Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 99-112
https://doi.org/10.1007/s13131-023-2235-1
http://www.aosocean.com

E-mail: ocean2@hyxb.org.cn

Phosphorus speciation, transformation and benthic processes
with implications for environmental impacts in the aquaculture

area of Rushan Bay
Yao Feng!f, Jun Liul> #*%, Aijun Zhang!, Yibin Wang!, Lu Wang?, Zongqing Lv!, Xiangbin Ran' 2

1 Marine Ecology Research Center/Key Laboratory of Marine Eco-Environmental Science and Technology, First
Institute of Oceanology, Ministry of Natural Resources, Qingdao 266061, China

2Laoshan Laboratory, Qingdao 266237, China

Received 13 March 2023; accepted 27 June 2023
© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Phosphorus (P) is an essential nutrient for many organisms in the ocean, which plays a central role in the stability
of ecosystems and the evolution of the environment. The distribution, occurrence and source-sink process of P in
offshore waters are highly influenced by mariculture activities. P transformation in water-sediment system is the
key process in P cycling, however, the mechanism is poorly documented in the coastal sea which is influenced by
human activities. Based on the comprehensive surveys in the adjacent waters outside Rushan Bay in May, July
and August 2014 and February 2015, the form and transformation of P in the suspended particulate matter (SPM)
and surface sediment were analyzed. The results showed that contents of total P, authigenic P and organic P of
SPM increased with the increase in distance from the shoreline off Rushan Bay, and the detrital-P decreased. The
partition coefficient of P between water and SPM was related to the chemical activity of different forms of P, and a
higher reactivity of inorganic P associated with SPM was observed. Hypoxia induced by mariculture changes the
distribution and morphological composition of P in SPM and sediment in this typical aquaculture area, which can
result in a conversion of sink to source of P in the sediment, thereby having a significant impact on the regional

nutrient budget and associated with eutrophication.
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1 Introduction

Phosphorus (P) is the main limiting nutrient in most environ-
ments and plays a key role in maintaining the stability of marine
ecosystems (Duhamel et al., 2021). With the economic develop-
ment and enhanced human activities, a large number of land-
based pollutants enter the coastal sea, thereby changing the level
and structure of nutrients in the offshore waters worldwide. Dif-
ferent from other macro-nutrient elements such as nitrogen (N),
P has high particle reactivity and is mainly present in colloidal
and granular forms in the natural water. The changes in the oc-
currence of P are the key factors affecting P cycling. Different
forms of P have different bioavailability, which is likely to cause
changes in different water environments (Defforey and Paytan,
2018; Duhamel et al., 2021). Previous studies have also found that
total P (Tot-P) cannot completely predict the potential benthic
flux or chemical activity of sediment as an internal load P source,
and the insight of occurrence of different P loading in sediment is
thus more critical than its bulk abundance (Asmala et al., 2017;
Ballagh et al., 2021; Liu et al., 2022).

The interaction between sediment and water body mainly
controls the P biogeochemical process. Sediment is a key sink of
P in many marine systems by burying a certain amount of partic-

ulate P. At the same time, sediment regulates the P level in water
through resuspension, early diagenetic process, and bottom in-
terface diffusion (Leote and Epping, 2015; Liu et al., 2020), these
above processes are largely controlled by the dissolved oxygen
(DO) level in the water environment (Lin et al., 2016) and also
serves as the source of P for water column.

Previous studies have found that cage culture could acceler-
ate organic matter pollution and eutrophication in aquaculture
waters (Islam, 2005; Zhang et al., 2022; Go et al., 2023), and the
biogeochemical cycle of P in the mariculture area was different
from that in other coastal area due to its difference in source
(Zhang et al., 2022; Dong et al., 2022). The potential ecological
impact of regional P cycle changes thus needs further study.
However, the major processes of P cycle in the mariculture area
are unclear.

Rushan Bay and its offshore area are an important economic
shellfish culture area with extensive tidal flat, fertile water quality
and clay silt as the main substrate. High density breeding may
enhance water deoxygenation, which would inevitably affect re-
gional P cycle (Wang et al., 2009; Liu et al., 2016), especially un-
der seasonal low oxygen conditions. This research chooses an
offshore area of Rushan Bay, a typical nearshore culture zones in
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Shandong Peninsula, and sampled in different seasons consider-
ing seasonal hypoxia. The major objectives are: (1) explore the
major transformation processes of P between water and sedi-
ment; (2) evaluate the effect of DO level on P cycling in maricul-
ture environment. This study would provide a scientific basis for
environmental management in the typical aquaculture area.

2 Materials and methods

2.1 Study area

Rushan Bay (36°44'-36°52'N, 121°25'-121°37E) is located in
the coastal area of the southern Shandong Peninsula, and con-
nected to the South Yellow Sea. Rushan Bay is a half closed shal-
low bay, and the water mass in the study area is affected by the
Yellow Sea Coastal Current (Liu et al., 2016). The main river in
the study area is the Rushan River, with a total length of about
64 km (Liu et al., 2015). The depth of the study area off Rushan
Bay ranges from 5 m to 30 m (Fig. 1) with a fairly frequency water
exchange and great influence of water environment from the
Rushan Bay.

Rushan Bay including its adjacent coastal area is an import-
ant economic shellfish aquaculture area. With the development
of industry, agriculture and aquaculture in recent years, the large
amount of N and P nutrients input has led to a series of changes
in the water quality and environment, such as the obvious trend
of eutrophication (He et al., 2017) and seasonal hypoxia in the
coastal area of Rushan Bay (Liu et al., 2016).

2.2 Sample collection and pretreatment

In May (spring), July (summer), August (summer) 2014 and
February (winter) 2015, four comprehensive surveys were con-
ducted in the adjacent waters of Rushan Bay. The sampling sta-
tions are shown in Fig. 1. The temperature (7), salinity (S) and
DO of the site were obtained using a thermosaline-deep multi-
parameter water quality analyzer (JFE Co. Ltd, AAQ122, Japan).
Water samples were collected by Niskin collector at the surface
(the surface depth was generally set at 0.5 m below water surface)
and near the bottom layer (2 m above seabed). DO was titrated
using the Winkler method using a Coulomb Titrino (Metrohm,
877 Titrino Plus, Switzerland).

A certain volume of the bottom water sample was filtered with
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a 0.45 pm pore size polyethersulfone filter (PES filter) (presoaked
with a volume ratio of 1:1 000 HCI for 24 h, washed with Milli-Q
to neutral, dried and weighed at 45°C). We separated the filtrate
using polyethylene bottles (the sample bottles were soaked in 1:5
HCI for more than 48 h, and then washed several times with
Milli-Q water to neutral) and frozen them at —20°C before nutri-
ent determination. Another certain volume of filtrate was di-
vided into 10 mL polystyrene bottles (soaked in 1:5 HCI for more
than 48 h in advance, cleaned with Milli-Q water to neutral), and
acidified with pure nitric acid to pH<1, stored at 4°C for analysis
of dissolved Fe and Mn. In addition, a certain volume of the
overlying water sample was filtered with GF/F filter membrane.
The membrane samples were quickly protected from light and
freeze-dried for the analysis of chlorophyll a (Chl @) in water. The
25 L bottom water was filtered by 0.45 pum acetate fiber filter
membrane (pretreatment was the same as the PES filter above) to
collect deposited/suspended particulate matter (SPM). The filter
volume of the water sample was recorded and the membrane
was placed in a membrane box and frozen (-20°C) for determin-
ation of particulate P form, total organic carbon (TOC) and total
organic nitrogen (TON).

