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Assessing the contribution of
atmospheric transport to
phosphorus in the East China
Sea using the oxygen isotope
In phosphate

Xiuyi Zhao", Rongxiang Tian™!, Wuhu Feng?® and Zhan Jin*

tSchool of Earth Sciences, Zhejiang University, Hangzhou, China, 2National Centre for Atmospheric
Science, School of Earth and Environment, University of Leeds, Leeds, United Kingdom

Phosphorus is an important nutrient for the growth of marine organisms. External
inputs of phosphorus can lead to changes in the primary productivity and may
trigger harmful algal blooms. However, few studies have focused on the
atmospheric transport of phosphorus to the ocean. We measured the oxygen
isotopes in phosphate (6180p) and quantitatively determined the contribution of
phosphate from atmosphere sources using seawater samples from the East
China Sea, a two-component mixing model and a Bayesian isotope mixing
model. Our results showed that the §0, value retains the signal of the
original source and can be used to trace the source of phosphate. The main
sources of phosphate in the northeastern East China Sea were from atmospheric
inputs, with the contribution of terrigenous phosphate accounting for 56 — 78%
of the total. Our findings highlight the importance of the atmospheric transport
of phosphate to the ocean, which is important for exploring the mechanisms of
harmful algal blooms and in disaster prevention and mitigation.

KEYWORDS
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1 Introduction

The East China Sea (ECS), an area rich in marine resources, is the main fishing ground
of China. However, this region is affected by the frequent occurrence of harmful algal
blooms, which not only pose a huge threat to marine organisms, especially those living in
coastal aquaculture areas, but also cause huge economic losses and even endanger human
health. Phosphorus both affects the primary productivity and participates in biochemical
processes. The ECS is a phosphorus-restricted area (Liu et al.,, 2003; Huang et al., 2019) and
the input of phosphorus into the ocean in this region will intensify eutrophication, leading
to harmful algal blooms. Previous research on phosphorus has focused on its effects on
phytoplankton growth (Li et al., 2007; Zhou et al., 2022) and there have been few analyses
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of the different sources of phosphorus in the ECS, although these are
important in exploring the mechanism of harmful algal blooms.
Research on the source of the phosphorus in the ESC have mainly
focused on rivers (Wang et al., 2017), sea-sediment exchange and
adjacent sea areas (Chen and Wang, 1999; Wang et al., 2018), with
few studies of the atmospheric inputs.

The input of phosphate from the atmosphere accounts for a
significant part of primary production during spring and summer
(Markaki et al., 2003; Izquierdo et al., 2012) and has an important
impact on the growth and composition of phytoplankton in coastal
waters (Ridame and Guieu, 2002; Tian et al, 2018). Phosphate
reacts with acidic gases during transport in the atmosphere, which
increases the rate at which it is converted into soluble forms that can
be absorbed by marine organisms. This increases the rate of
transport of bioavailable phosphorus (phosphate) to the ocean,
where it increases the primary productivity (Tipping et al., 2014;
Myriokefalitakis et al., 2016). Studies on the atmospheric sources of
phosphorus have mainly focused solely on the atmosphere (Zhang
et al., 2007; Chen and Chen, 2008) and few reports have considered
the amount of atmospheric phosphorus in seawater in the ECS.

The source of phosphorus in water and its biogeochemical cycle
have been studied using stable isotopes. Phosphorus has only one
stable isotope (31P), which is difficult to work with, but each
phosphorus atom in the phosphate group is closely bound to four
oxygen atoms (Elsbury et al, 2009; Young et al., 2009). The
exchange of oxygen isotopes between phosphate and water in
ecosystems can be ignored without biological mediation (Lecuyer
et al., 1996; Blake et al., 1997; Paytan and McLaughlin, 2011) and
the oxygen isotope of phosphate (SlsOp) can used to reflect the
isotopic composition of the phosphate source and to trace the
source of phosphate in water samples (McLaughlin et al., 2004).
81801, is a relatively stable and reliable tool, but there have been few
systematic studies of 8180P in the waters of ECS, and 5180p has
seldom been used to systematically analyze the source of phosphate
in the ECS.

We used 8'°0,, to analyze the potential sources of phosphate in
the ESC and quantified the contribution of different sources to this
phosphate via modeling. These results will assist in understanding
the mechanism of harmful algal blooms in the phosphorus-
restricted ECS and may be helpful in the control of harmful
algal blooms.

