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Geochemical characteristics of phosphorus (P) in the surface sediments of the East China Sea shelf (ECSS) were
studied in spring and autumn, 2014. Distributions, seasonal variations, transformations and their influencing fac-
tors were discussed. Besides, burial fluxes of P in different seasons were also calculated. Five operationally de-
fined forms of P, namely exchangeable or loosely sorbed P (Ads-P), iron-bound P (Fe-P), authigenic P (Au-P),
detrital apatite plus other inorganic P (De-P) and organic P (OP),were obtained using a sequential extraction pro-
cedure. Generally, the concentrations of Ads-P, Fe-P, Au-P and OP decreased seaward and the concentrations of
De-P increased seaward in both seasons. In spring, the average concentrations of Ads-P, Fe-P, Au-P, De-P and
OPwere 13.8± 5.0, 21.9± 7.6, 148.5± 44.5, 153.1± 55.8 and 91.7± 21.5 μg g−1, respectively. The correspond-
ing concentrations in autumnwere 11.4± 4.3, 20.0± 10.9, 170.4± 53.6, 225.6± 101.7 and 77.1± 33.9 μg g−1,
respectively. The average percentages of P fractions in total P (TP) in spring and autumnwere both in the order:
De-P N Au-P N OP N Fe-P N Ads-P. The average concentrations of Bio-available P (Bio-P) were 127.4± 31.4 μg g−1

in spring and 108.5± 47.2 μg g−1 in autumn, accounting for 29.8%± 7.3% and 21.5%± 8.2% of corresponding TP,
respectively. Seasonal variations of the primary production, hydrodynamic conditions, hypoxia and other envi-
ronmental conditionswere responsible for the seasonal variations of different phosphorus forms. The calculation
of burialfluxes reflected that, inmost parts of the studied area, TP had relative high burialfluxes in autumn,while
Bio-P had relatively high burial fluxes in spring. The burial fluxes of other phosphorus forms also showed differ-
ent seasonal variations in different parts of the studied area.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Affected by human-induced excessive nutrient input, Chinese
coastal environments have experienced eutrophication, frequent oc-
currence of Harmful Algal Blooms (HABs), elevated productivity and
seasonal hypoxia in bottom water in recent decades (Yu et al., 2013;
Liu et al., 2015; Xing et al., 2015; Zhou et al., 2008, 2015). Sediment is
an important indicator ofmarine environmental changes (Meyers, 2003;
Schelske et al., 1988, 2006; Yu et al., 2013). Phosphorus (P), an important
biogenic element, plays an important role in the biological productivity
in marine environments (Benitez-Nelson, 2000; Song, 2010; Lui and
Chen, 2011; Yu et al., 2012; Samadi-Maybodi et al., 2013; Zhuang et al.,
2014). Its cycle is markedly affected by processes taking place in the
sediments and at the water–sediment interface (Fisher et al., 1982;
l Environmental Processes and
Research, Chinese Academy of
Ruttenberg and Berner, 1993; Van Raaphorst and Kloosterhuis, 1994;
Föllmi, 1996). Marine sediment not only has a buffering effect on the P
concentration in the overlying water, but also is an important source of
P in seawater (Giblin et al., 1997; Zabel et al., 1998). According to the
study of Fisher et al. (1982), sediments provided 28–35% of P needed
in the primary productivity of coastal marine ecosystems.

The East China Sea (ECS) is a typical epicontinental sea (Fig. 1). It has
been suffering from environmental deterioration in the rapid industrial-
ization and urbanization of China in the past few decades. Especially
since the late 1970s when China's reform and opening up began, a
high loading of industrial effluents, agricultural runoff and domestic
sewage as well as solid wastes from various human activities were
discharged into the ECS (Li and Daler, 2004; Liu et al., 2015). In recent
years, much attention has been paid to the P in sediments of different
ECS areas, mainly the Changjiang (Yangtze River) Estuary and its
adjacent waters owing to the enormous influence of the Changjiang's
discharges on the ECS's ecosystem, and a general understanding of its
basic geochemistry has been achieved. It has been reported that the
total concentrations of P in the surface sediments of the Changjiang
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Fig. 1. Locations of sampling sites in the East China Sea shelf. + indicates the locations of sediment samples collected in both spring and autumn;▲ indicates the locations of sediment
samples collected only in spring; ● indicates the locations of sediments samples collected only in autumn. The studied area was divided into five subregions according to the study of
Fang et al. (2007): (I) estuary, (II) inner shelf, (III) and (IV) middle shelf, and (V) outer shelf. Based on the principle of proximity, sites DH9-1, DH9-2, DH9-3, DH9-4, and DH9-5 were
classified into subregion II and sites DH10 and DH11 were classified into subregion V, respectively. The major currents in the East China Sea are schematically shown. CDW, ZFCC, TWC
and KC represent the Changjiang Diluted Water, the Zhejiang–Fujian Coastal Current, the Taiwan Warm Current and the Kuroshio Current, respectively.
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Estuary and its adjacentwaters variedwithin awide range and it existed
dominantly in inorganic forms (Fang et al., 2007; Yu et al., 2013; Meng
et al., 2014; Yang et al., 2015). The seaward decreasing trends of some P
forms revealed their terrestrial origins (Yu et al., 2013; Meng et al.,
2014; Yang et al., 2015), and the concentrations of bio-available forms
of P (Bio-P) in the northern part of the ECS were slightly lower than in
the Yellow Sea (Song and Liu, 2015). The results obtained from the anal-
ysis of a sediment core from the ECS inner shelf mud area indicated that
the geochemical information of detrital P (De-P) may provide insight
into the linkages between regional climate change and flooding events
in this region (Meng et al., 2015a).

However, studies on the seasonal variations of P in the surface sedi-
ments of the ECS have been largely ignored. The ECS has obvious sea-
sonal variation characteristics, including the seasonal variations of
freshwater discharge from coastal rivers, hypoxia outbreak time, nutri-
ent concentrations, chlorophyll a (Chl a) concentrations, the primary
production and so on (Chen et al., 2001, 2004; Rabouille et al., 2008;
Wang, 2009; Li et al., 2014). As P has close relations to these parameters,
there may be some seasonal variations for P in the surface sediments of
the ECS. Besides, knowledge about P in the sediments of the ECS was
mainly from the Changjiang Estuary and its adjacent areas, and few
studies have focused on P in the sediments of the other parts of the
ECS that is relatively far away from the Changjiang Estuary.

Therefore, this study aimed to investigate the concentrations and
geochemical fractionations of P in the surface sediments of the ECS
shelf (ECSS) generally between 25.5°N and 30°N based on the investiga-
tions of two cruises in spring and autumn, to analyze its seasonal varia-
tion characteristics and influencing factors, and calculate its burial fluxes.

2. Materials and methods

2.1. Study site and sample collection

The ECSS is bordered by Chinese mainland on the western side
(Fig. 1). It is a dynamic system governed by the riverine input and
currents (Fig. 1). The Changjiang, the third largest river in the world in
its length and runoff, is the major source of materials to the ECSS
(Fig. 1). The current system in the ECSS primarily consists of the
Changjiang Diluted Water (CDW), the Zhejiang–Fujian Coastal Current
(ZFCC), the Taiwan Warm Current (TWC), and the Kuroshio Current
(KC) (Zhu et al., 2011) (Fig. 1).