Sediments were collected by a box type mud harvester. Sur-
face sediments (0-2 cm) were scraped into sealed bags after the
overlying water was removed, filled with N, and stored at 4C for
analysis of different forms of P in sediments. Another part of the
surface sediment sample, frozen at -20°C, was used to analyze
TOC content in the sediment.

2.3 Process of culture experiment

The detailed procedure of culture experiment was described
in Liu et al. (2016). Briefly, the experiment was divided into three
groups: oxygen-rich (6.8 mg/L), hypoxic (2.0 mg/L) and anaer-
obic (quasi-anaerobic, <0.1 mg/L), which was implemented in
the portable multiple sediment-seawater corer incubation sys-
tem (Liu et al., 2016). The treated bottom seawater was slowly in-
jected into the upper end of the culture tube. The peristaltic
pump was used to control the turnover time of overlying water in
the culture unit close to the actual field flow condition. The
overlying water DO concentration was kept at a stable level
through controlling the volume ratio of nitrogen and oxygen in-
jection. The culture experiment was carried out at constant tem-
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Fig. 1. Sampling stations in the adjacent area of Rushan Bay (water depth is described from the data of the depth sounder on board).
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perature and away from light. During culture, overlying water
samples were taken every 1-2 d and cultured continuously for
12 d. After the sampling was completed, the filtered bottom sea-
water was added according to the above sampling method, so
that the upper end of the culture tube was filled with the overly-
ing water again, and the next stage of the experiment was carried
out.

2.4 Laboratory analyses

2.4.1 Water samples analyses

The water samples of each layer were filtered by 0.45 pm acet-
ate fiber filtration membrane. Dissolved inorganic nitrogen
(DIN) and dissolved reactive phosphorus (DRP) in water samples
were determined using an automatic nutrient analyzer (SEAL
Analytical Gmbh, QuAAtro, Germany) with the detection limits
as follows: Nitrate (NOj3, in N, the same below) is 0.015 pmol/L,
nitrite (NO,) is 0.003 pmol/L, ammonia nitrogen (NH]) is
0.040 pmol/L, DRP is 0.024 umol/L, relative standard deviation
<0.3%. DIN concentration is the sum of NO;, NO, and NH; . Chl a
was determined by fluorescence spectrophotometry. The
samples were extracted with 90% acetone at low temperature
(4°C) in dark for 18-24 h and then determined by fluorescence
spectrophotometer (Shanghai Instrument, 970CRT, China). The
dissolved Fe and Mn in water samples were determined by ICP-
MS (Agilent, 7500A, America), and the measurement errors were
less than 5%. All dissolved Fe and Mn in interstitial water are ex-
pressed as Fe2t and Mn?2* (Mort et al., 2010).

2.4.2 Particulate matter and sediment analyses

The grain sizes of the particulate and sediment samples were
determined using a laser particle size analyzer (Mastersizer 2000,
Malvern Instruments Ltd., UK) (Liu et al., 2016). The particle
sizes for clay, silt and sand were <4 um, 4-63 um, and >63 pm, re-
spectively, and their values were shown as percentage.

The sediment samples were dried at low temperature (45°C)
using oven (Aoxi, WGLL-125BE, China), ground and passed
through a 200-mesh screen. After fully mixing, about 0.5 g of sedi-
ment samples were added to 5 mL of 1 mol/L HCI and soaked for
12 h. Then, new HCI solution was added until no bubbles
emerged (Jilbert and Slomp, 2013). The sediment was dried at
low temperature and weighted at constant weight. The approx-
imately 15 mg sediment sample was weighted and enclosed it in
a tin cup for testing. The percentage TOC and TON contents of
sediment samples were obtained by weight difference correction
before and after pickling (Poulton and Canfield, 2005).

The treatment method of organic carbon in SPM was based
on the following procedures. The filter membrane was dried at
45°C in the oven, and then weighed after 48 h of constant weight
in the dryer. The dried membrane was acid-smoked for 48 h with
hydrochloric acid vapor to remove inorganic carbon. The mem-
brane was repeatedly rinsed with Milli-Q water until neutral. The
filters were dried at low temperature and weighted at constant
weight, and then the acid-dried membrane was wrapped in a tin
cup.

Organic carbon in sediments and SPM was determined using
an elemental analyzer (EURO, EA3000, Germany) with a relative
standard deviation of less than 10%.

The pretreatment method is the same as the pretreatment
method of organic carbon in SPM. ¢!3C in the sample was de-
termined using a Carlo Erba NA 1 500 Series elemental analyzer
(Fisons Instruments, USA) connected to a DELTA PLUSX? con-
tinuous flow isotope ratio mass spectrometer (Thermo Finnigan

Instruments, USA). The reference standard for the §!3C value ad-
opts the Vienna Peedee Belemnite (VPDB) international stand-
ard and is calculated according to the following formula:

R (lsc/lzcsample)

s8C _ | 2T " hsample )
(%o) R (13C/2Cyppp)

— 1| x 1000, (1)

where R(13C/'2Cypp;) is the carbon isotope abundance ratio of
the international standard substance VPDB, and R(13C/!2C
is the carbon isotope abundance ratio of the sample.

The TOC contribution from terrestrial inputs (Wy, %) was de-
termined based on the carbon isotopic balance model according
to Wu et al. (1999):

sample)

Wr = (6"C — 6"3Cy) /(6"Cr — 62 Cy), )

where §13Cy; (-19.5%0) and d'3C; (-27%o) are the 6'3C values of
material with marine and terrestrial origins, respectively (Wu et
al., 1999).

SPM and surface sediment samples were freeze-dried using a
vacuum freezing dryer (Yuane, DF-1A-50, China), ground in an
agate bowl and mixed. Accurate weighing of 0.1 g was used to
analyze the occurrence and form of P in particulate matter. A wet
sample of 0.1 g of surface sediment was used for the analysis of P
forms. Analysis of the occurrence form of P in SPM and sediment
were fractionated by the chemical continuous extraction method
(SEDEX) (Ruttenberg, 1992; Liu et al., 2016). The particulate P
was divided into five forms: exchangeable phosphorus (Exch-P),
iron-bound phosphorus (Fe-P), authigenic P (Auth-P), detrital-P
(Det-P) and organic P (Org-P). The Tot-P was the sum of each
form of P in content. The sum of Exch-P, Fe-P and Org-P were
defined as bioavailable P. During the determination of P, blank
samples (reagents used in the SEDEX sequential P extraction
scheme), parallel samples and reference materials (0.1 g of China
offshore sediment standard (GBWO7314)) were extracted simul-
taneously to ensure the accuracy of the analysis results.

The DRP obtained after extraction was determined by phos-
phorus-molybdenum blue-spectrophotometry, and the analytic-
al method was the same as that of water sample. And the solu-
tion after sodium citrate-dithionite-bicarbonate (CDB) extrac-
tion in step 2 of the SEDEX procedure was divided into two parts,
one for P measurement and the other for iron and manganese
measurement after acidification with pure nitric acid. Fe and Mn
in CDB solution were determined by flame atomic absorption
spectrophotometer (Varian, AA140/240, America), and the relat-
ive standard deviation of multiple measurements was less than
10%. The Fe and Mn analyzed in this process are reducible
amorphous or weakly amorphous oxides or hydroxides, denoted
respectively as Fepp and Mngpp.

