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Phosphorus was the stoichiometrically limiting nutrient in the Pearl River Estuary (PRE). In order to
examine how the river discharge regulates phosphorus dynamics in the PRE, the concentrations of
dissolved inorganic phosphorus (DIP) and organic phosphorus (DOP), particulate inorganic phosphorus

. (PIP) and organic phosphorus (POP) in the water column were determined in May 2015 (spring),

. August 2015 (summer) and January 2016 (winter). Our results showed that all types of phosphorus

. were significantly lower in spring and summer than in winter. The Pearl River discharge input played

. animportant role in regulating phosphorus dynamics. Strong vertical mixing in winter resulted in high
levels of total particulate phosphorus (1.50 - 0.97 pM) and dissolved phosphate (DIP: 1.44 4 0.57 pM,
DOP: 0.58 4 0.42 uM) at the surface. On the other hand, the river discharge input created stratification
in spring and summer, favoring the settlement of suspended particulate matter and enhancing
light levels. This promoted phytoplankton growth, which was responsible for a DIP drawdown of

. 0.43+£0.37pMin May and 0.56 = 0.42 pM in August at the surface. Additionally, stratification restricted

. the bottom phosphorus replenishment. Our findings provided an insight into processes causing

. stoichiometric P limitation in the PRE.

. Phosphorus (P) is an important nutrient for all living organisms and plays an essential role in regulating the
. primary production in estuarine and marine environments'. Primary production is frequently limited by P in
. estuaries and marine systems? ™.
Phosphorus is present in both dissolved and particulate organic or inorganic forms in aquatic environments.
The various P species differ in bioavailability and geochemical cycling in the water column. Dissolved inorganic
P (DIP) is preferentially utilized by living organisms>®°. Dissolved organic P (DOP) represents an intermediate
state during the mineralization of particulate organic matter and is a potential P source for plankton’. Marine
organisms not only uptake inorganic phosphate but also utilize part of DOP under specific ecological conditions,
especially when the supply of DIP is not sufficient®-!". For example, 55-65% of DOP was found to be bioavailable
. in the productive surface layer of the central Baltic Sea'?, up to 88% in Loch Creran (Scotland)'®, 7-25% in the
: North Pacific Subtropical Gyre® and 8% in Bothnian Bay’.
: It has been reported that more than 90% of phosphorus carried by rivers to estuaries and coastal waters is
: associated with suspended solids'*!°. As a result, particle-bound phosphorus is expected to be an important frac-
. tion of phosphorus in estuaries. Particulate phosphorus (PP) consists of living and dead plankton, precipitates
. of P minerals, P adsorbed to particles, and amorphous P phases'®. Riverine PP exists as particulate inorganic
: phosphorus (PIP) and particulate organic phosphorus (POP). POP originates from the living or detrital organic
. matter. However, the components of PIP are very complex. It encompasses DIP adsorbed onto particles and
. phosphorus co-precipitated with calcite or iron oxyhydroxides®. Approximately 20% of PP in estuaries is DIP
adsorbed onto particles!’, which is desorbed to water through biogeochemical processes. Furthermore, increasing
salinity improves the desorption of DIP adsorbed onto particles'. Additionally, PP that is bound to oxidized iron
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Figure 1. Location map of the Pearl River estuary and sampling stations for the three cruises during 2015-
2016. The solid circles denote the sampling stations. PRE, HM, JM, HQM, HeM, MDM and HMH represent the
Pearl] River estuary, Humen, Jiaomen, Hongqimen, Hengmen, Maodaomen and Huangmaohai, respectively. The
inset at the upper right is the location map, which was plotted using Surfer 11 (http://www.goldensoftware.com/
products/surfer).

species's may release DIP to water when iron oxyhydroxide is reduced from suspended particulate matter (SPM)
and sediments'®, which enhances DIP availability in aquatic environments'®. Hence, PP is also a potential source
for the phytoplankton growth in estuaries. It is necessary to assess the relative contribution of phosphorus other
than DIP to the phosphorus pool in aquatic environments, especially in P-limited waters.

The Pearl] River (PR), located along the northern boundary of the South China Sea (SCS) (Fig. 1), is the third
longest river (2200 km) in China with a drainage area of 453,700 km?%. The regional climate is dominated by
southwesterly/northeasterly monsoon winds in summer/winter, with an annual rainfall from 1600 to 2300 mm?'.
The annual river discharge from the PR is approximately 3.3 x 10! m? yr~!, ~80% of which is delivered during
the wet season (April-September)?. The PR's maximum discharge occurs in summer?, and it carries an annual
sediment load of 85 x 10° tons y~! into the SCS?. It is estimated that half of the PR freshwater discharges into the
Lingdingyang (LDY) through four northeastern outlets (Humen (HM), Jiaomen (JM), Hongqimen (HQM) and
Hengmen (HeM))* (Fig. 1).