2 Materials and methods
2.1 Sample collection and analysis

The National Natural Science Foundation of China carried out a
scientific investigation as part of the shared spring voyage of the
research ship Xiangyanghong 18 in the ECS in May 2020 (Figure 1).
The main sources of phosphate were determined in the area
(120.93-125.9°C E, 26.08-32.35°C N). Salinity and temperature
were recorded using a Sea-Bird Scientific 911 CTD (conductivity-
temperature-depth) and surface seawater samples were collected at
49 stations.
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Magnesium-induced coprecipitation (Karl and Tien, 1992;
Thomson-Bulldis and Karl, 1998) was used to enrich the dissolved
inorganic phosphorus in the seawater samples before extraction using
the method of Tcaci et al. (2019). About 0.5 mg of the resultant Ag;PO,
was weighed, packed into a silver cup, compressed to remove any gases
and then placed in an autosampler. The SISOP of the sample was
determined using a Thermo Scientific FlashEA 1112 HT Elemental
Analyzer combined with a Thermo Scientific MAT 253 isotope ratio
mass spectrometer (with a precision of + 0.2%) and repeated at 10-
sample intervals. A standard silver phosphate sample was analyzed for
calibration after every ten samples to ensure the accuracy and stability
of the measurement results. The original phosphate oxygen isotope
values were calculated using Isodat software and corrected with
standard silver phosphate (Figure 2). We drew a map of the surface
water currents in the ECS during the survey from May 12 to 31, 2020
using data from https://search.earthdata.nasa.gov.

2.2 Data analysis

2.2.1 Two-component mixing model

The §'°0,, values in seawater are affected by the mixing of water
masses with different phosphate concentrations. McLaughlin et al.
(2006) introduced a two-component mixing model for the analysis
of water masses that control phosphate concentrations to calculate
the 8'°0, mixing value:

Jatfo=1 (1)
faSa + foS6 = S (2)
5, = [(fax Cax8)+(1~fu) X Cy X 8] 3)

[(fax C+(A-f) x Gy

where f, and f;, are the proportions of freshwater and seawater,
respectively; S, and S, are the salinity of these two sources; S,,, is the
salinity of the research station; C, and C, are the phosphate
concentrations of the two sources; 8, and §, are their §'°0,
values; and 8, is the calculated §'°O,, value of the mixed sample.

If the phosphate is fully utilized by living organisms, then §'°0,,
reaches the theoretical equilibrium value, which can be calculated as
(McLaughlin et al., 2006):

8'%0p, = (0.142 x S — 4.20) — [=HL4] (4)

where 8180Pe is the theoretical equilibrium value, S is the
salinity of the research station and T is the temperature of the
research station.

Assuming that the phosphate in the research area is controlled
only by water mixing from the selected two sources, then the
measured §8'°0, value should be distributed along the end-
member mixing line. If the biological cycle of phosphate is
completely involved, then §'°0,, value should be distributed near
the theoretical equilibrium line. The input of other potential
phosphate sources can cause significant deviations from the
mixing and equilibrium lines (Ayliffe et al., 1992; Young et al,
2009). Values below the mixing and equilibrium line indicate the
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FIGURE 1

Sampling roadmap for the East China Sea, May 18-28, 2020. The dots are sampling sites, the numbers are their serial numbers.
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presence of a phosphate source with a lower 5180P value, whereas
values above the mixing and equilibrium line indicate the presence
of a phosphate source with a higher §'°0,, value, and values are
between the two lines indicate the existence of inadequate
phosphate cycling. The deviation of the §'°0, value from the
theoretical equilibrium line is used to determine the bioutilization
of phosphate. If phosphate is not fully utilized by organisms, then
the 8'°0,, value will deviate from the theoretical equilibrium line
and the 8'%0, value will reflect the characteristics of the source
region. By contrast, if the §'°0, is close to the theoretical
equilibrium line, then this indicates that phosphate has been fully
utilized by marine organisms.

2.2.2 Bayesian isotope mixing model

We selected a Bayesian isotope mixing model run in the R
software package (Stable Isotope Analysis in R, SIAR) to quantify
the source of phosphate in the sea (Parnell et al., 2010; Parnell et al.,
2013). We assumed that there were two sources of phosphate:
terrestrial (atmospheric input and diluted water from the Yangtze
River) and seawater. We selected three stations that were terrestrial
sources with a low salinity (S00-1, S00-2 and SF-1) (Figure 3),
through which diluted water from the Yangtze River flowed, then
we calculated their mean and standard deviation of SISOP values.
For the seawater source, three stations (S04-4, S05-4 and S05-6)
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with high salinity in the path of the Taiwan warm current were
selected to represent seawater sources of phosphate. The SIAR
model was expressed as follows (Parnell et al., 2010):