2.5 Data processing

2.5.1 Calculation of the partition coefficient of solid and liquid
phase P
Partitioning coefficient (K,) is widely used in aquatic ecosys-
tems to quantitatively describe the partitioning behavior of dis-
solved P and particulate P and the activity of particulate P (Lin et
al,, 2016). K, was calculated by the following formula:

G

" Cq x [SPM]’ )

Ky
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where C,, is the concentration of particulate P (umol/L); C, is the
concentration of dissolved inorganic P (DIP) (pmol/L); and
[SPM] is the concentration of SPM (g/L). The unit of K is L/g.
The Kj of total particulate P (TPP), particulate organic P (POP)
and particulate inorganic P (PIP) was calculated by the Eq. (5)
when C, replaced by the concentrations of TPP, POP, and PIP
(numol/L), respectively.

2.5.2 Phosphorus loss from sediment during culture experiments

Z
Ploss = / Sp(Ci— o) dz, 4
0

where P, is the total phosphorus lost (umol) in sediments after
culture experiment; S is the cross-sectional area (cm?2) of the cul-
ture tube; p is the dry density (g/cm?) of the sediment; C, and C;
(umol/g) are the P contents before and after sediment culture, re-
spectively; z is the sediment depth (cm).

2.5.3 Data processing method

Statistical analysis was performed using SPSS 18 (IBM Cor-
poration, USA) for Pearson correlation analysis between para-
meters (two-tailed test) and significant difference analysis
between data (one-tailed test). Graphic description and analysis
were used by Origin 2019 (OriginLab Corporation, USA).

3 Results

3.1 DO, Chl a, dissolved nutrient, iron and manganese in water

column

DO ranges from 120 pmol/L to 370 pmol/L, and DO satura-
tion ranged from 41% to 130% (Table 1), indicating that there are
significant seasonal differences in DO in the bottom water in the
study area, and DO had a seasonal alternating state of deficit or
saturation. The concentration of Chl a in water ranged from 0.10-
4.1 pg/L, and the difference in seasonal variation of Chl a was
small (Table 1). The concentration of DRP in water ranged from
0.10 pmol/L to 0.44 umol/L (Table S1), with significant seasonal
differences, with higher concentration in summer and lower con-
centration in winter. The mole ratio of DIN to DRP was averaged
20:1, showing potential P limitation relative to Redfield ratio
(16:1). The concentration of Fe?* in water ranged from 134 nmol/L
to 919 nmol/L, and the concentration of Mn2+ in water varied
from 6.5 nmol/L to 77 nmol/L. The concentration of Fe?* was
high in August and low in February. The seasonal difference of

Feng Yao et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 99-112

Mn?2+ was small.

3.2 Organic carbon, nitrogen, iron and manganese oxides in SPM
and sediment

The variation range of TOC and TON in SPM was 0.50%-1.1%
and 0.10%-0.19%, respectively. There were no significant season-
al differences in TOC and TON in SPM (Table 2, Table S2). The
variation range of TOC in sediments was 0.40%-0.88%. The range
of TON was 0.10%-0.17%. There were no significant seasonal dif-
ferences in TOC and TON in sediments. TOC content in sedi-
ment matter was higher than that in suspended particle, and
TON content was close to that in suspended matter.

The variation range of Fe,; in SPM was 36-48 umol/g. Fepy
content was relatively high in August, followed by July, and
relatively low in May. The variation range of Mn,; was 7.2—
11 pmol/g, and the seasonal difference of Mn,; content was not
significant. The range of Fe.; in surface sediments as 25—
78 pmol/g. Fe content was relatively high in August, followed
by July, and relatively low in May. The variation range of Mn,,
was 2.0-18 umol/g, and the seasonal difference of Mnp con-
tent was not significant. The contents of Fe,; and Mn,; in SPM
and sediments were similar, but the range of Fe.,; and Mn 5 in
sediments was large.

3.3 Phosphorus speciation in SPM and sediment

The variation range of Tot-P in SPM was 13-28 pmol/g. Inor-
ganic P was the main component of Tot-P, accounting for 77% +
5% of Tot-P on average, while Org-P accounted for a small pro-
portion (Table 3, Table S2). The mean value of Exch-P was (0.52 +
0.26) pmol/g and the Fe-P was (6.5 + 2.1) pmol/g. The seasonal
variation of Exch-P and Fe-P was significantly different. The
mean values of Auth-P, Detr-P and Org-P were (2.1 + 1.2) pmol/g,
(7.7 £1.9) pmol/g, and (5.0 + 1.3) pmol/g, respectively. There was
no significant difference in the seasonal variation of these three P
forms (p < 0.5). In the composition of P, Det-P accounted for the
highest percentage of Tot-P, with an average of 35% + 8.9%, fol-
lowed by Fe-P, with an average of 30% + 9.5%. The average pro-
portion of Org-P, Auth-P and Exch-P in Tot-P was 23% + 5.9%,
9.6% + 5.5% and 2.4% + 1.2%, respectively. The contribution of
bioavailable P to Tot-P was 55%.

The variation of Tot-P in surface sediments ranged from
13 pmol/g to 19 pmol/g, and inorganic P was the main compon-
ent of Tot-P, accounting for 82% + 5% of Tot-P on average, while
Org-P accounted for a small proportion. The mean values of
Exch-P, Fe-P, Auth-P, Det-P and Org-P were (0.23 + 0.10) pmol/g,

Table 1. Overlying water and sediment sampling sites and characteristics presented in this study

February 2015 May 2014 July 2014 August 2014

Range Mean Range Mean Range Mean Range Mean
Depth/m 6.00-13.0 9.67+3.51 8.61-289 15.6+7.86 8.88-22.6 16.5+5.12  4.60-29.7 17.2+8.69
Temperature/C 3.30-3.40 3.33+0.06 11.2-16.4 14.2+2.00 15.9-24.7 20.7+3.41  20.0-26.9 23.1+2.38
Salinity 31.4-31.5 31.4+0.06 30.6-31.0 30.8%0.13 30.8-30.9 30.8+0.05 29.8-30.8 30.5+0.38
DO concentration/(mg-L!) 10.9-11.5 11.2+0.30 8.19-9.32 8.71+0.51 5.42-6.02 575+0.25 3.75-7.43 4.92+1.29
Chl a concentration/(pg-L1) ND ND 0.16-2.36  1.19+0.90 0.10-4.08 1.08+1.57 0.10-3.03 1.11+1.08
DRP concentration/(pmol-L1)  0.10-0.19 0.14+0.04  0.12-0.23  0.16 +0.04 0.11-0.38  0.19+0.10  0.26-0.44 0.35+0.06
Fe?* concentration/(nmol-L-1) 165-190  179+12.7 134-426 273122 237-739 367 185 247-919 644 +280
Mn?* concentration/(umol-L-!)  6.51-13.4 8.86+3.92 6.93-36.7 25.2:11.6 7.39-67.9 247+233 13.4-77.0 42.4%252
DIN concentration/(umol-L!) ~ 4.28-11.4 6.66+4.10 1.90-3.61 2.86 +0.68 2.02-5.89 335+1.35 3.92-6.83 4.93+1.25
N/P molar ratio ND ND 6.78-23.6 15.43+8.15 8.16-31.33 20.6+8.20 9.31-20.3 14.3+4.00
Si/P molar ratio ND ND 4.88-39.8 23.0+145 17.1-984 509274  26.4-33.2 30.6+3.10