The PR delta is the fastest-developing region in southern China. Large amounts of wastewater and pollutants
are discharged into the PRE without proper treatment due to the rapid development of the economy? Meanwhile,
large amounts of nutrients are transported to the coastal region through the river. Previous studies have shown
that nitrate concentrations in the PR are extremely high (up to 100 uM), while phosphate concentrations are rel-
atively low (~1pM)?, resulting in potential P limitation in the estuarine and coastal plume?*. Much attention has
been paid to the nutrient levels, nutrient fluxes at the sediment-water interface, physical processes and harmful
algal blooms in the estuary?>-?”. However, little is known about the dynamics of various P species in the PRE. The
present study investigated the concentrations of various P species in the water column in three seasons, in order
to examine how the Pear] River discharge regulates the dynamics of various P species in the PRE.
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Figure 2. Horizontal distributions of temperature (°C) and salinity (psu) at the surface and the bottom in

the PRE in May 2015, August 2015 and January 2016. T, Sal, surf, bott, Jan and Aug, represent temperature,
salinity, surface, bottom, August and January, respectively. The figure was plotted using Surfer 11 (http://www.
goldensoftware.com/products/surfer).

Results

Hydrographic properties.  The surface water temperature increased from the upper to lower estuary in May
2015 and January 2016 but decreased in August 2015 (Fig. 2). In May 2015, the surface temperature was similar
to that in the bottom layer in the HM channel (between Station 1 and Station 6) but was 0.3 to 1.4 °C higher in
the middle and lower estuary (between Station 7 and Station 18). The seasonal thermocline formed in May and
was enhanced in August (At ranged from 0.2 to 4.7 °C between Station 1 and Station 18) (Fig. 2). Salinity at
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Figure 3. Variations in the concentrations of NO;~, DIN, DSi, DIP, DOP, PIP, POP, TDP and TPP with salinity
in the PRE at the surface and the bottom in May 2015, August 2015 and January 2016.

the surface and bottom gradually increased from the upper to the lower estuary (Fig. 2). Salinity at the surface
exhibited clear seasonal variability, with a minimum (<16 psu) in August 2015 and a maximum (up to 32 psu) in
January 2016. The largest difference (~12 psu) in salinity between surface and bottom occurred in August 2015.
The water column was mixed well in January, while stratification occurred in May and August 2015.

The SPM concentrations were the highest (25.5mgL ™" at the surface and 49.4 mgL ™" at the bottom) in winter
(January 2016), moderate in spring (May 2015) and the lowest (10.5mgL~" at the surface and 14.6 mgL ! at the
bottom) in summer (August 2015).

Temporal variations of dissolved inorganic nitrogen and silicate. Temporal variability in nitrate
(NO;"), dissolved inorganic nitrogen (DIN, the sum of NO;, nitrite (NO,~) and ammonium (NH,*)) and sil-
icate (DSi) concentrations was obvious in the PRE (Fig. 3). The concentrations of NO;~ and DSi declined from
the upper to lower estuary (Fig. 3). NO;~ was the dominant species of DIN, accounting for 58-97% of DIN in the
water column, except in May 2015 (39-93% of DIN). DIN had a significant relationship with salinity, especially
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Spring (May 2015) | 2.87-74.6 (22.6) | 5.85-75.4 (31.1) | 0.7-29(6.8) | 0.8-23 (5.8)
Summer (Aug 2015) | 3.60-21.4 (10.5) | 4.65-38.6 (14.6) | 2.9-29 (7.4) | 1.7-30(7.5)
Winter (Jan 2016) | 5.49-103 (25.5) | 5.84-154 (49.4) | 0.9-11.4 (4.2) | 0.9-9.1 (3.7)
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Table 1. Temporal variations in suspended particulate matter (SPM) and chlorophyll a (Chl a) concentrations
in the Pearl River estuary during the study period. Mean values are given in parentheses.
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Figure 4. Variations in the relative contribution of DIP to the TDP pool and the relative contribution of PIP to
the TPP pool with salinity in the PRE from the surface and bottom samples during investigations.

in January 2016 (p < 0.01, Table 2). Similarly, a significant correlation between salinity and DSi was observed
(Table 2, p < 0.01) (Fig. 3).

Temporal and spatial variations of DIP, DOP and nutrient ratios. DIP concentrations decreased
with increasing salinity in the three cruises. There was little vertical variation in DIP and DOP. The highest DIP
and DOP were found in January (DIP: ~1.43 uM, DOP: ~0.49 uM), followed by May and August (DIP: ~1.07 uM,
DOP: ~0.18 uM).

The relative contribution of DIP to TDP differed among the three cruises. In May, there was a shift from the
dominance of DIP in low-salinity waters (S < 15 psu) to the dominance of DOP in high-salinity waters (S > 15
psu). In August, DIP dominated TDP, and the relative contribution of DIP to TDP remained relatively constant
throughout the estuary. In January, DIP was the dominant species, and the ratio of DIP to TDP slightly decreased
with increasing salinity (Fig. 4).

The DIN:DIP ratios at the surface in the estuary varied between 15:1 and 330:1 mol mol™! (except for
1163:1 mol mol ! at Station 13 in May 2015), with an average of 101 £ 61:1 molmol ! (Fig. 5). The molar ratios of
Si:DIN ranged from 0.16:1 mol mol~! to 3.25:1 mol mol !, with an average of 0.66 & 0.51:1 mol mol ! (Fig. 5), and
increased from the upper to lower estuary, except for May 2015.