The eco-environment of the ECSS has many obvious seasonal varia-
tion characteristics. The discharge of Changjiang is highly seasonal with
its peak in summer and 75% of the river runoff occurring during the
flood/rainy season between May and October (Rabouille et al., 2008).
The hypoxia adjacent to the Changjiang Estuary, which is one of the
largest coastal low-oxygen areas in theworld (Chen et al., 2007), always
occurs in summer and its zone has increased in recent decades
(Rabouille et al., 2008; Wang, 2009). Wang et al. (2012) also noted
that the increasing trend of hypoxia would continue in next two de-
cades. The primary production in the coastal zone influenced by the
Changjiang ranges from 1.5 to 4.5 g C m−2 d−1 (Chen et al., 2004) dur-
ing summer. The high primary production is highly seasonal with
values falling to 0.04 g C m−2 d−1 during winter (Chen et al., 2001).
The nutrient levels in the Changjiang Estuary and the adjacent area gen-
erally peak during autumn andwinter (or in early spring), and the low-
est value usually occurs in mid-summer which is linked to the
phytoplankton growth (Li et al., 2014). The Chl a concentrations in the
Changjiang River Estuary and the adjacent area are high in summer
and low in autumnandwinter (Li et al., 2014). TheHABoutbreak timing
in the ECS has obvious seasonal variation (Li et al., 2014). During the
1980s, the peak of HABs for each year appeared in June to August. How-
ever, the frequency peak occurred from May to July in both the 1990s
and 2000s (Li et al., 2014).

Sediment samples of this study were collected by a stainless steel
box corer during two cruises carried out fromMay 22–June 11 (spring)
andOctober 18–November 30 (autumn), 2014 on board R/V Science I in
the ECSSwithwater depths generally b100m, extending approximately
from the east of Zhoushan Archipelago to the north of the Taiwan Strait
(Fig. 1). The top ~2 cm sediments were gathered with a plastic spatula
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from the center part of the sampler, kept in pre-cleaned polyethylene
bags and frozen until lab analysis.

2.2. Analytical methods

We employed the sequential extraction procedure reported in
Ruttenberg (1992) to determine different geochemical fractions of P.
The five operationally defined forms of P obtained through this scheme
were: (i) exchangeable or loosely sorbed P (Ads-P); (ii) iron-bound P
(Fe-P); (iii) authigenic P (Au-P); (iv) De-P which is the constituents of
detrital apatite plus other inorganic P; and (v) organic P (OP). The inor-
ganic P (IP) in sediments was calculated as the sum of the former four
forms of P, and the total P (TP) was the sum of all the P forms.

Freeze-dried samples were thoroughly ground, homogenized and
sieved through a 200 mesh screen. Then ~0.1 g of each sample was
weighed and loaded into a 50 ml centrifuge tube with 10 ml extraction
solutions to perform the sequential extraction scheme. Ads-P was ex-
tracted with 1 M MgCl2 (pH = 8.0). Fe-P was extracted with CDB
(0.22 M sodium citrate, 0.14 M sodium dithionite, 1.0 M sodium bicar-
bonate) (pH = 7.6). Au-P was extracted with acetate buffer (pH =
4.0). De-P was extracted with 1 M HCl. Finally, OP in the residual sedi-
ment samples was extracted with 1 M HCl after the samples were
ashed at 550 °C for 2 h. The detailed sequential extraction protocol has
been described by Ruttenberg (1992) and Samadi-Maybodi et al.
(2013). The concentration of P was determined by using an inductively
coupled plasma optical emission spectrometer (Optima 7000 DV,
PerkinElmer, USA) and the analytical conditions followed the report of
Gunduz et al. (2011).

The analytical data quality was guaranteed through the imple-
mentation of laboratory quality assurance and quality control
methods, including the use of standard operating procedures, analy-
sis of reagent blanks, and analysis of replicates. The precision of the
analytical procedures was expressed as the relative standard devia-
tion (RSD). The RSD of standard solution was better than 5%; all anal-
yses of samples were carried out in duplicate and the RSDs were less
than 3%, and the results were expressed as themean. Duplicates of 10
samples were alsomade in the sequential extraction process, and the
RSDs were less than 10%. All reagents were analytical or guaranteed
grade; all the labwares (bottles, tubes, etc.) were pre-cleaned by
soaking in 10% HNO3 (v/v) for at least 2 days, followed by soaking and
rinsing with de-ionized water. Detection limits, three times the stan-
dard deviation of 10 replicate measurements of reagent blank, were:
0.011 μg g−1 for Ads-P, 0.045 μg g−1 for Fe-P, 0.084 μg g−1 for Au-P,
0.047 μg g−1 for De-P and 0.009 μg g−1 for OP.

The sample granulometrywas analyzed using aMalvernMastersizer
2000 laser diffractometer capable of analyzing particle sizes between
0.02 and 2000 μm. The percentages of the following 3 groups of grain
sizes were determined: b4 μm (clay), 4–63 μm (silt), and N63 μm
(sand). Two aliquots of each freeze-dried, homogenized and ground
sample, one treated with 1 M HCl to remove carbonates and the other
not, were analyzed with an Elementar vario MACRO cube CHNS analyz-
er to determine carbon concentration. The result of the aliquot not acid-
treated was total carbon (TC) concentration, the result of the acid-
treated aliquot was total organic carbon (TOC) concentration, and the
total inorganic carbon (TIC) concentrationwas calculated by subtracting
TOC from TC.

3. Results

3.1. General characteristics of sediments

As shown in Fig. 2, the distributionpatterns of the grain size fractions
in the ECSS are similar in spring and autumn. Fine-grained sediments
predominated in the Zhejiang–Fujian coast, while coarser sandy sedi-
ments dominated the offshore areas (Fig. 2). The ternary diagram in
Fig. 3 categorized the surface sediments of the ECSS according to the
classification of Shepard (1954). It shows that the surface sediments
of the ECSS were predominantly composed of clayey silt, silt, sandy
silt and silty sand; only surface sediments of a few sites were composed
of sand (Fig. 3). The percentages of clay and silt fractions ranged from
2.2% to 28.6% with a mean of 15.3% ± 6.6% (mean ± SD) and 5.5% to
78.6% with a mean of 47.4% ± 22.0%, respectively, and the percentages
of sand fraction accounted for 0.3–92.4% with a mean of 37.3% ± 28.0%
(Fig. 2). The average concentrations of clay and silt fractions in spring
and autumnwere comparable and did not show obvious seasonal vari-
ations (data not shown), while the average concentrations of sand frac-
tion in spring and autumn showed an obvious change, with the average
concentration in autumn (39.9%± 28.6%) about 15% higher than that in
spring (34.8%± 27.5%). In the areawherewater depthwas b100m, the
increase of the average sand fraction in autumn was about 20%.