Note: DO: dissolved oxygen; DRP: dissolved reactive P; DIN: dissolved inorganic nitrogen; N/P: ratio of DIN and DRP in water; Si/P: ratio of
dissolved silicon and DRP in water; ND: no available data.
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Table 2. Range and average of suspended particulate matter (SPM) and surface sediment in the area off Rushan Bay
May 2014 July 2014 August 2014
Range Mean Range Mean Range Mean

SPMin overlying  Tot-P content/(umol-g-!) 12.9-21.6 19.1 +3.69 18.4-27.4 22.5+3.60 20.3-27.8 23.7+3.20
watersample  ge  content/(umol-gl)  357-39.9  37.3+1.73  37.1-45.10  41.0£3.46  35.6-47.50 423551
Mngpg content/(umol-g-1) 7.22-9.35 8.26 £ 0.90 8.31-11.15 9.52 £0.95 8.35-11.24 9.51 £1.07
TON content/% 0.12-0.15 0.14+0.01 0.12-0.17 0.15+0.02 0.10-0.19 0.15+0.04
TOC content/% 0.51-0.65 0.61 £0.06 0.51-0.93 0.75+£0.16 0.50-1.07 0.79£0.20

613C/ %o -22.14-20.40 -21.55+0.47 -21.96-20.97 -21.35+0.53 -21.92-20.39 -21.32+0.51
C/P molar ratio 92.6-195 122 +42.7 105-133 119+10.3 105-144 126 + 16.6
Surface sediments Tot-P/(pumol-g™!) 12.7-19.3 16.2 +2.38 14.6-18.9 16.3+1.49 16.6-19.1 48.5 +20.4
Fecpp/(pmol-g™) 25.5-46.2  35.7+9.44 27.3-59.1  37.0+11.7 25.2-78.2  485+20.4
MnCDB/(umol-g‘l) 2.04-17.5 8.57£6.55 3.26-11.70 6.88 + 3.58 3.21-18.1 10.9 £ 6.62
TON content/% 0.10-0.14 0.13+0.02 0.11-0.17 0.14£0.03 0.10-0.17 0.14 £ 0.03
TOC content/% 0.40-0.66 0.52+0.09 0.40-0.88 0.67 £0.20 0.41-0.74 0.60 £ 0.15

613C/ %o -23.69-21.73 -23.22+0.66 -23.7-21.63 -22.84+0.94 -23.84-21.08 -22.69+0.99
C/P molar ratio 134-205 167 £29.7 136-246 179+ 41.7 159-279 209 +51.0
Clay/% 12.2-13.7 129+1.11 6.13-18.1 15.3+8.11 17.2-26.4 21.3+3.87

Note: SPM is in the overlying water sample. Tot-P: total P; CDB: sodium citrate-dithionite-bicarbonate; TON: total organic nitrogen; TOC:

total organic carbon; C/P molar ratio: molar ratio of TOC and Org-P.

Table 3. Contents and seasonal variations of different forms of P in suspended particulate matter (SPM) and surface sediments off

Rushan Bay
SPM Surface sediment
Exch-P/ Fe-P/ Auth-P/ Det-P/ Org-P/ Exch-P/ Fe-P/ Auth-P/ Det-P/ Org-P/
(pmol-g) (pmol-g™!) (pmolg™?) (umol-g!) (pmolg?) (umol-g!) (pmolg!) (pmol-g!) (pmolg!) (umolg?)
May 2014 Range 0.14-0.60 3.74-4.80 1.11-4.04 4.96-10.4 2.76-5.81 0.14-0.26 2.90-4.76 1.42-2.11 4.64-9.83 1.63-3.17
Mean 0.30+0.19 4.31+0.48 1.96+1.21 8.07+2.26 4.50+1.30 0.19+0.05 3.92+0.79 1.85+0.27 7.57+1.89 2.65+0.60
July 2014 Range 0.27-1.08 5.11-9.11 0.64-3.58 4.67-10.2 4.43-6.84 0.12-0.34 3.52-6.12 0.64-4.00 4.83-9.17 2.07-4.06
Mean 0.69+0.27 7.06+1.46 1.83+1.07 7.64+2.25 525+1.00 0.24+0.09 455+1.10 2.12+1.22 6.23+1.57 3.17+£0.82
August 2014 Range 0.28-0.67 4.65-10.4 0.98-4.42 5.66-9.46 3.52-7.52 0.19-0.47 4.52-7.49 1.30-2.88 5.03-8.90 1.65-3.98
Mean 0.54+0.16 7.77+2.08 2.53+1.41 7.56+1.67 527+1.61 0.31+0.10 6.10+1.12 2.46+0.59 6.58+1.64 2.45+0.74

Note: SPM is in the overlying water sample. Exch-P: exchangeable phosphorus; Fe-P: iron-bound phosphorus; Auth-P: authigenic P; Det-P:

detrital-P; Org-P: organic P.

(4.7 £ 1.4) pmol/g, (2.1 £ 0.75) pmol/g, (6.8 £+ 1.6) pmol/g, and
(2.9 £ 0.89) umol/g, respectively, and the seasonal variation of
each P fraction was not significant. Det-P accounted for the
highest percentage of Tot-P, with an average value of 41% + 9.6%,
followed by Fe-P, with an average value of 28% + 8.2%. The aver-
age proportion of Org-P, Auth-P and Exch-P in Tot-P was 18% +
5.3%, 13% + 4.5% and 1.4% + 0.1%, respectively. The proportion of
bioavailable P in Tot-P was averaged 47%.

3.4 Partitioning of P between dissolved and particulate phases

The partition coefficient of P between water and particulate
matter indicated that the Ig K value was related to the activity of
different forms of P. The 1g K, range of 0.29-2.34 for Tot-P, the
lg K4 range of 0.73-2.91 for inorganic P, and the lg K, range of
0.16-2.24 for Org-P. The distribution coefficient of inorganic P
was higher than that of Org-P, reflecting its higher reactivity,
which is similar to the observation situation in the Jiulong Estu-
ary and Green Bay, a seasonally low oxygen sea area (Lin et al.,
2013, 2016).

4 Discussion

4.1 Particulate P fractions in the water column

Suspended particulate matters are important intermediaries
in the cycling of P, and other particle-reactive element, due to
their high biological and chemical reactivity, resulting in fairly
short turnover times and high exchange rates of P in aquatic en-

vironments.

Exch-P and Fe-P changed dramatically under the influence of
redox environment (Adhikari et al., 2015; Liu et al., 2020). Exch-P
is a potentially active P form formed by the direct adsorption of
DIP and small molecular Org-P onto the surface of particulate
matter, and it is the form with the weakest interaction between
particulate matter (Ruttenberg, 1992; Lukkari et al., 2007), which
is also an important source of dissolved P in water (Liu et al.,
2016). Exch-P, as the active P component adsorbed on the sur-
face of particulate matter (mainly HPO3™), is easily replaced by
weak organic acids and alkalis (such as OH-, HAsO,, H,SiO;,
and F-) in high salinity seawater (Lukkari et al., 2007). This may
be the reason for the relatively low Exch-P in this study sea area.
Fe-P is P bound or encapsulated by metal oxides or hydroxides
such as Al, Fe and Mn through physicochemical interactions
(Ruttenberg, 1992), which is also a potentially bioavailable P, is
easily dissolved and released into water under anoxic or partially
reductive environment, and is the main existing form controlling
dissolved P in water (Andrieux-Loyer et al., 2008; Liu et al., 2022).