Variability of PP.  The mean total PP (TPP, as the sum of PIP and POP) concentrations were the highest
(1.5040.97 uM at the surface and 1.93 £ 0.97 pM at the bottom) in January 2016, followed by those in May 2015
(0.99 £0.98 uM at the surface and 1.30 & 1.43 pM at the bottom), then August 2015 (0.78 - 0.42 pM at the surface
and 0.83 £ 0.47 pM at the bottom). The TPP generally decreased from the upper to the lower estuary (Fig. 3).
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Figure 5. Horizontal distribution of nutrient ratios at the surface in the PRE in May 2015, August 2015 and
January 2016. The map in this figure was plotted using Surfer 11 (http://www.goldensoftware.com/products/
surfer).

y=—5.0661x+ 160.31 (DIN vs. salinity) 0.73
Spring (May 2015) | y=—3.6168x+97.04 (DSi vs. salinity) 0.79
y=0.0265x+ 0.0808 (PIP vs. SPM) 0.56
y=—5.6033x+169.7 (DIN vs. salinity) 0.71
y=—0.6469x + 102.54 (DSi vs. salinity) 0.05
Summer (Aug 2015) | y=0.021x+ 0.0841 (PIP vs. SPM) 0.87
y=10.0103x+ 0.2624 (POP vs. SPM) 0.55
y=10.0251x+ 0.2322 (POP vs. Chl a) 0.75
y=—15.63x +445.52 (DIN vs. salinity) 0.88
Winter (Jan 2016) y=—4.1402x + 126.47 (DSi vs. salinity) 0.87
y=0.0138x+0.2601 (PIP vs. SPM) 0.66

Table 2. The relationship between DIN and DSi vs. salinity, PIP vs. SPM and POP vs. Chl a at the surface water.
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Figure 6. Horizontal distribution of chlorophyll a concentration (Chl a, pg L™!) at the surface and the bottom
in May 2015, August 2015 and January 2016. The map in this figure was plotted using Microsoft office 2013
(https://products.office.com/).

The ratio of TPP to SPM was significantly lower in May 2015 (mean of 1.48 £0.98 mg P g~ at the surface and
1.27+0.57mgP g! at the bottom) than in the other periods.

The average PIP concentrations reached a maximum (0.68 £ 0.24 1M at the surface and 0.87 £ 0.26 uM at the
bottom) in May 2015 and a minimum (0.36 & 0.24 uM at the surface and 0.41 £ 0.26 uM at the bottom) in August
2015. The PIP concentrations were significantly correlated with SPM (Table 2, p < 0.01), both at the surface and
the bottom, but not with chlorophyll a (Chl a) (p > 0.05). However, the POP concentrations in May (average of
0.31£0.29 pM at the surface and 0.43 £ 0.49 uM at the bottom) were the lowest during the study period. POP
had a significant relationship with Chl a and SPM both at the surface and the bottom in August 2015 (Table 2,
p<0.01).

TPP was dominated by PIP in May 2015 (Fig. 4), which contributed 64 £ 12% and 62 £ 16% to TPP at the
surface and the bottom, respectively. In contrast, during August 2015 and January 2016, POP dominated TPP.
In August 2015, POP made up 58 £ 6% and 53 4= 9% of TPP at the surface and the bottom in the regions beyond

the upper estuary (S > 5 psu), respectively. PIP accounted for 39 + 16% of TPP at the surface and 44 +22% at the
bottom in January 2016.

Dynamics of chlorophyll a. Chl a concentrations varied considerably among different cruises (Table 1),
and the horizontal distribution of Chl a was characterized by patchiness (Fig. 6). In May 2015, Chl a was, on
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Figure 7. The inorganic distribution coeflicients logK, versus salinity (a—c) and the K, versus the
concentrations of SPM in the PRE (d-f).

average, 5.51g L™, and a peak occurred at Station 6 (~29 ug L") (Fig. 6). The observed Chl a concentrations were
higher in August 2015 both at the surface and near the bottom than in the other cruises (Table 1), and a maximum
(~29pgL™!) occurred at Station 1. In January 2016, the concentration of Chl a (average of 4.2 +£3.3pgL ™! at the
surface and 3.7 + 2.6 ug L ™! at the bottom) was the lowest during this study period.

Variations in partitioning coefficient (K). The logK, (K, partitioning coefficient) values for inorganic
P in the PRE ranged from 3.90 to 5.76 at the surface during the investigation periods throughout the estuary. In
addition, the mean logK; values in May (4.50) and August (4.51) were higher than those in January (4.31). The
logK, values remained constant along a salinity gradient in the low salinity (0-15 psu) upper estuary, with a slight
increase in high-salinity (>15 psu) waters (Fig. 7a—c).

The K, values exhibited an inverse relationship with SPM (Fig. 7d-f) but remained fairly constant when the
SPM concentration was higher than 20 mgL~" in May 2015 and January 2016 (Fig. 7d and f).

Discussion

Interplay between the Pearl River discharge and estuarine circulation. The physical processes in
the PRE demonstrate clear seasonality, with the dominance of freshwater in the wet season and seawater in the
dry season due to seasonal exchange between the southwesterly and northeasterly monsoon®. The PRE was a typ-
ical salt-wedge estuary in the wet season as saline water intruded into the estuary at the bottom and the freshwater
outflow dominated at the surface. The freshwater input stratified the water column during the wet season. In
comparison, the freshwater discharge declined dramatically, saline water from the SCS dominated in the estuary,
and strong vertical mixing occurred in the dry season.