The TOC concentrations ranged from 0.15% to 0.75%with an average
of 0.52% ± 0.14% in spring, and a slightly narrower range of 0.17% to
0.75% with a relatively lower average of 0.43% ± 0.15% recorded for
TOC in autumn (Fig. 4a and c). The distribution pattern of TOC in the
ECSSwas generally similar in the two seasons (Fig. 4a and c), decreasing
from the estuarine-inner shelf to the outer shelf. This distribution pat-
tern corresponded to the trend of progressive seaward decline of fine-
grained fractions of sediments (silt + clay) (Fig. 2a, b, d and e), which
have a larger specific surface area than coarser fraction of sediments
(sand), providing themwithmore binding sites for the adsorption of or-
ganicmatter (Keil et al., 1994;Mayer, 1994). In summer, a large fraction
of particulate organic carbon transported by the Changjiang is deposited
off its Estuary; in winter, strong waves disturb the sediments and the
southwestward flowing ZFCC (Chen, 2008) moves the particulate or-
ganic carbon southwestwards along the Chinese coasts, thus forming
the high TOC band (Fig. 4a and c). The TIC concentrations in the ECSS
ranged from 0.41% to 2.61% in spring (1.10% ± 0.58% in average) and
0.69% to 2.17% in autumn (1.18% ± 0.38% in average) (Fig. 4b and d).
Its distribution patterns in spring and autumn were similar with sand
fraction, with relatively low concentrations in the coastal sea areas
and relatively high concentrations in the offshore sea areas (Fig. 2c
and f; Fig. 4b and d).

3.2. Total P and its forms

In terms of the TP concentrations, their variation range in the surface
sediments of the ECSS was from 324.0 to 810.4 μg g−1, whichwas com-
parable with or wider to some extent than those reported for the Bohai
Sea (322.4–616.9 μg g−1), the Yellow Sea (232.8–768 μg g−1), and the
Changjiang Estuary and its adjacent areas (300.7–689.8 μg g−1)
(Table 1). Nonetheless, the mean of TP in the ECSS was lower than
most of those reported values listed in Table 1. As the dominant compo-
nent of TP, IP concentrations in the surface sediments of the ECSS had a
comparable or wider variation range in contrast with those reported for
the other Chinese marine areas listed in Table 1, which was similar to
that of the TP, and themean of IP was lower than that of the Changjiang
Estuary and its adjacent areas but higher than those of the Bohai and
Yellow Seas.

TP and IP both had obvious seasonal variations, with their average
concentrations in autumn obviously higher than that in spring
(Table 1). Although the TP and IP concentrations in sediment have
been used to indicate the status of increased P input and eutrophication
in overlying waters (Schelske and Hodell, 1995; Hodell and Schelske,
1998), it is obvious that the geochemical fractionation of P could pro-
vide more environmental information such as potential bioavailability,
mobility and provenance than TP and IP do (Yu et al., 2013). Therefore,
the results of P based on the sequential extraction analysis will be
discussed in the following sections.

3.2.1. Exchangeable or loosely sorbed P
The concentrations of Ads-P in the surface sediments of the ECSS

were very low in both spring and autumn compared with the other



Fig. 2. Spatial variations of clay, silt and sand fractions of sediments in the East China Sea shelf in spring and autumn (unit: %).
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forms of P (Table 1). In spring, the concentrations of Ads-P ranged from
0.8 to 21.9 μg g−1 with a mean of 13.8 ± 5.0 μg g−1, which only
accounted for 0.2–4.9% of the TP concentrations (Table 1 and Fig. 5). In
autumn, the concentrations of Ads-P in the ECSS ranged from 5.4 to
20.4 μg g−1 with a slightly lower mean Ads-P value of 11.4 ±
4.3 μg g−1, which only accounted for 1.1–3.8% of the TP concentrations
(Table 1 and Fig. 5). Although the investigations were carried out in
Fig. 3. Ternary diagram showing the Shepard's classification and textures of the surface
sediments in spring and autumn.
different years and areas of the ECS, the concentrations of Ads-P obtain-
ed in this study on the whole corresponded well with the Ads-P values
reported in Yu et al. (2013) and Meng et al. (2014) (Table 1).

The spatial distribution patterns of Ads-P indicated that both in
spring and autumn high values were recorded in the western strip of
the studied area, and decreased gradually seaward (Fig. 6a and b). A dis-
tinct difference in the spatial distribution patterns of Ads-P in the two
studied seasons was that spring had a much smaller area with a low
value of b10 μg g−1 than autumn. The differences in the concentrations
of P forms between spring and autumn were calculated and plotted in
Fig. 7. As shown in Fig. 7a, relatively high concentrations of Ads-P in
spring almost occurred in the whole studied area except the areas
where the sand fraction was high (Fig. 2c and f).
3.2.2. Fe-bound P
Among the various types of natural particles, iron hydroxides and

oxides have the strongest adsorption capacity for P (Berner, 1973;
Zhuang et al., 2014). Fe-P percentages of TP were relatively higher
than Ads-P (Fig. 5). The concentrations of Fe-P ranged from 7.7 to
36.5 μg g−1 accounting for 1.6–8.3% of the TP in spring, and they ranged
from 7.6 to 42.2 μg g−1 accounting for 1.1–7.9% of the TP in autumn
(Table 1 and Fig. 5). Like the spatial patterns of clay, silt and Ads-P, con-
centrations of Fe-P also decreased seaward (Fig. 6c and d).

The average concentration of Fe-P in spring was comparable with
that in autumn (Table 1). However, it presented some distinguishing
differences in spatial features between spring and autumn. Relatively
higher concentrations of Fe-P occurred in the northern part of the stud-
ied area in spring (Fig. 7b), about 60% higher than in autumn. While in



Fig. 4. Spatial variations of TOC and TIC in the surface sediments of the East China Sea shelf in spring and autumn (unit: %).
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most of the remaining parts, relatively high concentrations of Fe-P were
found in autumn compared with those in spring.

3.2.3. Authigenic P
In spring, the concentrations of Au-P in the ECSS ranged from 28.0 to

250.7 μg g−1, which represented 7.0–56.5% of the TP concentrations
(Table 1 and Fig. 5). The concentrations of Au-P in autumn ranged
from 60.0 to 332.1 μg g−1, which accounted for 14.1–62.4% of the TP
Table 1
Comparison of the concentrations of different geochemical forms of P in the surface sedim
literature (μg g−1). It should be noticed that the sequential extraction methods used in th

Location Sampling time TP IP Ads-P

East China
Sea shelf

May–Jun., 2014 Range 324.0–499.6 222.8–423.2 0.8–21.9
Mean ± SD 429.0 ± 34.3 337.2 ± 38.1 13.8 ± 5.0

Oct.–Nov., 2014 Range 345.1–810.4 293.9–732.1 5.4–20.4
Mean ± SD 504.5 ± 97.3 427.4 ± 88.7 11.4 ± 4.3

Changjiang
Estuary and
its adjacent
area

naa Range 418.5–689.8 373.4–594.6 na
Mean 541.6 456.6 na

2006–2007 Range 300.7–674.3 259.2–590.6 na
Mean 521.1 422.2 na

May, 2009 Range 444.2–672.4 na 6.8–20.7
Mean 552.9 na 13.6

Jul.–Aug., 2011 Range 465.0–663.4 261–486 7.4–29.5
Mean 527.0 348 13.6

Bohai Sea 1998–1999 Range 322.4–616.9 252.3–523.9 na
Mean 505.9 400.4 na

Yellow Sea 1998–1999 Range 232.8–554.9 173.9–480.5 na
Mean 427.7 351.8 na

Southwest
Yellow Sea

2006–2007 Range 278–768 160–653 na
Mean na na na

a na: not available.
b BDL: below detection limit.
c A fraction called refractory P was separated from the OP pool in the work of Meng et al. (2
concentrations (Table 1 and Fig. 5). Relatively high concentrations of
Au-P were found in the Zhejiang–Fujian coast and the area off north-
eastern Taiwan where fine-grained sediments were located (Fig. 6e
and f; Fig. 2a, b, d and e).