In this study, the content and proportion of Fe-P in Tot-P
were higher than the corresponding values of the Huanghe River,
the Changjiang River and the Changjiang River Estuary (He et al.,
2010; Meng et al., 2015), which could be related to the adsorp-
tion of part of active Org-P by iron and manganese oxides (Vink
etal., 1997), or influenced by the high content of Fe-P (Wang et
al., 2009) transported in the breeding area of Rushan Bay. The
significant correlations between Fe-P and Fep, Fe-P and Mn 5
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Fig. 2. Relationships between different forms of P and other parameters in water column, suspended particulate matter (SPM) and
sediment. Exch-P: exchangeable phosphorus; Fe-P: iron-bound phosphorus; Org-P: organic P; TOC: total organic carbon; CDB:
sodium citrate-dithionite-bicarbonate; DRP: dissolved reactive P.

(Figs 2c, e) indicate the control effect of active Fe-Mn oxide on
active P (Zaaboub et al., 2014). In this study, there was a signific-
ant linear correlation between Exch-P and Fe-P (r=0.71, p < 0.01,

n = 17), reflecting the internal relationship between them. In fact,
Fe-P and Exch-P are the most active particulate P in water envir-
onment (Andrieux-Loyer et al., 2008; Meng et al., 2014), and the



Feng Yao et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 99-112 105

significant correlations between Fe,; and Exch-P, Mn; and
Exch-P (Figs 2d, f) also indicated the adsorption of active P by Fe
and Mn oxides.

Auth-P is usually dominated by authigenic calcium carbon-
ate fluorapatite (CFAP), bioapatite, and calcium carbonate P (Ca-
P) (Ruttenberg, 1992; Jilbert and Slomp, 2013), which reflects the
presence of P mainly from marine authigenic sources. The Auth-
P has a slower kinetic formation rate, usually seen as “stable
phosphorus” (Ruttenberg, 1992). Auth-P in SPM was mainly from
biogenic apatite components in the Changjiang River Estuary
(Meng et al., 2014) and Nazare Canyon (Van der Zee et al., 2002).
Again, Auth-P in Rushan Bay were mainly from marine authigen-
ic sources (Liu et al., 2016). Although Auth-P is generally not eas-
ily soluble, but it can be converted to dissolved phosphate when
pH decreases or acidity increases (Adhikari et al., 2015; Liu et al.,
2016). The percentage of Auth-P in Tot-P in the area off Rushan
Bay was close to that in the Changjiang River Estuary SPM (9.6%
+5.5%) (Meng et al., 2015), but lower than that in the Huanghe
River (28%-50%) (He et al., 2010). This difference in Auth-P
abundance was obviously related to the source of particulate
matter. In the high-salinity estuary (such as the Changjiang River
Estuary) and the coastal sea area (this study area), the propor-
tion of terrigenous derived Ca-P decreases under the influence of
seawater dilution (Zaaboub et al., 2014), thus reducing the pro-
portion of Auth-P to Tot-P.

Det-P is mainly apatite of igneous and metamorphic rocks,
which is generally not easy to decompose and can be used as an
indicator of terrigenous input (Meng et al., 2015; Liu et al., 2020).
The proportion of Det-P in Tot-P in the study area was the
highest, and the content of Det-P in the SPM of the nearshore sta-
tion was higher than that in the offshore area. Although the con-
tent of Det-P in the coastal waters of Rushan Bay is lower than
that in the SPM of the Huanghe River, the Changjiang River and
the adjacent waters of the Changjiang River Estuary, it still re-
flects the basic characteristics that particulate P is mainly impor-
ted from terrestrial sources.

Org-P contains biologically relevant active organic compon-
ents such as orthophosphate monophosphate, polyphosphate or
pyrophosphate (Lukkari et al., 2007; Cai and Guo, 2009; Lukkari
etal., 2009), and P bound to inert organic matter such as humic
or fulvic acids (Vink et al., 1997; Zhang et al., 2004). Usually Org-P
can be used to indicate the impact of biological activities and
primary production levels on natural water bodies (Zhang et al.,
2004; Lin et al., 2013). In this study, the content of Org-P in partic-
ulate matter in water was linearly and positively correlated with
the concentration of Chl a in water (Fig. 2a), reflecting the influ-
ence of primary production level on particulate Org-P.

4.2 The form and distribution of P in sediments

Bulk sediment digestions can give useful information on the
fluxes and behaviour of P in marine environments (Defforey and
Paytan, 2018; Liu et al., 2020). The concentration of Tot-P in the
surface sediments in the study area was higher than that in the
marginal seas of the eastern shelf of China, such as the Yellow
Sea and Bohai Sea (7.5-20 pmol/g) (Liu et al., 2004) and the East
China Sea ((17.5 + 1.93) pmol/g) (Fang et al., 2007). However, the
contribution of Exch-P to Tot-P was fairly low, accounting for
only 1.4%. The content and relative proportion of Exch-P were
lower than those in the Changjiang River Estuary (Meng et al.,
2014) and close to those in the Yellow Sea and Bohai Sea (Liu et
al., 2004). The content of Exch-P in sediments was positively cor-
related with the clay composition (r = 0.80, p < 0.01, n = 9), indic-
ating that Exch-P could be easy to adsorb on the surface of fine
particles. Fine particle size particles have a larger specific surface
area than coarse particles, which is more conducive to the bal-
ance of reactive P components on the surface of particles (An-
drieux-Loyer and Aminot, 2001; Meng et al., 2015). In addition,
Fepp and Mnp, were significantly correlated with Exch-P (Figs
2d, f), indicating the obvious adsorption of active P on Fe/Mn ox-
ides, because Fe/Mn oxides or hydroxide colloids are easily ad-
sorbed on the surface of fine particles and coprecipitate with
Exch-P (Slomp et al., 1998; Andrieux-Loyer and Aminot, 2001),
leading to the enrichment of Exch-P on fine particles.

Content and proportion of Fe-P in sediments of the coastal
area off Rushan Bay were higher than those in the Changjiang
River Estuary and the inland shelf of the East China Sea (Meng et
al., 2014), the Yellow Sea and Bohai Sea, but significantly lower
than those in the breeding area inside Rushan Bay (Wang et al.,
2009; Table 4). Fe-P was positively correlated with Fe, and
Mnp; (Figs 2¢, e), indicating that the content and activity of Fe
and Mn oxides in sediments affected their ability to adsorb activ-
ated P. The content of Fe-P in sediments was positively correl-
ated with the clay composition (r = 0.79, p < 0.01, n = 9) (Table
S3). Like Exch-P, Fe-P is also easily adsorbed on the surface of
fine particles, indicating that the grain size of sediment was also
one of the factors controlling the occurrence of Fe-P.