During the study period, the PR discharge (the sum of three tributaries) varied from ~10,000 m?® s™! in January
2016 to ~13,700 m* s~! in May 2015 and ~13,400 m® s™! in August 2015. In January 2016, the PR discharge
(~10,000 m® s~1) was much higher than in a normal year (~2000 m? s!)?® due to large storm-induced river run-
off. This led to lower salinity in January 2016 (~8 psu) at the HM outlet (Station 4) than in a normal year (~12
psu)?, and a strong salinity front occurred in January 2016. Although the PR discharge was higher than normal
in January, the salinity distribution in the estuary among the three cruises was still reflective of seasonality. The
salinity decreased to ~0.7 psu at Station 4 in May 2015 and ~1.6 psu in August 2015 due to larger river runoff.
As shown in the contour plots of temperature, salinity and At calculated, the water column was stratified in the
estuary during May and August 2015 (Fig. 2).

Seasonality of nutrients, Chl a and suspended materials. Chl a, SPM and nutrient concentrations
varied significantly during our study periods in the PRE. Chl a levels in the estuary increased from January
to August and reached a maximum in August 2015 (Fig. 6, Table 1). The temporal variations in Chl 4 had an
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opposite pattern to those of SPM (Table 1), suggesting that phytoplankton growth was primarily light-limited,
since strong vertical mixing induced sediment resuspension and consequently reduced light levels in the water
column. Ho et al. (2010)* reported that low phytoplankton biomass was primarily attributed to strong vertical
mixing in coastal waters, which not only diluted phytoplankton biomass but also led to light limitation. The same
results were observed in the tropical Gulf of Carpentaria in winter*’. Hence, light limitation induced by strong
vertical mixing might be responsible for the lower Chl a level in the PRE in January 2016.

NO;— was the primary component of DIN in January and August, and ammonium was the primary compo-
nent in May 2015 in the estuary, which was similar to previous observations***!. In our cruise in May 2015, the
results of nitrogen isotope analysis suggested that local sewage with high levels of DIN and DIP was a significant
source of nutrients in the uppermost estuary (S < 3 psu) in May 2015%. The DIN and DSi loading to the estuary
was closely related to freshwater discharge, as indicated by the significant relationship between DIN and DSi vs.
salinity (Fig. 3).

Partitioning of P between dissolved and particle phases. The K, approach can be used to quantify
the partitioning of P between the particle and dissolved phase and evaluate its particle reactivity**. The logKj levels
are comparable to the 4.51-4.66 found in the Humber estuary and the 4.62 in the Amazon estuary**. A significant
correlation between K, with SPM concentrations in the PRE with relatively low levels of SPM (Fig. 7d-f) showed
that P was a highly particle-reactive element, and the particle concentrations regulated the particle-dissolved
interactions of inorganic phosphorus. Similar results were documented in other estuaries with low SPM levels®.
In contrast, the dependence of phosphate particle-dissolved interactions on SPM decreases in regions with high
SPM concentrations®.

Froelich (1988)° suggests that the adsorption of DIP by particles proceeds via a two-step mechanism. The first
step, adsorption/desorption on the surface, exhibits fast kinetics (minutes-hours). The second step involves the
diffusion of phosphate into the interior of particles and occurs over a much longer time-scale (days to months).
Morris (1990)*” notes that chemical processes within estuaries are unlikely to reach equilibrium if the kinetics
of reactions are slower than the water flushing time. The flushing time of the PRE is less than 3 days®®, similar
to the Tanshui Estuary (approximately 5 to 9 days)**, indicating that the phosphate adsorption/desorption pro-
cesses between dissolved and particulate phases in the PRE might not reach equilibrium, and phosphate should
mostly be adsorbed onto the surface of particles that settled out of the water column in the upper estuary with
low salinity due to the short flushing time. In the PRE, the SPM levels were closely related to hydrodynamics. In
spring and summer, phytoplankton uptake of DIP increased in the low estuary where high Chl a concentrations
were observed, converting DIP to PP in high-salinity (>15 psu) waters during spring and summer and resulting
in high LogK} (Fig. 7a-c).

Effect of the Pearl River discharge on phosphorus dynamics.  Temporal variations in river discharge
had a significant impact on both hydrodynamic conditions and the concentrations and composition of nutrients
and PP. In January 2016, the thorough vertical mixing resulted in higher concentrations of TPP than in May and
August 2015. In spring and summer, stratification not only reduced the resuspension of the SPM at the bottom,
but also favored the settlement of the SPM carried by the freshwater. This suggestion was supported by a consid-
erable decrease in the SPM concentration from 67mgL~! to 10mgL~! in May and from 21 mgL~"to 9mgL~'in
August 2015. The TPP delivered by the freshwater was settled with SPM in the uppermost estuary (S < 5 psu), as
indicated by a sharp decrease (3.29 uM) in the TPP concentration at the surface in the uppermost estuary (S <5
psu) in May 2015, and a decrease of 1.39 pM in August 2015 (Fig. 3).

As a result, the TPP concentration was low (~0.3 uM) in the water column, especially PIP. The TPP played a
limited role in relieving potential P limitation in the PRE even if the remaining TPP could be converted to DIP
in May and August. The TPP concentrations (on average 1.09 pM) in the PRE was comparable to some tropical
estuaries in Hainan Island in China (0.99 pM)*. The TPP levels were lower than in some estuaries that are sig-
nificantly affected by human activities, such as the Humber estuary (19.1 pM)** and the Yangtze River estuary
(3.02 M) .

