiwan Strait in 2001-2010. 
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Figure S12. Changes in monthly mean values of key environmental factors controlling 

the phytoplankton growth rate µ. Ln is nutrient (ammonium and nitrate) determined 

factor and tPPmax is temperature determined factor in the growth rate (refer to Text 1: 

Biological model equations). 
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Figure S13. Scatter diagram of yearly Chla, temperature, DIN and wind speed anomalies 

in the NTWS and STWS in wet and dry seasons. 
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Figure S14. Scatter diagram of yearly phytoplankton growth rate and temperature 

anomaly in the NTWS and STWS in wet and dry seasons. 
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Table S1. Characteristics of the main rivers influencing the Taiwan Strait. 

Name of River 
Catchment area 

 (103 km2) 

Length 

 (km) 

Annual mean 

 discharge (km3 yr-1) 

Yangtze River (YR) 1884 6300 945 

Qiantang River (QR) 52 589 50 

Ou River (OR) 16 388 18 

Min River (MR) 67 562 60 

Jiulong River (JR) 15 258 14 

Han River (HR) 33 470 29 

Pearl River (PR) 40 2320 275 

Total 246 10887 1389 
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Table S2. Estimated DIN flux by main sources to the TWS in 2001-2010. 

Season Year Coastal 

current 

(with river 

N) 

Coastal 

current 

 (without  

river N) 

KBW Direct 

river input 

Atmospheric 

deposition 

Total 

flux 

  kg N s-1    

Wet season 2001 15.70 10.22 27.92 4.88 2.29 50.80 

(Apr-Sep) 2002 16.20 10.69 32.75 4.12 2.44 55.52  
2003 14.61 8.31 32.01 4.63 2.47 53.72  
2004 14.66 10.24 25.17 3.28 2.67 45.79  
2005 14.21 10.50 38.77 5.19 2.77 60.94  
2006 13.13 8.58 30.61 6.96 2.88 53.58  
2007 18.61 10.97 35.56 5.04 2.92 62.12  
2008 12.87 6.76 35.76 6.08 2.96 57.67  
2009 16.14 6.81 29.02 5.65 2.99 53.79  
2010 22.56 11.75 34.28 8.18 3.01 68.04  
Mean 15.87 9.48 32.19 5.40 2.74 56.20  

Percent (%) 28.2 16.9 57.3 9.6 4.9 100.0 

Dry season 2001 7.45 0.42 17.99 2.34 1.15 28.93 

(Oct-Mar) 2002 3.78 0.35 22.41 2.57 1.23 30.00  
2003 5.91 0.39 17.87 2.92 1.24 27.94  
2004 5.12 0.36 16.08 2.06 1.35 24.61  
2005 8.63 0.52 17.93 2.17 1.40 30.12  
2006 4.70 0.38 19.91 2.13 1.45 28.18  
2007 5.48 0.55 16.96 2.76 1.47 26.67  
2008 8.62 0.47 22.50 3.20 1.49 35.82  
2009 5.96 0.41 18.19 3.68 1.51 29.34  
2010 8.09 0.88 20.61 3.07 1.52 33.29  
Mean 6.37 0.47 19.05 2.69 1.38 29.49 

 Percent (%) 21.6 1.6 64.6 9.1 4.7 100.0 

Note: Coastal currents are monthly mean flux of SCSWC (wet season only) or MZCW 

(dry season only) to TWS (refer to Figure 6), which were derived from the ROMS model. 

KBW is Kuroshio Branch Water. Direct river input is river DIN flux from JR and MR (refer 

to Figure 1). Annual atmospheric depositions to TWS region were provided by Junjie  

Wang et al. [2020]. Based on previous measurement in the study area [N Chen et al., 

2006; N W Chen et al., 2008], annual atmospheric deposition was interpolated to each 

season assuming that dry and wet deposition account for 1/3 and 2/3 of annual 

deposition respectively, and the wet deposition is proportional to monthly mean 

precipitation (Figure S5); DIN accounts for 64% and 55% of TN in the dry and wet 

atmospheric deposition, respectively. Percent (%) indicate the mean contribution of 

each source to the total DIN flux in the period of 2001-2010. 
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Table S3. Correlation coefficient (r) and p value in the correlation analysis between the 

key environmental factor anomalies at annual scale. 

Group 
DIN 

anomaly 

temperature 

anomaly 

wind speed 

anomaly 

Chla 

anomaly 

NTWS-wet season         

DIN anomaly 1.00(0.00)       

temperature 

anomaly 
0.19(0.61) 1.00(0.00) 

    

wind speed 

anomaly 
0.18(0.63) 0.06(0.88) 1.00(0.00)   

Chla anomaly 0.93(0.00) 0.35(0.32) 0.14(0.70) 1.00(0.00) 

NTWS-dry season         

DIN anomaly 1.00(0.00)       

temperature 

anomaly 
-0.79(0.01) 1.00(0.00)     

wind speed 

anomaly 
0.58(0.08) -0.69(0.03) 1.00(0.00)   

Chla anomaly -0.10(0.78) 0.46(0.19) -0.71(0.02) 1.00(0.00) 

STWS-wet season         

DIN anomaly 1.00(0.00)       

temperature 

anomaly 
0.67(0.03) 1.00(0.00) 

    

wind speed 

anomaly 
0.60(0.07) 0.06(0.87) 1.00(0.00)   

Chla anomaly 0.76(0.01) 0.42(0.23) 0.45(0.19) 1.00(0.00) 

STWS-dry season         

DIN anomaly 1.00(0.00)       

temperature 

anomaly 
-0.07(0.86) 1.00(0.00) 

    

wind speed 

anomaly 
0.28(0.43) -0.59(0.07) 1.00(0.00)   

Chla anomaly 0.70(0.02) -0.09(0.81) 0.11(0.75) 1.00(0.00) 
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