The content and percentage of Auth-P in sediments are high-
er than those in the Yellow Sea, Bohai Sea and Changjiang River
Estuary (Meng et al., 2014), and the corresponding values in the
sediments of the East China Sea, and lower than those in the sed-
iments of Rushan Bay (Wang et al., 2009). Auth-P in sediments of
the East China Sea is mainly in the form of CFAP (Meng et al.,
2014). Rushan Bay is an important economic shellfish culture
area, and abundant shell debris can be observed in the sediment
during sample processing. Obviously, the contribution of cal-
careous biological residues to sediment Auth-P may be an im-

Table 4. Summary of sediment type, P speciation and total organic carbon (TOC) in different coastal systems. P fractions are

extracted with the chemical continuous extraction method

. . Fe-P Auth-P Detr-P Org-P Tot-P
Site Sediment type (pmol-é-l) (pmol-g-/l) (pmol-g-/l) (pm(g)l-g{l) (pmol-g/-l) TOC/% Reference
Inner Rushan Bay (China) clay 11.1+£0.9 13.0+2.0 7.0+1.0 6.1+2.1 384+6.2 0.8-1.2 Wangetal.(2009)
Rushan Bay (China) clay 47+14 2.1+0.8 68+1.6 294+089 16.8+1.61 0.4-0.9 this study
East China Sea clay and silt 0.9-1.9 0.5-1.8 9.4-17 1.1-5.9 14-22 0.2-0.8  Fangetal. (2007);
Hu et al. (2012)
Laizhou Bay (China) clay 0.2-1.6 ND 7.4-13.2 0.7-2.9 10.2-18.8 ND Zhuang et al. (2014)
Zhangzi Island (China) clay 0.6-1.6 ND 0.5-6.6 0.7-2.8 2.6-12.9 ND Zhuang et al. (2014)
Armacao do Itapocoroy ND 0.02-0.12 0.6-1.6 0.02-0.09  0.02-0.18 5.7-9.4 ND Souza et al. (2022)
Bay (southern Brazil)

Note: Fe-P: iron-bound phosphorus; Auth-P: authigenic P; Det-P: detrital-P; Org-P: organic P; Tot-P: total P; TOC: total organic carbon; ND:

no available data.
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portant reason for the higher content of Auth-P in the study area
than in the eastern shelf sea of China. This finding also showed a
similar phenomenon in the mariculture area of Laizhou Bay
(Zhuang et al., 2014). Previous studies have found that the con-
tent of Ca-P, which is mainly produced by biological activities,
can be up to about 20 umol/g in the sediment of mussel culture
area, which is the main component of Auth-P, accounting for
60%-80% of Tot-P (Zaaboub et al., 2014). It can be seen that mari-
culture activities have a significant impact on the distribution of
P forms.

The content of Org-P in the offshore sediments off Rushan
Bay is higher than that of the East China Sea, and close to that of
the Yellow Sea, Bohai Sea and Changjiang River Estuary (Meng et
al., 2014), lower than the sediment in Rushan Bay (Wang et al.,
2009). The content of Org-P in sediments was positively correl-
ated with TOC (Fig. 2b), and the content of Org-P was positively
correlated with clay composition (r=0.81, p < 0.01, n=9). For or-
ganic matter, fine particles are also conducive to the preserva-
tion of organic matter, so the contents of TOC and Org-P are rel-
atively high in some muddy areas (Meng et al., 2014). The correl-
ation between Org-P and TOC, fine particle fraction, and Chl a in
sediments also reflects that the distribution of Org-P was jointly
controlled by hydrodynamic forces on sediment sorting and dis-
tribution of primary productivity (Fig. 2).

The content of Det-P and its percentage in Tot-P in the off-
shore sediments of Rushan Bay were significantly lower than
those in the tidal flat wetlands of the Changjiang River Estuary
and the East China Sea (Hou et al., 2009). It is close to the Yellow
Sea and Bohai Sea (Liu et al., 2004), but also lower than the sedi-
ment of shellfish farms in Rushan Bay (Wang et al., 2009). There
was a significant negative correlation between Det-P content and
clay composition (r = 0.80, p < 0.01, n = 9), but positively correl-
ated with sand content (r = 0.63, p < 0.01, n = 9), suggesting the
Det-P should mainly come from the products of soil or rock
weathering and erosion which was exported by surface runoff.
The terrestrial contribution of particle is also the main reason for
the high content and relative proportion of Det-P in the East
China Sea (Table 4). However, in the far-reaching sea, the ter-
restrial input is relatively small, and Det-P is the existing form
with relatively small contribution to P in sediments (Schenau et
al., 2005).

4.3 P transformation in water, particulate matter and sediment

The concentrations of each P form and the percentage of Tot-
P in SPM in coastal waters off Rushan Bay have different charac-
teristics. The dynamic partitioning of P among dissolved and par-
ticulate phases should play a critical role in controlling the
abundance, transformation, bioavailability, and the overall
biogeochemical cycling of P in aquatic environments (Meng et
al., 2015; Liu et al., 2016). There is a strong interconversion
between dissolved P and particulate P, especially in the brackish
and freshwater mixed estuarine region and in the hypoxic off-
shore environment (Lin et al., 2013, 2016; Leote and Epping,
2015). The adsorption and desorption process of P on SPM sur-
face is affected by particle size, salinity and temperature, and is
also related to the competitive adsorption of anions (Cl~, SO3~,
HCOj;, OH™ and Br™), the DIP level of water and the equilibrium
concentration of P adsorption (Millero et al., 2001). There was a
significant positive correlation between the active exchangeable
P (Exch-P and Fe-P) in DRP and SPM in the study area, which re-
flects the dynamic chemical equilibrium between DIP and partic-
ulate active inorganic P (Eq. (1)).
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Fig. 3. Relationship between partition coefficient (Ig K;) of P and
suspended particulate matter concentration (in 1g SPM) in this
study. PIP: particulate inorganic P; POP: particulate organic P;
TPP: total particulate P.

The relationship between the partition coefficient Ig K; and
SPM shows that the Ig K, of inorganic P and Org-P decreases with
the concentration of SPM (Fig. 3). Many elements with reactivity
with particulate matter have similar phenomena in the water en-
vironment (Lin et al., 2016). The Ig K, values of inorganic P and
Org-P were significantly correlated with SPM (p < 0.001), indicat-
ing that both of them have certain particle activity, which is also
the reason why active particulate P (Exch-P, Fe-P and Org-P) is
more likely to combine with fine particles. For Org-P, biological
processes and microbial degradation may be the main factors af-
fecting Org-P partitioning, which is also reflected in the relation-
ship between particulate Org-P and Chl a, Org-P and particulate
organic carbon (Figs 2a, b). In addition, the similarity between
the partition coefficient of Org-P and inorganic P is also a pre-
requisite for Org-P to be used and transformed by organisms,
which is of great significance in natural water bodies where react-
ive phosphate is a limiting source element (Duhamel et al., 2021).
Therefore, the surface area of colloid and particulate matter,
phytoplankton cells, and particle-particle exchange processes
(such as flocculation and co-precipitation) would all affect the
distribution coefficient of P, so as to change or regulate the con-
centration of DIP in water (Duhamel et al., 2021).

Another mechanism of dissolved P from aqueous phase to
solid phase in the aquatic environment is co-precipitation with
calcium carbonate or adsorption by ferric manganese oxide col-
loidal. Before permanent burial, P generally goes through several
release-deposit-re-release-re-deposition processes, and finally
only a small part of P is preserved in the sediment (Schenau et al.,
2005). In this study, during particles settling into surface sedi-
ments, all forms of P had changed to different degrees (Fig. 4).
From SPM to sediment, the content of Tot-P decreased by 23%,
Exch-P decreased by 56%, Fe-P decreased by 28%, Org-P de-
creased by 42%, and bioavailable P decreased by 35%, while Au-
th-P and Det-P changed slightly (~1%). This means approxim-
ately 23% of P in SPM had been released in the water column be-
fore the SPM settled to the sediment. The proportion of each P
form to Tot-P in sediments and SPM were also different. Com-
pared with SPM, ratio of Exch-P/Tot-P in sediments was reduced
by 43%, Fe-P/Tot-P by 6%, Org-P/Tot-P by 24%, and bioavailable
P to Tot-P by 15%, respectively. As a result, Auth-P and Det-P
were increased by 31% and 15%, respectively.