In spring and summer, a reduction in the SPM enhanced the light levels in the water column, favoring the
phytoplankton growth and leading to high Chl a concentrations (Fig. 6). Therefore, the phytoplankton uptake
might cause the DIP drawdown. In this study, the two end-member mixing model was used to differentiate the
physically induced alterations in DIP from the biological uptake in the study area.

In May and August 2015, positive deviations were observed at most stations, while negative deviations
appeared in January 2016 (Fig. 8), suggesting that the DIP drawdown was caused by biological uptake in the
spring and summer while the DIP addition that occurred in winter was likely due to the replenishment of DIP
from the bottom induced by strong vertical mixing. Based on the estimate by the two end-member mixing model,
the biological uptake led to a DIP decline of 0.43 £ 0.37 pM in May and 0.56 £ 0.42 pM in August at the surface.
This was responsible for a sharp increase in the relative contribution of DOP to TDP and an extremely high ratio
of DIN:DIP in the high salinity waters (S > 15 psu) in May 2015 (Figs 3 and 4). According to the Redfield ratio
(106:1 molmol™!) of C:P, the carbon uptake by phytoplankton at the surface was estimated to be 547 ug C L™!
in May and 712 pg C L™! in August, respectively. In contrast, the replenishment of DIP from the bottom due to
strong vertical mixing resulted in an increase (0.34 £ 0.21 pM) in DIP in winter.

The DOP concentrations exhibited opposite seasonal pattern to the freshwater discharge. In January, there
was a clear gradient in the DOP concentration with increasing salinity. In August 2015, when high river discharge
occurred, the DOP concentration was very low (~0.15 M) in the lower estuary. These results implied that the
DOP mainly originated from local sewage in the uppermost estuary near the freshwater end-member, rather than
the river discharge. The low DOP levels in spring and summer were likely caused by the freshwater dilution and/
or the biological uptake. Phytoplankton utilize DOP as a P source to sustain their growth only when inorganic P
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Figure 8. The DIP concentrations versus salinity at the surface in the PRE in May 2015, August 2015 and
January 2016. The dashed line represents the theoretical mixing line between freshwater and seawater
endmembers in the plot of DIP vs salinity. The DIP deviation denotes the difference between the ambient DIP
concentrations and the DIP concentrations predicted by the two end-member mixing model. The dashed line
represents no deviation in DIP in the plot of DIP deviation vs salinity. The positive and negative deviations
represent the DIP drawdown was caused by biological uptake strong vertical mixing, respectively.

is deficient®!?. However, DIP concentration (~0.40 uM) in the lower estuary was higher than the threshold value
(0.1pM) to limit phytoplankton growth*! in August 2015. Hence, the DOP drawdown in summer was more likely
due to the freshwater dilution. Consequently, DOP played a limited role in reliving the P limitation of phyto-
plankton growth as an alternative phosphorus source in the wet season because of the low DOP concentration.

Conclusion

The Pearl River discharge plays an important role in regulating the dynamics of various P species. All types of
phosphorus (DIP: ~1.43 pM, DOP: ~0.49uM, TPP: ~1.50 M) were higher in winter due to the replenishment of
bottom phosphorus induced by strong vertical mixing and low biological utilization, compared to those in spring
and summer. In contrast, the Pearl River discharge input created stratification in the water column in spring and
summer, which not only restricted the replenishment of phosphorus in particulate and dissolved forms at the
bottom to the surface but also favored the settlement of SPM and increased light levels in the water column. As a
result, phytoplankton growth improved, leading to a DIP decline of 0.43 £ 0.37 pM in May and 0.56 & 0.42 pM in
August at the surface. As a result, phosphorus concentrations (DIP: ~1.07 pM, DOP: ~0.18 pM, TPP: < 1.00 uM)
were lower in spring and summer than those in winter. Our findings helped us to better understand processes
regulating phosphorus dynamics in the PRE.

Methods

Sampling and analytical methods. Three cruises were carried out during different seasons in May 2015
(spring), August 2015 (summer) and January 2016 (winter). For each cruise, 18 stations were visited, including
the HM Channel (the head of the estuary) in the upstream area to LDY (Fig. 1). Water temperature and salinity
were measured using a WTW MultiLine F/Set3 multi-parameter probe. Water samples were collected from the
surface and near bottom (~3 m above the bottom layer) waters using a 5-L polymethyl methacrylate water sam-
pler. In the study area, the wet season was from April to September, while the dry season was from October to
March.

The water samples for dissolved inorganic nitrogen, silicate, various P species and SPM were immediately
filtered through glass fiber filters (GF/F). The filters were used to determine PIP, TPP and SPM. The filtrate was
used to measure DIN, DSi and dissolved phosphorus. The filtrates and filters were immediately stored at -20°C
until analysis.

The determination of NO,— is based on the reaction of NO,— with an aromatic amine, and the product is
quantified by spectrophotometry*’. NO;— and NH, " were measured by the Cu-Cd column reduction method
and the indophenol blue color formation, respectively*?. The concentration of DIN is the sum of NO;~ NO,~ and
NH,". DIP was measured by the ascorbic acid method*?. TDP was measured as DIP after digestion of the sam-
ple with sodium persulphate in an autoclave (120°C for 0.5h)*. DOP concentrations were calculated from the
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difference between TDP and DIP. DSi was analyzed using molybdate, oxalic acid and a reducing reagent*’. The
analytical precision for NO,;~, NH,*, DIP, DSi and TDP was <5%.