Fig. 7c showed that the concentrations of Au-P in autumn were
higher than those in spring in almost the whole studied area except
the northern patch. The average concentration of Au-P in autumn was
about 15% higher than that in spring (Table 1).
ents of the present study and some other Chinese marginal seas that reported in the
e cited literature are not exactly the same as in our research.

Fe-P Au-P De-P OP Bio-P Reference

7.7–36.5 28.0–250.7 94.4–335.4 39.6–131.4 72.4–187.1 This study
21.9 ± 7.6 148.5 ± 44.5 153.1 ± 55.8 91.7 ± 21.5 127.4 ± 31.4
7.6–42.2 60.0–332.1 100.3–488.3 39.6–144.5 57.6–203.2
20.0 ± 10.9 170.4 ± 53.6 225.6 ± 101.7 77.1 ± 33.9 108.5 ± 47.2
na 16.4–54.9 289.9–533.5 33.8–182.3 na Fang et al.

(2007)na 31.0 380.4 85.2 na
na 42.2–135.2 157.8–419.4 23.6–176.1 61.7–301.3 Yang et al.

(2015)na 76.3 275.9 98.6 165.7
na 12.0–76.0 216.0–426.0 BDLb-11.6 68–250 Yu et al.

(2013)na 46.2 316.4 3.9 na
1.6–20.2 16.7–46.5 204.6–409.2 79.4–243.0 44.3–161.2c Meng et al.

(2014)13.3 28.5 293.0 178.7 111.5
na na na 21.1–208.0 na Liu et al.

(2004)na na na 105.9 na
na na na 7.8–146.6 na Liu et al.

(2004)na na na 76.2 na
na na na 3.4–267 na Hong et al.

(2010)na na na na na

014), and the concentrations of Bio-P in their paper did not contain this part of OP.



Fig. 5. Distributions of P in different geochemical fractions in the surface sediments of the East China Sea shelf in spring and autumn.
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3.2.4. Detrital P
On the whole, De-P was the most abundant form of P in the surface

sediments of the ECSS (Fig. 5), and this was consistent with the reports
of Fang et al. (2007) and Meng et al. (2014). In spring, the concentra-
tions of De-P ranged from 94.4 to 335.4 μg g−1, which accounted for
20.5–71.7% of the TP with a mean of 35.8%; in autumn, the concentra-
tions of De-P ranged from 100.3 to 488.3 μg g−1, which accounted for
19.6–70.7% of the TP with a mean of 44.3% (Table 1 and Fig. 5). The dis-
tribution pattern of De-P was contrary to that of Ads-P, Fe-P, Au-P and
OP but similar with that of sand and TIC, with relatively low values in
the inshore areas and relatively high values in the offshore areas of
the ECSS (Fig. 2c and f; Fig. 4c and d; Fig. 6g and h).

Fig. 7d showed that in most parts of the studied area, the concentra-
tions of De-P in autumnwere higher than in spring. This distinguishing
feature could also be easily seen from the difference in the average con-
centrations of De-P between the two seasons, which was 47% higher in
autumn than in spring (Table 1).
3.2.5. Organic P
OP was found to be the third dominant form of P after Au-P and

De-P, and its contribution to the total P pool was generally less than
30% (Fig. 5). In spring, the concentrations of OP in the surface sediments
of the ECSS ranged from39.6 to 131.4 μg g−1, which accounted for 9.5%–
31.2% of the TP; in autumn, its concentrations ranged from 39.6 to
144.5 μg g−1, accounting for 8.9%–26.6% of the TP (Table 1 and Fig. 5).
The concentrations of OP in the ECSS were comparable with that in
the Changjiang Estuary and its adjacent sea and the Yellow Sea
(Table 1; Liu et al., 2004; Fang et al., 2007; Yang et al., 2015). The sea-
ward decreasing spatial pattern was also found for OP in both spring
and autumn (Fig. 6i and j).

The average concentration of OP in the surface sediments of the ECSS
was higher in spring than in autumn (91.7 ± 21.5 μg g−1 in spring and
77.1 ± 33.9 μg g−1 in autumn; Table 1). This seasonal difference in OP
concentrations was also found in the southwestern Yellow Sea (Hong
et al., 2010) and the Bay of Seine (Andrieux and Aminot, 1997). The
greatest difference in OP concentrations between the two seasons was
found in the northeastern part of the studied area,where the concentra-
tions of OP in springwere about 50% higher than in autumn (Fig. 7e). At
the west edge of the studied area, the concentrations of OPwere higher
in autumn than in spring (Fig. 7e), which was also the case for Fe-P
(Fig. 7b).
3.2.6. Bio-available P
Ads-P in the sediment could be easily released into the water and

utilized by phytoplankton (Samadi-Maybodi et al., 2013; Zhuang et al.,
2014). Fe-P is considered to be an easily resolved constituent of sedi-
ments, since itmay varywith the change of environmental redox condi-
tions (Samadi-Maybodi et al., 2013; Zhuang et al., 2014). Au-P and De-P
have aminor contribution to the accumulation of P in the sediment pore
water or overlyingwater due to their low activities in the weak alkaline
aquatic environment (Sagher et al., 1975; Williams et al., 1980;
Andrieux and Aminot, 1997). OP is a bio-available form of P (Ruban
et al., 2001), because it is biogeochemically active and could mineralize
easily to primary producers' usable forms of P (Andrieux and Aminot,
1997; Zhuang et al., 2014).

Consequently, the concentration of Bio-P in the sediment is the sum
of the concentrations of Ads-P, Fe-P and OP. The concentrations of Bio-P
obtained in this study were comparable with those of previous studies
(Table 1; Yu et al., 2013; Yang et al., 2015). In spring, the concentrations
of Bio-P in the ECSS ranged from 72.4 to 187.1 μg g−1 with a mean of
127.4 ± 31.4 μg g−1, which accounted for 15.0–43.2% of the TP concen-
trations with a mean of 29.8% ± 7.3%; in autumn, the concentrations of
Bio-P ranged from 57.6 to 203.2 μg g−1 with a mean of 108.5 ±
47.2 μg g−1, accounting for 12.8%–38.2% of the TP concentrations with
a mean of 21.5% ± 8.2% (Table 1 and Fig. 5). The average concentration
of Bio-P in spring was 17% higher than that in autumn. Similar seasonal
variations of Bio-P could also be found in the study of Andrieux and
Aminot (1997). The spatial distribution pattern of Bio-P in both seasons
and their seasonal different patterns were most similar to those of the
OP (Fig. 6a–d and i–l; Fig. 7a, b, e and f), because, among Ads-P, Fe-P
and OP, OP was the dominant composition of Bio-P (Fig. 5).
3.3. Correlation and principal component analysis

Pearson correlation analysis and principal component analysis were
performed based on the data in spring and autumn, respectively.