Auth-P has a slow formation rate and is the final product of
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The data points located in >1:1 region represents the release/degradation during the deposition process, and the data located in <1:1
area indicate enrichment/generation occurring during the deposition process). Exch-P: exchangeable phosphorus; Fe-P: iron-bound
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bicarbonate; C/P molar ratio: molar ratio of Org-P and TOC.

diagenesis after active P deposition and burial, while Det-P is
generally an inert component, so Auth-P and Det-P belong to the
category of P that cannot be reused or difficult to be utilized nor-
mally. In the early diagenetic process of suboxidation, the miner-
alization of sedimentary organic carbon will also accelerate the

formation of authigenic minerals (Yao et al., 2014; Liu et al.,
2020). The hypoxic environment and aquaculture activities in
Rushan Bay are likely to cause the rapid formation of autogenous
calcium-fluorapatite (Zaaboub et al., 2014; Zhuang et al., 2014)
and accumulate in the sediments. However, Auth-P phases in
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sediments also include P associated with Fe-oxides, which even-
tually forms Auth-P (Jilbert and Slomp, 2013). This process could
also explain the small Auth-P loss in SPM during deposition from
water column to sediment (Fig. 4c). Again, the iterative resuspen-
sion of sediment may drive the phosphorus speciation redistribu-
tion by the thinning process (Liu et al., 2016), leading to the con-
tent of Det-P lower (Fig. 4e).

The difference of Exch-P in particulate matter and sediment
further proves that Exch-P, as an active form of P, has a higher
conversion rate than other occurring forms of P. The content of
Exch-P in sediments reflects its dynamic equilibrium state of ad-
sorption-desorption on mineral surface. The main carriers of
Exch-P in sediments are metal oxides or hydroxides and other
fine particles (Andrieux-Loyer and Aminot, 2001; Zhuang et al.,
2014), in addition, hydrodynamic conditions, biological disturb-
ance and redox conditions are also important factors affecting
Exch-P migration. In particular, during the migration of particu-
late matter from water to sediment, the partially reductive sedi-
ment is conducive to the desorption of Exch-P, which is also an
important reason for the significant correlation between DRP
and Exch-P content in the overlying water (Fig. 2g). Similar to
Exch-P, Fe-P was partially lost during migration from particulate
matter to sediment. CDB solution mainly extracted P bound to
weak crystalline and amorphous iron oxides (Ruttenberg, 1992),
although there was a significant linear correlation between Fe-P
and Fe_ in both SPM and sediment (Fig. 2c), the Fe/P ratio de-
creased from 11 in SPM to 8 in sediment, and the Fe.; content
in SPM and sediment did not change significantly. Apparently,
the more reductive environment promotes the dissolution and
release of Fe-P (Noffke et al., 2012). Usually, Fe/P ratios between
2 and 20 can be regarded as P released mainly from the reduc-
tion and dissolution of active Fe-P (Slomp et al., 1996; Noffke et
al., 2012). In this study, Fe/P was averaged 2, and there was a sig-
nificant correlation between DRP and Fe?* in the overlying water
(r=0.66, p <0.01, n = 20), and DRP and Fe-P in sediments
(Fig. 2h). Obviously, part of DRP in the overlying water was de-
rived from the dissolution and release of Fe-P in sediments, while
Fe?+ was reoxidized and stored in the surface of sediments.

The content of Fe-P was influenced both by source and trans-
formation. First, Fe?* in water column in surface layer was higher
in February and May (high DO concentration), but lower in July
and August (low DO concentration), which created the different
oxidation-reduction conditions for high or low Fe-P formation.
Second, the difference of Fe-P content between SPM and sedi-
ment decreased with the increasing of overlying water DO (Fig. 5).
These means the released DRP from Fe-P also decreases with the
increasing of overlying water DO.

4.4 Benthic processes of P in water-sediment system

Phosphate release from particulate organic matter (POM)
dominates P cycling in aquatic ecosystems (Guo et al., 2023). The
degradation of Org-P in the sediments and SPM was evident from
the relationship between Org-P and TOC and the change of C/P
molar ratio (Figs 2b, 4k). In SPM, C/P ratio varied from 92 to 195
with an average of 122 + 24, which was slightly higher than the
Redfield ratio of phytoplankton (106:1). Since different types of
organic matter have different molar ratios of TOC to TON (C/N),
C/N in sediments, which can be used to roughly distinguish the
sources of organic matter in sediments. Generally, the C/N ratio
of soil organic matter is about 8-15, that of marine organic mat-
ter is less than 8, and that of terrestrial plants is more than 15.
Also, C/N ratio associated with organic matter is affected by hy-
drological conditions and biological effects (Kendall et al., 2001).

The §'3C value of terrestrial C3 plants ranges from —32%o to
—22%o, and that of C4 plants ranges from —16%o. to —9%o (Kendall
etal., 2001). The ¢'3C value of soil organic matter ranges from
—-22%o to —25%o; and that of riverine plankton and aquatic plants
ranged from —24%o to —42%o0 and —18%o to —28%o, respectively
(Lu et al., 2013). In this study, the ratio of C/N in SPM was 6 + 1,
and J'3C ranged from —22.1%o to —20.4%o, indicating that organic
carbon was mainly derived from algae. According to the end-
member model calculation of organic carbon provenance, 6'3C,,
(-19.5%0) and 6'3C,. (-27%o) are the ¢'3C values of material with
marine and terrestrial origins, respectively (Wu et al., 1999), the
results show that marine organic carbon accounted for 65%-88%,
while terrestrial organic carbon contributed to a smaller propor-
tion (25%), indicating that Org-P in the offshore SPM of Rushan
Bay was also mainly derived from marine organisms. From SPM
to sediment, TOC content decreased by 17%, while Org-P de-
creased by 42%, indicating that Org-P degradation rate was faster
than that of SPM. The C/P ratio in sediments ranged from 130 to
280, with an average value of 190 + 44, which was significantly
higher than Redfield ratio and that in SPM, indicating that the or-
ganic matter was degraded in the early diagenetic stage during
the deposition of particulate matter. In addition, autogenetic
marine TOC is generally more easily degraded than terrestrial
TOC (Goni et al., 1997; Muller-Karger et al., 2005), which is also
the reason for such a difference composition in Org-P in SPM
and sediment.

4.5 Influence of DO on the P transformation in aquaculture area

Sediments overlain by oxygenated water column often bear
large amounts of P bound to Fe and Mn oxides (Defforey and
Paytan, 2018), while sediments overlain by hypoxic bottom water
are more depleted in these phases and often harbor more P
bound to calcium mineral (Kraal et al., 2017; Liu et al., 2020). To
some extent, hypoxia can promote the release of P from SPM and
sediments into the water column (Reed et al., 2011), this part of P
mainly comes from the transformation of Exch-P and Fe-P
(Zhang et al., 2012; Adhikari et al., 2015), which also explains why
the Fe/P value under low DO condition is lower than that under
oxygen-rich condition. The relationship between DO and DRP,
Exch-P and Fe-P in the overlying water (Figs 2g, h and 5a) also re-
vealed that low DO level accelerated the regeneration of inorgan-
ic P in SPM and surface sediments, which is also found in some
low DO water bodies (Reed et al., 2011; Liu et al., 2020).