TPP was measured using the methods described by Aspila et al. (1976)*. The filters were dried at 45 °C before
TPP, PIP and SPM were determined. The samples for TPP were combusted at 550 °C for 2h and then extracted
with 1 uM HCl for 16 h. The samples for PIP were extracted with 1 uM HCI for 16 h. TPP and PIP concentrations
were obtained by measuring DIP with a spectrophotometer after extraction. The analytical precision of TPP, PIP
and POP was <5%%. The concentration of POP was estimated by subtracting PIP from TPP. The TP was calcu-
lated as the sum of TPP and TDP. SPM was estimated by the weight difference of the GF/F filter before and after
filtration.

The Chl a was collected on a GF/F filter, extracted in 10 ml of 90% (v/v) acetone in the dark at 4°C for 14-24h,
and was then measured before and after acidification with 1 pM HCI using a Turner designs Trilogy laboratory
fluorometer*.

Two end-member mixing model.  The two end-member mixing model was based on mass balance equa-
tions for salinity and the fraction of two water masses.

fi+f=1

Sf, 4+ S,f, =S

where f; and f, were the fractions of the freshwater and seawater, respectively, and S, and S, were the salinity of
the two end-members, respectively. Hence, the specific phosphorus concentration (P,) predicted by the two
end-member model could be calculated as follows:

P, = Bf, + Bf,
where P, and P, were the specific phosphorus concentrations of the two end-members. If we defined
AP=P —N

where N represented the ambient phosphorus concentration in the water sample. AP was the difference between
the predicted value and the ambient value; a negative value of AP indicated the DIP addition, and a positive value
indicated DIP drawdown by biological uptake.

The freshwater end-member was obtained by averaging salinity and phosphorus concentrations at Station
1 over the three cruises. The seawater end-member was based on the salinity and phosphorus concentration at
Station 18 in January 2016. The salinity and phosphorus concentration were 0.17 psu and 2.09 pM, respectively,
for the freshwater end-member and 32.61 psu and 0.28 pM, respectively for the seawater end-member.

Partitioning coefficient for P.  The distribution coefficient (K) defines the ratio of the adsorbed or par-
ticulate concentration to dissolved concentration of a chemical constituent*® and is of fundamental significance
to understanding the geochemical and contaminant fluxes in estuaries and coastal waters. The interpretation of
solid-solution interactions can be quantified using the conditional distribution coefficient, K;*, given by:

Kd = Cp/Cd/[SPM]

where G, (w/w) is the concentration of PP in a given pool, such as organic, inorganic, or total P pools (all in uM);
C4 is the concentration of dissolved P in the organic, inorganic, or total P pool (all in uM); and [SPM] is the con-
centration of SPM. The K; approach has been widely used in previous studies to examine the partitioning or to
model phosphorus adsorption-desorption behavior or trace metal removal/adsorption in different environmental
settings!74647,

Statistical analysis. The p-value from the correlation analysis was derived from functions in SPSS. A
Pearson-test analysis was performed to determine significant differences (p < 0.05) between sample sets.

References
1. Froelich, P. N. Kinetic control of dissolved phosphate in natural rivers and estuaries: a primer on the phosphate buffer mechanism.
Limnology and Oceanography 33(4, part 4), 649-648 (1988).
2. Yin, K. D, Song, X. X., Sun, J. & Wu, M. C. S. Potential P limitation leads to excess N in the Pearl River estuarine coastal plume.
Continental Shelf Research 24, 1895-1907 (2004).
3. Bjorkman, K. M. & Karl, D. M. Bioavailability of dissolved organic phosphorus in the euphotic zone at station ALOHA, North
subtropical gyre. Limnology and Oceanography 48, 1049-1057 (2003).
4. Howarth, R. W. & Marino, R. Nitrogen as the limiting nutrient for eutrophication in coastal marine ecosystems: Evolving views over
three decades. Limnology and Oceanography 51, 364-376 (2006).
5. Hecky, R. E. & Kilham, P. Nutrient limitation of phytoplankton in freshwater and marine environments: a review of recent evidence
on the effects of enrichments. Limnology and Oceanography 33(4), 796-822 (1988).
6. Vilmin, L. et al. Impact of hydro-sedimentary processes on the dynamics of soluble reactive phosphorus in the Seine River.
Biogeochemistry 122, 229-251 (2015).
7. Boyer, L. A. et al. Polycomb complexes repress developmental regulators in murine embryonic stem cells. Nature 441, 349-353
(2006).
8. Karl, D. M. & Craven, D. B. Effects of alkaline phosphatase activity on nucleotide measurements in aquatic microbial communities.
Applied and Environmental Microbiological 40(3), 549-561 (1980).
. Nausch, M. & Nausch, G. Dissolved phosphorus in the Baltic Sea-Occurrence and relevance. Journal of Marine Systems 87, 37-46 (2011).

Nl

SCIENTIFICREPORTS | 7: 13649 | DOI:10.1038/541598-017-13924-w 11



www.nature.com/scientificreports/

10.
11.
12.
13.

14.
15.

16.
. Jensen, H. S., Bendixen, T. & Andersen, F. 9. Transformation of particle-bound phosphorus at the land-sea interface in a Danish

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44,

45,
. Lin, P, Klump, J. V. & Guo, L. D. Dynamics of dissolved and particulate phosphorus influenced seasonal hypoxia in Green Bay, Lake

47.