The correlationmatrixwas shown in Table 2. The correlations for the
studied parameters in spring and autumn had both similarities and
differences. In both spring and autumn, all P species had significant
correlations with clay, silt and sand, with significant positive correla-
tions between De-P and sand, and between other P fractions and clay
and silt. This manifested that De-P concentrated in sand fraction,
while other P fractions concentrated in clay and silt fractions,



Fig. 6. Spatial variations of P forms in the surface sediments of the East China Sea shelf in spring and autumn (unit: μg g−1).
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Fig. 7. Spatial distributions of the differences between the concentrations of P forms in spring and autumn (unit: μg g−1).

48 F. Zhou et al. / Journal of Marine Systems 159 (2016) 41–54
which were also found in previous studies (Kaiserli et al., 2002;
Łukawska-Matuszewska and Bolałek, 2008; Yu et al., 2011, 2013;
Meng et al., 2014, 2015a; Zhuang et al., 2014). Ads-P, Fe-P and OP
showed significant positive correlations with TOC in both spring
and autumn, indicating their common sources. Ads-P showed signif-
icant correlations with Au-P and De-P only in spring. Au-P showed
significant correlations with OP and TOC only in autumn. The corre-
lations between TIC and Ads-P, Fe-P, Au-P and OP also changed in dif-
ferent seasons. The change of environment conditions between
spring and autumn may be responsible for these seasonal variations.

The principal component analysis (PCA), used to study the relation-
ships among measured parameters, facilitates a reduction in data and
characterization of a given poly-dimensional systemusing a small num-
ber of new variables (Loska and Wiechuła, 2003). In general, principal
components should account for approximately 75% of the total variance
(Morrison, 1967), and relevant components are those having eigen-
values N1 (Kaiser, 1960).
Table 2
Pearson correlation matrix for the grain size parameters, TOC, TIC and P species in the sedimen

Fe-P Au-P De-P OP

Spring Ads-P 0.796a 0.483b −0.780a 0.717a

Fe-P 0.490b −0.759a 0.678a

Au-P −0.649a 0.164
De-P −0.614a

OP
Autumn Ads-P 0.750a 0.314 −0.265 0.794a

Fe-P 0.598a −0.585b 0.873a

Au-P −0.448c 0.480b

De-P −0.314
OP

a P b 0.001.
b 0.001 b P b 0.01.
c 0.01 b P b 0.05.
In spring, three principal components (PC1–PC3) were identified in
the analysis and accounted for 84.3% of the total variance (Fig. 8a and b).
Principal component 1 (PC1) accounted for 55.7% of the data variance,
and had high positive loadings for the combined variables TOC, Ads-P,
Fe-P, Au-P, OP, Bio-P and fine-grained sediments (clay and silt)
(Fig. 8a), reflecting the importance of organic matter in the binding of
P fractions to fine-grained sediments. These correlations indicated that
sources are associated with terrigenous input and anthropogenic activ-
ities (Yang et al., 2015). Negative correlationswere found between sand
and PC1, and De-P and PC1, indicating the absence of organic matter ac-
cumulation in this type of sediment. Principal component 2 (PC2)
accounted for 17.6% of the total variance, and was characterized by
high levels of TP, IP and Au-P. This component showed that IP and Au-
P were the dominant species of P in the surface sediments of the ECSS
in spring. Principal component 3 (PC3), which explained 11.0% of the
total variance, was significantly positive to TIC and significantly nega-
tive to silt, indicating the absence of TIC in the silt fraction (Fig. 8b).
ts of the East China Sea shelf.

TOC TIC Clay Silt Sand

0.377a −0.078 0.704a 0.496b −0.561b

0.501b −0.264 0.707a 0.580b −0.628a

0.282 −0.248 0.448b 0.547b −0.541b

−0.635a 0.319 −0.717a −0.704a 0.729a

0.750a −0.340 0.811a 0.534b −0.617a

0.719a −0.521b 0.709a 0.588b −0.626a

0.915a −0.517b 0.822a 0.768a −0.793a

0.558b −0.408c 0.525b 0.604a −0.595b

−0.638a 0.237 −0.671a −0.732a 0.729a

0.837a −0.548b 0.731a 0.619a −0.655a
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In autumn, two principal components (PC1 and PC2) were distin-
guished and accounted for 82.1% of the total variance (Fig. 8c). PC1
accounted for 60.1% of the data variance. Like the PC1 in spring, PC1 in
autumn also had high positive loadings for the combined variables
TOC, Ads-P, Fe-P, Au-P, OP, Bio-P and fine-grained sediments (clay and
silt) (Fig. 8c), indicating the importance of organicmatter in the binding
of P fractions to fine-grained sediments whichwas a common phenom-
enon in different seasons. In autumn, PC2 accounted for 22.0% of the
data variance and was characterized by high levels of TP, IP and De-P.
Fig. 8. Loading plots of the measured parameters in the domain defined by two
components: PC1 versus PC2 and PC3 in spring, and PC1 versus PC2 in autumn.
This component showed that IP and De-P were the dominant species
of P in the surface sediments of the ECSS in autumn, which was some-
what different from that of PC2 in spring.

4. Discussion

4.1. Relationships between primary production and seasonal variations of
phosphorus

The nutrient input from the Changjiang fuels high primary produc-
tion in the adjacent coastal zone in spring and summer (Chen et al.,
2001, 2004; Rabouille et al., 2008; Li et al., 2014). It was reported that
high primary production could result in high concentrations of particu-
late OP (Liu et al., 2001; Chai et al., 2006; Yu et al., 2012) and sedimen-
tary OP (Andrieux and Aminot, 1997; Fang, 2000; Dunne et al., 2007;
González-Alcaraz et al., 2012; Li et al., 2014; Shao et al., 2014). As a re-
sult, relatively high OP concentrations occurred in surface sediments
of the northern part of the studied area in spring (Fig. 6i).

Some of OP in surface sediments does not accumulate for long pe-
riods (Andrieux and Aminot, 1997) and it can be partially biologically
utilized by mineralization and enzymatic hadrolysis (Rydin, 2000;
Zhang et al., 2008; Huo et al., 2011; Shao et al., 2014). Besides, the pri-
mary production in autumn is low (Rabouille et al., 2008) and therefore
low OP can be produced during autumn (Andrieux and Aminot, 1997).
This is the reasonwhy the concentrations of OPwere generally lower in
autumn than in spring (Fig. 7e).