k
> Prqir(Si + ci)
X = k=1k— +€5 (5)
> Pk
k=1
sic” N @3) (6)
¢k N4 1}%) (7)
€; N(0,07) (8)

where Xj;: phosphate oxygen isotope value j in seawater i sj:
emission source k on phosphate oxygen isotope j; normally
distributed with mean ; and variance wﬁ(; cj: enrichment
factors for phosphate oxygen isotope j on source k; normally
distributed with mean A; and variance 1']%(; px: contribution
proportion of emission source k, estimated by the model; gj:
concentration of phosphate oxygen isotope j in emission source k;
€j: residual error, describing additional inter-observation variance
not described by the model, O.jz estimated by the model.
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FIGURE 2

Flow chart for enrichment and extraction of dissolved inorganic phosphorus in seawater. DIP, dissolved inorganic phosphate; MAGIC, Magnesium-

induced coprecipitation.

3 Results

3.1 Temperature and salinity of
surface seawater

We studied the salinity and temperature of the water masses
in the ECS. The surface temperature of the ECS is high in the
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FIGURE 3

south and low in the north (Figure 3A). The sea surface
temperature in south of the outer Yangtze River estuary was
>21°C due to the influence of the northward-spreading Taiwan
warm current and the central salinity was<28 due to dilution by
low-salinity water from the Yangtze River (Figure 3B). The
salinity was higher (>33) in the southeastern ECS (Figure 3B)
where the main water masses were the Taiwan warm current and
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Horizontal distribution of (A) surface temperature and (B) salinity in the East China Sea in May 2020. The red rectangles represent areas of high sea

surface temperature and salinity.
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surface water from Kuroshio. The salinity of the sampling
stations ranged from 28.13 to 34.46, showing the characteristics
of mixing seawater and freshwater. Nutrients from terrigenous
sources (atmospheric deposition and river transportation) were
therefore also taken into consideration.

3.2 Two-component mixing model

Input from rivers or atmospheric deposition and adjacent sea
transportation were used as terrestrial and seawater end-members,
respectively, to construct the §'*0,, end-member mixing model. Site
S00-1 with the lowest salinity (28.13) was selected as the terrestrial
end-member and site S04-4 with the highest salinity (34.46) was
selected as the seawater end-member.

The 8'°0, value deviated from the equilibrium value
(Figure 4), indicating that the phosphate present was not being
fully utilized by organisms and retained the source signal, which
could therefore be used to trace the source of phosphate. Some of
the 818Op values deviated from both the equilibrium value and the
two end-member mixing values, falling between these two lines.
This suggests that the phosphate in the study area was a mix of
terrestrial waters and seawater and was partially, utilized by
organisms. The §'°0, value reflects the characteristics of the
source region. A small number of the §'°0, values fell on
the two end-member mixing line, indicating that some of the
phosphate in the study area was a mix of the two end-member
sources and had not been biologically modified. Some of the §'°0,,

10.3389/fmars.2023.1202077

values fell below the mixing line, indicating an input with a lower
8180P value—that is, a terrigenous source. This source was most
likely from the atmosphere because these sites were far from any
fluvial input.

3.3 Source analysis of the phosphate in
surface waters of the ECS

Figure 5 shows that the §'°0O,, values ranged from 5.1 to 18.7%o,
with the minimum value at site S02-4 (Figure 5, red star) and the
maximum at site SF-3 (Figure 5, black star). The change in §'°0,
was small in the S00 section (Figure 1), with a low value (14.0%o) at
site S00-2, suggesting that the source of phosphate at this site might
be different from other sites in this section. However, in section SO01,
the 8'°0,, value decreased gradually with the distance offshore and
was much smaller than in section S00. In general, the river water
had low 8'°0O,, values and seawater had high §'°0,, values (Davies
etal,, 2014), suggesting a non-marine source of water (lower §'°0,)
in the offshore area of section SO1. The main source of phosphate
could be atmospheric transportation if we exclude the diluted water
from the river and adjacent waters. The §'°0,, values were lower in
section in S02, with minimum values of 5.1%0 and 7.6%o at sites
802-4 and S02-8, respectively. The §'°0, values in section S03
decreased with distance from the shore, with a value of 7.6 %o at site
S03-3. These lower 518Op values were detected in the area where the
Taiwan warm current flowed through and no high §'°0, value
seawater was present, indicating that the source of 8'°0,, in this area

o
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--_‘__._-_..--

—— Equilibrium §'30p

0 T T T T

Two end-member mixing
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o_.:‘_..~--!“:“ e
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FIGURE 4