Yoshimura, T. et al. Distributions of particulate and dissolved organic and inorganic phosphorus in North Pacific surface waters.
Marine Chemistry 103, 112-121 (2007).

Nausch, M. & Nausch, G. Bioavailable dissolved organic phosphorus and phosphorus use by heterotrophic bacteria. Aquatic Biology
1, 151-160 (2007).

Nausch, M. & Nausch, G. Bioavailability of dissolved organic phosphorus in the Baltic Sea. Marine Ecology Progress Series 321,9-17
(2006).

Lenborg, C., Davidson, K., Alvarez-Salgado, X. A. & Miller, A. E. J. Bioavailability and bacterial degradation rates of dissolved
organic matter in a temperate coastal area during an annual cycle. Marine Chemistry 113(3-4), 219-226 (2009).

Follmi, K. B. The phosphorus cycle, phosphogenesis and marine phosphate-rich deposits. Earth Science Review 40, 55-124 (1996).
Jordan, T. E., Cornwell, J. C., Boynton, W. R. & Anderson, J. T. Changes in phosphorus biogeochemistry along an estuarine salinity
gradient: The iron conveyer belt. Limnology and Oceanography 53(1), 172-184 (2008).

Paytan, A. & McLaughlin, K. The oceanic phosphorus cycle. Chemical Reviews 107, 563-576 (2007).

estuary. Water, Air, and Soil Pollution: Focus 6, 547-555 (2006).

Compton, J. D. et al. Variations in the global phosphorus cycle. Marine authigenesis: From global to microbial. SEPM (Society for
Sedimentary Geology) Special Publication 66, 21-33 (2000).

Caraco, N, Cole, J. & Likens, G. E. A comparison of phosphorus immobilisation in sediments of freshwater and coastal marine
systems. Biogeochemistry 9, 277-290 (1990).

Harrison, P. J., Yin, K. D,, Lee, J. H. W, Gan, J. P. & Liu, H. B. Physical-biological coupling in the Pearl River Estuary. Continental
Shelf Research 28, 1405-1415 (yuan 23) (2008).

Huang, X. P,, Huang, L. M. & Yue, W. Z. The characteristics of nutrients and eutrophication in the Pearl River estuary, South China.
Marine Pollution Bulletin 47, 30-36 (yuan 42) (2003).

He, B. Y., Dai, M. H., Zhai, W. D. G. & Wang, L. F. Hypoxia in the upper reaches of the Pearl River Estuary and its maintenance
mechanisms: A synthesis based on multiple year observations during 2000-2008. Marine Chemistry 163, 13-24 (yuan 43) (2014).
Xu, J. et al. Phosphorus limitation in the northern South China Sea during late summer: Influence of the Pearl River. Deep-Sea
Research I 55,1330-1342 (2008).

Yin, K. D., Harrison, P. J., Broom, M. & Chung, C. H. Ratio of nitrogen to phosphorus in the Pearl River and effects on the estuarine
coastal waters: Nutrient management strategy in Hong Kong. Physics and Chemistry of the Earth 36, 411-419 (2011).

Lu, Z. M. & Gan, J. P. Controls of seasonal variability of phytoplankton blooms in the Pearl River Estuary. Deep Sea Research Part II:
Tropical Studies in Oceanography 117, 86-96 (2015).

Yin, K. D. & Harrison, P. J. Nitrogen over enrichment in subtropical Pearl River estuarine coastal waters: Possible causes and
consequences. Continental Shelf Research 28, 1435-1442 (2008).

Zhang, L. et al. Pore water nutrient characteristics and the fluxes across the sediment in the Pearl River estuary and adjacent waters,
China. Estuarine, Coastal and Shelf Science 133, 182-192 (2013).

Lin, H. et al. Spatio-temporal variability of nitrous oxide in a large eutrophic estuarine system: The Pearl River Estuary, China.
Marine Chemistry 182, 14-24 (2016).

Ho, A. Y. T. et al. Phytoplankton biomass and production in subtropical Hong Kong waters: influence of the Pearl River outflow.
Estuaries and Coasts 33, 170-181 (2010).

Burford, M. A. & Rothlisberg, P. Factors limiting phytoplankton production in a tropical continental shelf ecosystem. Estuarine,
Coastal and Shelf Science 48, 541-549 (1999).

Dai, M. H. et al. Oxygen depletion in the upper reach of the Pearl River estuary during a winter drought. Marine Chemistry 102,
159-169 (2008).

Ye, E, Ni, Z. X., Xie, L. H., Wei, G. J. & Jia, G. D. Isotopic evidence for the turnover of biological reactive nitrogen in the Pearl River
Estuary, south China. Journal of Geophysical Research: Biogeosciences 120, 661-672 (2015).

Fang, T. H. Partitioning and behaviour of different forms of phosphorus in the Tanshui Estuary and one of its tributaries, Northern
Taiwan. Estuarine, Coastal and Shelf Science 50, 689-701 (2000).

Prastka, K. E. & Malcolm, S. J. Particulate phosphorus in the Humber estuary. Aquatic Ecology 28, 397-403 (1994).

Hsu, M. H., Kuo, A. Y., Liu, W. C. & Kuo, J. T. A study of tidal characteristics, estuarine circulation and salinity distribution in
Tanshui River system (II). Report of National Science Council, Republic of China (1997).