Among the three forms of Bio-P (Ads-P, Fe-P and OP), Ads-P is un-
doubtedly the most labile form (Andrieux and Aminot, 1997). Ads-P
in the sediment can be easily released into water and utilized by phyto-
plankton (Chen et al., 2011; Samadi-Maybodi et al., 2013; Shao et al.,
2014; Zhuang et al., 2014). Reynolds (1976) indicated that owing to
the limited nutrient availability in the surface water after the consump-
tion by phytoplankton during summer, phytoplankton tended to grow
in deeper waters where nutrients were relatively abundant due to sed-
iment release. Jiang et al. (2008) also pointed out that organisms at the
bottom waters could stimulate P release from sediments. The depths of
the studied area were generally less than 100m (Fig. 1). As a result, or-
ganisms could easily reach the bottom waters in the studied area. The
utilization of P by organisms in deep waters (or bottom waters),
which could cause P release from sediments, may be the reason why
the concentrations of Ads-P in the surface sediments of the ECSS were
generally lower in autumn than in spring.

4.2. Relationships between summer hypoxia and seasonal variations of
phosphorus

Previous studies showed that the decomposition of organic matter
fueled hypoxia in the Changjiang coastal zone, while the sources of
these organic matters were still under debate (Chen et al., 2007; Wei
et al., 2007; Rabouille et al., 2008). High concentrations of organic mat-
ter usually accompanied high concentrations of OP (Andrieux and
Aminot, 1997). Seasonal variation of OP in this study could provide
some useful information to that debate.

Hypoxia occurs when oxygen consumption from the decomposition
of organic matters exceeds the replenishment of oxygen (Rabouille
et al., 2008). Wang et al. (2012) reported the annual cycle of hypoxia
off the Changjiang Estuary. The hypoxia begins to develop in late spring
and early summer, reaches its maximum in August, weakens in the au-
tumn and finally disappears in the winter (Wang et al., 2012). The lati-
tudinal location of the DOminimum can reach 27°N (Wang et al., 2012).
The relatively highOP concentrations in the northern part of the studied
area (north of 27°N) in spring did not occur in autumn (Fig. 6i and j).
This means that a proportion of OP (about 30%) in the surface sediment
of that area was decomposed during late spring and summer when the
hypoxic zone was formed and enlarged. Therefore, it could be inferred
that the decomposition of organic matter in the northern part of the
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studied area was responsible for the formation of the hypoxic adjacent
to the Changjiang Estuary. Besides the consumption of oxygen from
the organic matter decomposition, physical forcings (stratification, cir-
culation pattern in the region and residence time of the water in the
mixing zone) which limit oxygenation of bottom waters were also im-
portant factors in the formation of hypoxic off the Changjiang Estuary
(Wei et al., 2007; Rabouille et al., 2008; Wang, 2009). In late spring,
the combination of high CDW runoff, TWC and strong solar radiation
made a strong stratification in the northern ECSS (Wang, 2009). The de-
composition of organic matter consumed oxygen, while oxygen could
not be replenished due to the strong stratification in late spring. Then,
the hypoxic condition was formed in late spring, and enlarged in sum-
mer due to stronger stratification (Wang, 2009). Among the conditions
which resulted in hypoxia, the decomposition of organic matter in the
surface sediment was obviously the direct reason for the formation of
the hypoxic condition adjacent to the Changjiang Estuary.

A similar seasonal variation of Fe-P was also found in the northern
part of the studied area, with obvious decrease of Fe-P in autumn com-
pared with that in spring (Fig. 6c and d; Fig. 7b). According to the study
of Zhou et al. (2001), Fe-P can be released from the surface sediment
when anoxic conditions prevail at the sediment–water interface. The
hypoxia adjacent to Changjiang Estuary may ultimately lead to anoxia
where oxygen completely disappears (Rabouille et al., 2008). Therefore,
the summer hypoxia adjacent to the Changjiang Estuary was responsi-
ble for the decrease of Fe-P in the northern part of the studied area. Sim-
ilar seasonal variations of Fe-P and similar influencing factors could also
be found in the study of Andrieux and Aminot (1997).

4.3. Relationships between hydrodynamic conditions and seasonal
variations of phosphorus

The Changjiang is the third largest in the world (~6300 km in
length), and the annual sediment discharge has been reported as ~-
4.8 × 108 metric tons, which is ranked the fourth globally (Milliman
and Meade, 1983). About 40% of the sediments are trapped in the estu-
ary, and the rest are transported into the neighboring continental shelf
of the East China Sea (Milliman et al., 1985; Shen, 2001). It is generally
agreed that most of the Changjiang-derived sediments are carried
southward along the Zhejiang–Fujian coast under the influence of
southward-flowing coastal currents (ZFCC) and deposited west of
123°E because of the barrier effect of the northward flowing Taiwan
Warm Current (Milliman et al., 1985; Liu et al., 2010). Relatively high
concentrations of Ads-P, Fe-P and OPwere found in the inner continen-
tal shelf of the East China Sea (west of 123°E) in both spring and autumn
(Fig. 6a–d, i and j). This indicated that theyweremainly of terrestrial or-
igin. Similar conclusion were also drawn in previous studies (Ruban
et al., 2001; Yu et al., 2013; Shao et al., 2014;Menget al., 2015b). The off-
shore areas of the ECSSwith relatively low concentrations of Ads-P, Fe-P
and OP in the surface sediments may result from the relatively weak in-
fluence of the CDW and the ZFCC but relatively strong influence of the
TWC and KC (Fig. 1; Fig. 6a–d, i and j).

Summer and autumn are the rainy seasons for the southeastern
China (Rabouille et al., 2008; Wang and Ding, 2008). Strong rainfall
could cause strong surface runoff and then much terrigenous materials
could be brought into the coastal area of the ECSS. Therefore, seasonal
variations of terrigenous materials in the surface sediment of that area
could be expected. The concentrations of Fe-P in the southern part of
the studied area were generally higher in autumn than in spring and
the largest increase of Fe-P in autumn was found in the coast of the
ECSS (DH4-1, Fig. 1; Fig. 7b). There was also an obvious increase of OP
in autumn in the coast of the ECSS (Fig. 7e). These phenomena con-
firmed our expectation that strong rainfall during summer and autumn
could influence the seasonal variation of phosphorus fractions in the
coast of the ECSS.

Strong resuspension of surface sediment occurred in autumn and
winter in the East China Sea (Yu et al., 2012; Li et al., 2014). This
hydrological process is likely a factor that changed the sediment grain
size composition in autumn compared with spring in the ECSS, for our
data indicated that the average percentage of sand fraction sediment
in autumn in relative shallow waters (b100 m) was obviously higher
than that in spring (34.4% ± 26.7% in spring and 41.1% ± 28.4% in au-
tumn; Fig. 2c and f). As aforementioned, De-P concentrated in coarse
sediments, which meant that the coarser the sediments were, the
higher concentrations of De-P the sediments had. Therefore, it is under-
standable that the average concentration of De-P in the surface sedi-
ments of the ECSS in autumn was higher than in spring. Meng et al.
(2015a) reported that the peak concentrations of De-P in the core sed-
iments of the ECS inner shelf correspondedwell with theworst flooding
events of the Changjiang in the history. This means that increased rain-
fall, which always leads rivers into flooding, could result in the increase
of De-P concentrations in sediments owing to the fluvial transport of
terrestrial matter. Therefore, the increase of De-P concentrations in
the surface sediments of the ECSS in autumnmay also be partially relat-
ed to the influence of strong precipitation in summer and autumn in
southeastern China.