The derived §'°0,, end-member mixed model of surface water in the East China Sea from May 19 to 28, 2020. The dotted line denotes the end-
member value of §'°0,, the solid line denotes the theoretical equilibrium line of §°0,, and the dots denote the §'®0y, of each sampling site.
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Horizontal distribution of 820, in the surface waters of the East China Sea from May 19 to 28, 2020. The red star indicates the site with the
minimum &80, value and the black star indicates the site with the maximum §'®0,, value.

was non-marine waters with lower SISOP values. Marine
phosphates typically have §'°0,, values between 19 and 26%o as a
result of biological processing (Shemesh et al., 1983; Colman et al.,
2005). Atmospheric transport is not restricted by hydrodynamics
and therefore may be the main source of low 8'°0, values in
this section.

The 8'°0, values in sections S04 and S05 were the opposite of
those in section SO1. The 8'°0,, values of section S05 were higher
than those of section S04 on moving further offshore. The main
source of phosphate in these two sections was the branch of the
Taiwan warm current and the Kuroshio current. Combined with
the analysis of the horizontal distribution of salinity and
temperature (Figure 3), these results suggest that the main source
of phosphate in section S00 could be diluted water from the Yangtze
River, whereas the main source of phosphate in sections S04 and
S05 was the Taiwan warm current. This is consistent with the
division of the water masses based on temperature and salinity.
However, abnormally low values of SISOP were measured in
sections S01, S02 and SO3 and there was a large difference
between the different water masses. We suggest that these sections
were influenced by inputs from the atmosphere. The main sources
of phosphate in the survey area were therefore inputs from the
atmosphere and transport from adjacent sea areas. A few stations
were affected by diluted water from the Yangtze River.
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4 Discussion

4.1 Contributions of potential sources to
phosphate

We constructed a mixed model of two end-member based on
the measured values of 818Op. From previous models, we
established that there were contributions of phosphate to the
study area from both the atmosphere and adjacent sea areas. We
discuss here the contribution of phosphate from the Yangtze River
diluted water and the upward transport of phosphate from seafloor
sediments in the ECS.

4.1.1 Diluted water from the Yangtze River

Diluted water from the Yangtze River flowed into the
northeastern ECS from May 12 to 21, 2020 ((top panel in
Figure 6). After expanding northeast to the ECS, it then passed
through the waters around Jeju Island, South Korea. From May 22
to 31, 2020, diluted water from the Yangtze River was transported
northeast to the southwestern South Yellow Sea, consistent with
Chang and Isobe (2003). Diluted water from the Yangtze River
mainly flowed through section S00 and part of section SO01 in the
survey area from May 17 to 21, 2020. There were low values of

frontiersin.org
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FIGURE 6
Surface water currents in the East Chiba Sea during the sea survey from May 12 to 31, 2020. The gray arrows indicate the main direction of the
ocean currents off the Yangtze river estuary. The black dots are the survey sites.

8'%0, in the area from the Yangtze river estuary to Jeju Island.
These values were in the range of the characteristic values of rivers
and groundwater (9.2-16.4%o) (Young et al., 2009), indicating that
these stations were affected by diluted water from the Yangtze River.
The isotopic values of a few sites in section SO0 were higher than the
characteristic values of rivers, indicating the presence of phosphate
from seawater. This area was affected by the South Yellow Sea
current during the sampling period (May 18-19, 2020) (Figure 6).
We therefore suggest that diluted water from the Yangtze River was
the major contributor of phosphate in this sea area, with individual
sites affected by waters from the South Yellow Sea.
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4.1.2 Upward transport from seafloor sediments
Sites S02-3, S02-4 and S02-5 had relatively low 8'°0, values,
with the lowest value of 5.1%o at site S02-4. These low 8'°0,, values
were not due to transport from the adjacent seas. These low 8'°0,,
values at sites were also not due to inputs from seafloor sediments
because the §'°0, value of the deep ocean (>200 m depth) is 17.4—
25.4%0 (McLaughlin et al., 2004; Colman et al., 2005; McLaughlin
et al,, 2013). The change in temperature with depth at each station
showed vertical stratification in the ECS (Figure 7)—that is, the
upper layer of seawater had a high temperature and a low density,
whereas the lower layer of seawater had a low temperature and a
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Variation of temperature with depth in each survey section. The sampling sites for each section locations are shown in Figure 1.

high density. This resulted in low rates of convection and blocked
the upward transport of nutrients from the ocean floor. This
conclusion is consistent with the work of Shi et al. (2004).