Froelich, P. N. Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism.
Limnology and Oceanography 33, 649-668 (1988).

Morris, A. W. Kinetic and equilibrium approaches to estuarine chemistry. The Science of the total Environment 97/98, 253-266 (1990).
Yin, K. D,, Qian, P. Y., Chen, J. C,, Hsieh, D. P. H. & Harrison, P. ]. Dynamics of nutrients and phytoplankton biomass in the Pearl
River estuary and adjacent waters of Hong Kong during summer: preliminary evidence for phosphorus and silicon limitation.
Marine Ecology Progress Series 194, 295-305 (2000).

Li, R. H. et al. Nutrient dynamics in tropical rivers, lagoons, and coastal ecosystems of eastern Hainan Island, South China Sea.
Biogeosciences 11, 481-506 (2014).

Wang, W. L. et al. The distribution characteristics and influence factors of some species phosphorus in waters of the Changjiang
River Estuary in summer. Journal of Marine Science 27, 32-41 (2009).

Justi¢, D., Rabalais, N. N., Turner, R. E. & Dortch, Q. Changes in nutrient structure of river-dominated coastal waters: stoichiometric
nutrient balance and its consequences. Estuarine, Coastal and Shelf Science 40, 339-356 (1995).

Hansen, H. P. & Koroleff, E Determination of nutrients, in: Methods of Seawater Analysis, edited by: Grasshoff, K., Kremling, K. and
Ehrhardt, M., Weinheim, New York, Chiester, Brisbane, Singapore, Toronto, WILEY-VCH, 159-228 (1999).

Aspila, K. I, Agemian, H. & Chau, A. S. Y. A semiautomatic method for the determination of inorganic, organic and total
Phosphorus in sediment. Analyst 101, 187-197 (1976).

Parsons, T. R, Maita, Y. & Laili, C. M. A Manual of Chemical and Biological Methods for Seawater Analysis. Pergamon Press, Oxford
p.173 (1984).

Turner, A. Trace-metal partitioning in estuaries: importance of salinity and particle concentration. Marine Chemistry 54, 27-39 (1996).

Michigan. Science of the Total Environment 541, 1070-1082 (2016).
Yoshimura et al. Distribution of particulate and dissolved organic and inorganic phosphorus on North Pacific surface waters. Marine
Chemistry 103, 112-121 (2007).

Acknowledgements

Financial support for this research was granted by the National Key Research and Development Program (No.
2016YFA0601203), National Natural Science Foundation of China (No. 41476137, 41676075), Hundred Talent
Program of Chinese Academy of Sciences, and the Project of State Key Laboratory of Tropical Oceanography
(LTOZZ1504-1). We thank colleagues for their help with sampling.

SCIENTIFICREPORTS | 7: 13649 | DOI:10.1038/541598-017-13924-w 12



www.nature.com/scientificreports/

Author Contributions

R.L. performed the experiments and measured samples, and X.L. helped determine some samples. R.L., X.L., and
Z.S. collected samples. R.L. and ].X. contributed to the data analysis and manuscript writing. P.H. helped improve
the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 13649 | DOI:10.1038/541598-017-13924-w 13


http://creativecommons.org/licenses/by/4.0/

	Spatiotemporal Variability in Phosphorus Species in the Pearl River Estuary: Influence of the River Discharge

	Results

	Hydrographic properties. 
	Temporal variations of dissolved inorganic nitrogen and silicate. 
	Temporal and spatial variations of DIP, DOP and nutrient ratios. 
	Variability of PP. 
	Dynamics of chlorophyll a. 
	Variations in partitioning coefficient (Kd). 

	Discussion

	Interplay between the Pearl River discharge and estuarine circulation. 
	Seasonality of nutrients, Chl a and suspended materials. 
	Partitioning of P between dissolved and particle phases. 
	Effect of the Pearl River discharge on phosphorus dynamics. 

	Conclusion

	Methods

	Sampling and analytical methods. 
	Two end-member mixing model. 
	Partitioning coefficient for P. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Location map of the Pearl River estuary and sampling stations for the three cruises during 2015–2016.
	Figure 2 Horizontal distributions of temperature (°C) and salinity (psu) at the surface and the bottom in the PRE in May 2015, August 2015 and January 2016.
	Figure 3 Variations in the concentrations of NO3−, DIN, DSi, DIP, DOP, PIP, POP, TDP and TPP with salinity in the PRE at the surface and the bottom in May 2015, August 2015 and January 2016.
	Figure 4 Variations in the relative contribution of DIP to the TDP pool and the relative contribution of PIP to the TPP pool with salinity in the PRE from the surface and bottom samples during investigations.
	Figure 5 Horizontal distribution of nutrient ratios at the surface in the PRE in May 2015, August 2015 and January 2016.
	Figure 6 Horizontal distribution of chlorophyll a concentration (Chl a, μg L−1) at the surface and the bottom in May 2015, August 2015 and January 2016.
	Figure 7 The inorganic distribution coefficients logKd versus salinity (a–c) and the Kd versus the concentrations of SPM in the PRE (d–f).
	﻿Figure 8 The DIP concentrations versus salinity at the surface in the PRE in May 2015, August 2015 and January 2016.
	Table 2 The relationship between DIN and DSi vs.
	Table 1 Temporal variations in suspended particulate matter (SPM) and chlorophyll a (Chl a) concentrations in the Pearl River estuary during the study period.