4.4. Transformation of phosphorus

The molar ratio of TOC to OP (TOC/OP) in marine sediments can re-
flect the influence of terrestrial organic matter inputs (Redfield et al.,
1963; Ruttenberg and Goñi, 1997; Meng et al., 2014). Generally,
carbon-to-P content ratios of terrestrial plants are much higher than
those of the marine primary producers (Wang et al., 2010; Sardans
et al., 2012). According to the study of Ruttenberg and Goñi (1997),
TOC/OP higher than the Redfied ratio, i.e. 106 (Redfield et al., 1963),
are usually attributed to the dominance of terrestrial sources. In addi-
tion, it has been reported that preferential regeneration of P relative to
carbon also could lead to this (Ingall and Jahnke, 1997; Schenau and
de Lange, 2001; Sekula-Wood et al., 2012). In this study, the spatial dis-
tribution of TOC/OP indicated that, in both seasons, most parts of the
studied area (except the area where sand fraction was high) had higher
values of TOC/OP (N120) (Fig. 9a and c). The evidence in Xing et al.
(2011) and Li et al. (2012) suggests that organic matter in sediments
of the ECSS were mainly marine-derived. Therefore, preferential loss
of P relative to carbon during organic matter decomposition, which
was also supported by the evidence in Meng et al. (2014), seems more
responsible for the spatial distribution feature of the higher TOC/OP
values occurring in most parts of the studied area. The values of TOC/
OP in the surface sediment of the ECSS were in the ranges of 52–205
in spring and 52–238 in autumn with the mean of 148 ± 28 and
154 ± 41, respectively. As mentioned in the previous parts, relatively
low mean values of TOC and OP were recorded in autumn compared
with spring. It could be concluded that the extent of preferential loss
of P relative to carbon during organic matter decomposition in the
ECSS sediment was greater in autumn than in spring.

As reported, TOC/OP ratios of marine phytoplankton are close to the
Redfield ratio 106 (Redfield et al., 1963). If the sedimentary phytoplank-
ton could not be degraded, the TOC/OP ratios in marine surface sedi-
ments should also be close to 106. However, part of organisms could
be degraded during their settlement or during the short periods after
their settlement (Andrieux andAminot, 1997;Meng et al., 2014). There-
fore, a wide range of TOC/OP values was found in the marine surface
sediments (Meng et al., 2014; Fig. 9a and c). As OP could be more bio-
available after its mineralization (Andrieux and Aminot, 1997), Ads-P
and/or Fe-P may be produced if the mineralized P was not released
into water column directly. According to previous studies, nutrient con-
centrations peak in autumn and winter when Chl a concentrations are
low (Li et al., 2010; Li et al., 2014). This phenomenon indicates that
the mineralized P in sediments could be stored for some time and that
kind of P may be Ads-P and/or Fe-P. That is to say, the ratio of TOC/
Bio-P inmarine surface sedimentswhichhasmany newly settled organ-
ismsmaybemore close to the Redfield ratio than the ratio of TOC/OP. As



Fig. 9. Spatial distributions of TOC/OP and TOC/Bio-P molar ratios in the surface sediments of the East China Sea shelf in spring and autumn.
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a result, TOC/Bio-P ratio was calculated in this study to compare with
TOC/OP ratio. In spring, TOC/Bio-P ratios ranged from 45 to 154, with
an average value of 106 ± 21; in autumn, TOC/Bio-P ratios ranged
from 43 to 145, with an average value of 108± 25 (Fig. 9b and d). Com-
pared with the ratios of TOC/OP in spring and autumn and TOC/Bio-P in
autumn in this study, the ratios of TOC/Bio-P in spring in most parts of
the studied area were relatively close to the Redfield ratio (Fig. 9).
This result generally agreed with our expectation. Therefore, it could
be deduced that a proportion of OP could degrade into Ads-P and/or
Fe-P and some of these newly derived P could be stored in the sediment
in spring; in autumn, these newlyderived P could be partly released into
water column. This deduction was also in agreement with our afore-
mentioned viewpoint that Ads-P could be released into water in au-
tumn due to the utilization of P by organisms. The increase of Fe-P in
autumn in the southern part of the studied area may be partly related
to the transformation of OP (Fig. 7b and e).

Au-P is composed of things like biological apatite (including bones,
teeth, she fragments), CaCO3 incorporated phosphate and carbonate
fluorapatite precipitating from interstitial solutions (Sekula-Wood
et al., 2012; Samadi-Maybodi et al., 2013). The ECSS is an importantfish-
ery andmariculture area in China (Yang et al., 2015). High Au-P concen-
trations likely originated from the detritus of marine organisms
(Zhuang et al., 2014; Yang et al., 2015). Comparedwith the primary pro-
duction in spring and summer, the primary production in autumn in the
ECSS was relatively low (Rabouille et al., 2008) which indicated mass
mortality of organisms in autumn. The settlement of large quantities
of biogenic skeletal debris may partly contribute to the increase of Au-
P in autumn (Table 1; Fig. 7c). The average concentration of OP in spring
was about 20% higher than that in autumn (Table 1). According to pre-
vious studies, phosphate derived from OP may precipitate into Au-P
(Cha et al., 2005; Fang et al., 2007; Meng et al., 2015a). This manifested
that besides the direct settlement of biogenic skeletal debris, the trans-
formation of OP which was produced during spring and summer was
another source for the increase of Au-P in autumn. The significant pos-
itive correlations between Au-P and OP, and Au-P and TOC in autumn,
which were different from that in spring (Table 2), could also support
this viewpoint.

Considering the aforementioned information that part of OP could
degrade into Ads-P and Fe-P in spring and part of Au-P was derived
fromOP in summer and autumn, we deduced that part of OPwas firstly
transformed into Ads-P and Fe-P and later Au-Pwas formed.Meng et al.
(2014) also pointed out that Au-P had relatively slow formation rate.

Based on the above analysis, the integrated situation about the sea-
sonal variations of P fractions in the ECSS could be concisely described
as follows. Inmost parts of the ECSS, relatively high primary production
resulted in generally high concentrations of sedimentary OP in spring.
Some of the newly derived OP decomposed into Ads-P and/or Fe-P in
a short time, which could be stored in sediment over a certain period
of time. Compared with the total amount of OP deposited in spring,
the amount of OP which could be decomposed in a short time was rel-
atively small. Most of the newly deposited OP was decomposed during
late spring and summer, leading to an obvious decrease of sedimentary
OP in autumn. The sedimentary OP mineralization during late spring
and summer needed much oxygen. However, the northern part of the
studied area became stratified in late spring and summer and the oxy-
gen could not be completely replenished, leading to hypoxia in bottom
waters and surface sediments. Someof Fe-P could be reduced and trans-
formed into other forms of P, which was the reason for the decrease of
Fe-P in autumn in the northern part of the studied area. Owing to the
limited nutrient availability in the surface water after the consumption
by phytoplankton during summer, phytoplankton tended to grow
in deeper waters where nutrients were relatively abundant due to
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sediment release. Therefore, some of Ads-P could be released in order to
keep balancewith the P inwater column, thus resulting in generally low
concentrations of Ads-P in autumn. Au-P increased in autumn because
of the direct settlement of biogenic skeletal debris and the transforma-
tion of OP. De-P also increased in autumn, which could be derived
from the strong surface sediment resuspension in autumn in the ECSS
or the strong precipitation in summer and autumn in southeastern
China. The relatively high concentrations of Fe-P and OP in autumn in
the coastal areas of the ECSS could also be related to the strong precip-
itation in summer and autumn in southeastern China.