4.2 Contribution of different sources of
phosphate to the ECS

There were two main sources of phosphate in the study area: (1) a
terrestrial source (atmospheric deposition and dilute water from the
Yangtze River); and (2) a seawater source (seawater from adjacent
areas and seafloor sediments). We used the SIAR model (Parnell
et al,, 2010; Parnell et al,, 2013) to analyze the contribution of these
two sources to the phosphate measured in each section during the
survey (Figure 8). The terrestrial source was the main contributor to
phosphate in section S00, where it was responsible for 72% of the
measured phosphate. Diluted water from the Yangtze River is the
dominant process for section S00. The 8'°0, values were lower in
section SO1, which was further offshore. The terrestrial source
accounted for about 72% of the phosphate in section SO1 based on
the STAR model (Figure 8), suggesting that atmospheric inputs were
the main source of phosphate here. Both the terrestrial source and
seawater were important influencing factors in sections S02 and S03.
The terrestrial source made a higher contribution (56%) in section
S02. We suggest that the phosphate in section S02 was mainly from
atmosphere deposition. Seawater made a larger contribution to the
phosphate in section S03, which was affected by the flow of the
Taiwan warm current. The contribution of marine water to
phosphate was greater in sections S04 and S05, which were both
influenced by the Taiwan warm current. The SF sites were located in
waters that were diluted by freshwater from both the Yangtze River
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and coastal currents, and it accounted for 78% of contribution from
terrestrial sources to phosphate except for station SF-4 (affected by
the Taiwan warm current). Sites S12, S23, S34 and S45 were far from
the shoreline and the phosphate at these sites was mainly sourced
from the Taiwan warm current. Table 1 lists the contribution rates of
the different sources of phosphate in each section.

5 Conclusions

We used characteristic values of §'°0,, to analyze the sources of
phosphate in the East China Sea. The experimental results and STAR
model emphasized the importance of inputs of phosphate from the
atmosphere in some surface waters of the ECS. Our main
conclusions are as follows.

(1) The 8'°0,, in the ECS retained the signal of its origin and
could be used to trace the source of phosphate. The main
source of phosphate in the northeastern ECS was the
atmosphere, whereas the primary source of phosphate in
the southwestern ECS was the Taiwan warm current. A few
stations were affected by diluted water from the Yangtze
River.

(2) Diluted water from the Yangtze River flowed to the
northeastern ECS, affecting a few stations in this region
during the ship survey. The stratification of water in spring
blocked the upward transport of nutrients from the
seafloor.

(3) Terrigenous phosphate contributed 56-78% of the overall
input of phosphate in the northern waters of the ECS.
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FIGURE 8

Contribution of terrestrial and seawater sources to different sections in the East China Sea. TW, terrestrial source; SW, seawater source

Marine phosphate accounted for 56-63% of the total input
of phosphate in the southern waters of the ECS.

Note that atmospheric transport had an important influence on

phosphate in the ECS. However, the phosphate collected daily from
aerosol samples by the medium flow particulate sampler was below the
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detection limit of the instrument and the analysis of §'°O, in the
aerosol samples could not be completed. The concentration of
chlorophyll a was<7.610 mg/m’ at all stations except SO1-1—that is,
no large-scale harmful algal bloom was detected during the ship survey
and the analysis of 8'°O,, in algal samples could not be completed. This
deficiency will be improved in future research. Our findings will help to
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TABLE 1 Main sources of phosphate in different sections in the East China Sea, May 2020.

Section

Main source of phosphate (contribution rate, %)

Distribution of §'%0,,

S00 Terrestrial (72) 5‘80p increases with distance from the shore

S01 Terrestrial (72) 58'%0,, decreases with distance from the shore (atmospheric input)
SF Terrestrial (78) Small BISOP in coastal waters

S02 Terrestrial (56) Small 8“‘0P in the Taiwan warm current region (atmospheric input)
S03 Seawater (56) Small 6180}, in the Taiwan warm current region (atmospheric input)
S04 Seawater (62) 51801, increases with distance from the shore

S05 Seawater (63) 8180p increases with distance from the shore

S12 Seawater (63) Large 8'°0, in the Taiwan warm current region

improve future exploration techniques targeting the important
influence of atmospheric sources on harmful algal blooms in the
ECS and provide ideas for research into harmful algal blooms in
phosphorus-restricted waters worldwide.
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