4.5. Burial fluxes

Previous studies calculated the burial fluxes (BF) of P usually based
on the P concentrations from one cruise or the average concentrations
from several cruises (Fang et al., 2007; Song and Liu, 2015; Yang et al.,
2015). From the results obtained in this study, different P fractions
and total P all had obvious seasonal variations and these variations
were different in different P fractions and different parts of the studied
area (Table 1; Fig. 7). Previous calculated BF cannot reflect the BF infor-
mation for P in different seasons. Therefore, we attempted to calculate
the BF of different P (BFi) in different seasons and different parts of
the studied area to get more knowledge about the BF of P in the ECSS.

The BFi (μg cm−2 yr−1) were generally calculated based on the fol-
lowing formula (Ingall and Jahnke, 1994; Fang et al., 2007; Yang et al.,
2015):

BFi ¼ Ci �ω

where Ci (μg g−1) is the concentrations of different P fractions in surface
sediments, and ω (g cm−2 yr−1) is the sediment mass accumulation
rate. Based on the work of Huh and his colleague (Huh and Su, 1999;
Su, 2000; Su and Huh, 2002), Fang et al. (2007) divided the ECSS into
five subregions according to the reported ω data and gave the average
value of ω in each subregion (Table 3). As shown in Fig. 1, subregion I
is estuary area, subregion II is inner shelf area, subregions III and IV
are middle shelf area and subregion V is outer shelf area (Fang et al.,
2007). Given that the sediment mass accumulation rate in spring and
autumn in this study could not be obtained for limited data and the
studied area of Fang et al. (2007)was similarwith this study,we divided
the studied area in this study intofive subregions according to Fang et al.
(2007) and assumed that theω in spring and autumn in each subregion
were equal to that of Fang et al. (2007). Based on the principle of prox-
imity, sites DH9-1, DH9-2, DH9-3, DH9-4 andDH9-5were classified into
subregion II and sites DH10 and DH11 were classified into subregion V,
respectively. Then,we used the averageω in each subregion (Fang et al.,
2007; Table 3) and the average P concentrations in each subregion ob-
tained in this study to calculate the BFi. The BF of TP (BFTP) was also cal-
culated for the comparison with previous data.

Table 3 shows the values of the parameters used in the calculation
and the calculated results. Taking the spring and autumn as a whole,
the calculated values of the BF for TP in the subregions I–V were
370.4, 137.5, 163.5, 120.7 and 36.0 μg cm−2 yr−1, respectively, which
were comparable with the data reported by Fang et al. (2007). On av-
erage, the BF for TP in the whole studied area in autumn was about
20% higher than that in spring. In both spring and autumn, the BF
of different P forms in subregion I all had the highest values com-
pared with that of other subregions (Table 3), which were mainly
due to the highestω in that subregion (Table 3). The average concen-
tration of Ads-P in each subregion decreased in autumn compared
with that in spring, resulting in the decrease of BFAds-P in each subre-
gion in autumn (Table 3). The BF of Fe-P decreased in most parts of
the ECSS in autumn, except the Zhejiang–Fujian coast (Table 3),
reflecting that in autumn relatively high concentrations of Fe-P
were transported and then settled down in that area. The BF of Au-
P increased obviously in subregions I, II and IV in autumn and did
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not show obvious seasonal variations in subregions III and V, indicat-
ing that relatively high biodetritus were produced and settled down
in autumn in the inshore areas of the ECSS. The BF of De-P increased
obviously in all the subregions in autumn, which was caused by the
increase of average De-P concentration in each subregion. The BF of
OP decreased obviously in subregions I, III and V in autumn, but did
not show clear seasonal variations in subregions II and IV. The BF of
Bio-P, i.e. the sum of Ads-P, Fe-P and OP, showed similar seasonal
variations with the BF of OP. Generally, the BF of different P forms
showed different seasonal variations in the ECSS.
5. Conclusions

Previous studies focused on the concentrations, compositions, spa-
tial distributions and controlling factors of phosphorus (P) in the East
China Sea. In this study, we analyzed the seasonal variations of P in
the surface sediments of the East China Sea shelf (ECSS).

The concentrations of total P in the surface sediments of the ECSS
ranged from 324.0 to 499.6 μg g−1 in spring and ranged from 345.1 to
810.4 μg g−1 in autumn, which were comparable with those reported
for the Bohai Sea, the southwestern Yellow Sea, and the Changjiang
Estuary and its adjacent areas. The average concentration of total P in
autumn (504.5 ± 97.3 μg g−1) was 17% higher than that in spring
(429.0 ± 34.3 μg g−1).

Generally, the concentrations of Ads-P, Fe-P, Au-P and OP decreased
seaward and the concentrations of De-P increased seaward in both sea-
sons. In spring, the average concentrations of Ads-P, Fe-P, Au-P, De-P
and OP were 13.8 ± 5.0, 21.9 ± 7.6, 148.5 ± 44.5, 153.1 ± 55.8 and
91.7 ± 21.5 μg g−1, respectively. The corresponding concentrations in
autumn were 11.4 ± 4.3, 20.0 ± 10.9, 170.4 ± 53.6, 225.6 ± 101.7
and 77.1 ± 33.9 μg g−1, respectively. In both spring and autumn, the
percentages of P fractions in TP were in the order: De-P N Au-
P N OP N Fe-P N Ads-P. The average concentrations of Bio–P were
127.4 ± 31.4 μg g−1 in spring and 108.5 ± 47.2 μg g−1 in autumn, ac-
counting for 29.8% ± 7.3% and 21.5% ± 8.2% of corresponding TP, re-
spectively. Correlation and principle component analysis showed that
there were both similarities and differences for the relations among pa-
rameters studied in different seasons.

Concentrations of Ads-P were generally higher in spring than in au-
tumn. In autumn, phytoplankton tended to utilize P in bottom waters,
which could cause the release of P from sediment. This may be respon-
sible for the seasonal variations of Ads-P in the surface sediments of the
ECSS. The seasonal variation of Fe-P in the ECSSwas complex. Terrestrial
inputs, summer hypoxia and transformations of P contributed to that
phenomenon. The increase of Au-P in the ECSS in autumn was related
to the transformation of P and the settlement of biogenic skeletal de-
bris. Strong resuspension of surface sediment in autumn in the ECSS
and the strong precipitation in summer and autumn in southeastern
China may be responsible for the increase of De-P concentrations in
autumn in the ECSS. Seasonal variations of the primary production,
summer hypoxia, terrestrial inputs and transformation of P were re-
sponsible for the seasonal variations of OP in the surface sediments
of the ECSS.

Burial fluxes calculation manifested that total P generally had high
burial fluxes in autumn, while Bio-P generally had high burial fluxes in
spring. The burial fluxes of different P forms had different seasonal var-
iations in different parts of the studied area.
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