Generally, both organic matter degradation and Fe/Mn ox-
ides dissolution can increase DRP in the column. The differences
of P forms in SPM and sediment (Fig. 4), and the sediment incub-
ation implemented in Rushan Bay (Liu et al., 2016), actually
showed that Fe-P dissolution under low DO condition was the
main process to increase DRP. In addition, iron manganese ox-
ide, calcium carbonate bound P and other Auth-P in SPM also
tend to dissolve under low oxygen conditions (Lin et al., 2016; Liu
etal., 2020), becoming the main source of P in the water column.
The reduction of iron oxides dominates the release of P in both
freshwater and seawater particulate matter (Slomp et al., 1996;
Liu et al., 2020). In the partial oxidation environment, the Fe/P
ratio can decrease to <1 in sediments (Noffke et al., 2012), which
may be that the dissolved Fe?* is then adsorbed and reoxidized
by particulate matter and removed from the water body (Noffke
et al., 2012). The low ratio of Fe2* and DRP in the water outside
Rushan Bay (0.04-0.20) also reflects the role of oxygen in con-
trolling P abundance.

In this study, when DO was high (DO > 250 pmol/L), the C/P
ratio values in sediments and SPM were fairly low, especially the
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C/P value in SPM was close to Redfield ratio (Table 2). However,  significant degradation of organic carbon in water with high DO
in the case of low DO (DO < 160 pmol/L), there was a high C/P  content, and the conservation efficiency of TOC in low-DO water
value of SPM (Fig. 5g). The above results showed that there was  was higher than that in oxygen-rich water (McKee et al., 2004).
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However, in low-DO environment, Org-P was preferentially re-
cycled and recycled into water. Therefore, the preservation effi-
ciency of Org-P is also controlled by the level of DO, which is sig-
nificantly different from that of TOC. The relationship between
hypoxia and Org-P kinetics and the degradation degree of TOC
can be realized by the C/P ratio. It can be seen that hypoxia
changes the distribution and morphological composition of vari-
ous forms of P in SPM and sediment, and then affects the con-
tent and source of phosphate in water, making sediment shift
from a sink to a source of P in marine water. P recycling in hypox-
ic water also has a positive feedback to eutrophication, especially
in the water with high P limitation. On the other hand, the sup-
plement of DIP will also promote the flourishing of phytoplank-
ton, and the new organic particulate matter will increase the con-
sumption of DO in water, and create material conditions for the
formation, maintenance and even deterioration of hypoxia (Ad-
hikari et al., 2015). In this study, the N/P ratio of DIN and DRP in
water ranged from 8 to 81, with an average value of 23, which was
higher than Redfield ratio, indicating a potential P limitation.
However, the occurrence of hypoxia is likely to promote the re-
lease of reactive P and lead to the increase of water DRP (Fig. 5a),
which alleviates the P limitation in water. The release of P may
induce the bloom of algae and further aggravate the hypoxia con-
dition, which has been recorded in many hypoxia seas (Rozan et
al., 2002; Adhikari et al., 2015).

In fact, the exchange rate of Exch-P and Fe-P at the solid-li-
quid interface is very fast. Adhikari et al (2015) found that the re-
lease rate of P is positively and significantly correlated with the
content of Fe-P in the sediments of Gulf of Mexico. The P re-
leased after 30 d accounted for 0.1%-6.9% of the Tot-P, while Fe-
P accounted for 0.5%-10% of the Tot-P, indicating that Fe-P had
quite high solubility activity (Adhikari et al., 2015). The results of
culture experiments in the sediment of Rushan Bay under differ-
ent DO conditions show that iron and manganese oxides are dis-
solved and released to a certain extent under oxygen-rich, hypox-
ic and anoxic conditions, and the release rate and amount in-
crease with the decrease of DO. In addition, under the condition
of 63 pmol/L DO for 15 d, almost all of the released P, iron and
manganese were derived from CDB extracts, while no iron and
manganese release behavior was observed under oxygen-rich
conditions (Liu et al., 2022). In this study, sediments were incub-
ated continuously for 20 d at a DO of 100-150 pmol/L, and about
48% of the Fe-P in sediments was released into the overlying wa-
ter (Liu et al., 2016). Based on the sediment incubation imple-
mented of the Rushan Bay (Liu et al., 2016) and Changjiang River
Estuary (Liu et al., 2020), Fe-P dissolution under low DO condi-
tion was the main process to increase DRP in the overlying water.
It can be seen that SPM and sediments in the study area have a
great potential for P release, especially under seasonal low oxy-
gen conditions, and Exch-P and Fe-P could be likely to be re-
leased into the water body and re-change the structure of water
nutrients.

Combined with this study and related culture experiments
(Adhikari et al., 2015; Liu et al., 2022), assuming that under the
secondary oxidation condition (DO: 100-150 pmol/L), about 50%
of Exch-P and Fe-P in the particulate matter and surface sedi-
ment (thickness 1 cm) could be released into the water. Under
the absence of oxygen in the overlying water, Exch-P and Fe-P
tend to release into the water through the transformation pro-
cess. Under the condition of rich oxygen (DO > 260 pmol/L), the
dissolved release of P was almost none. With DRP, DIN, Exch-P
and Fe-P as the background (DO > 260 pumol/L), without consid-
ering the changes of water exchange and DIN, the concentration
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of SPM and the density of sediment (1.5 g/cm?) were combined
to calculate the concentration of DRP and nutrient structure level
in water under different DO conditions (Fig. 6). It can be seen
that under oxygen-rich conditions, as water DRP:DIN was less
than 16:1, P become a potential limiting element. While, when
the water body developed to the hypoxic state, the P limitation
was obviously improved. When the water body was in a state of
low oxygen, a large amount of reactive P released from SPM and
sediment, which would greatly increase the concentration of
DRP in the water body, thereby resulting in the deterioration of
water quality (Rozan et al., 2002; Adhikari et al., 2015). Despite
the extreme low oxygen environment in the coastal area off Rush-
an Bay are less likely to occur, but in recent years, with the in-
tensification of human activity factors, the mariculture site could
cause seasonal hypoxia and face further eutrophication risk (Liu
et al.,, 2016; Zhang et al., 2022), which would be also the common
concern of many mariculture areas with anoxic waters at present
and deserves further attention.

5 Conclusions and future directions

The content, form and seasonal distribution of P in SPM and
sediment were significantly different in the coastal area off Rush-
an Bay due to the differentiation transformation process, differ-
ent sources and influence of mariculture. Det-P and Fe-P were
the main forms of P in both SPM and surface sediments in the
coastal area off Rushan Bay. Exch-P and Fe-P were largely con-
trolled by Fe and Mn oxides and particle size, while Org-P was
mainly related to primary production. The partition coefficient of
P showed that both particulate inorganic P and Org-P had high
reactivity, indicating that the regeneration of particulate P, utiliz-
ation and transformation by organisms were key controlling pro-
cesses of P in water.

During the deposition of SPM from the water column to the
sediment, the occurrence forms of P changed, and the contents
of Exch-P, Fe-P and Org-P and their contributions to Tot-P de-
creased significantly. The relationships between water DO and
DRP, Exch-P and Fe-P suggested that low DO level accelerated
the regeneration of inorganic P in SPM and surface sediments.
Under seasonal hypoxia conditions, the effect of DO on the po-
tential release of DRP showed that Exch-P and Fe-P in sediment
released into the water column through transformation would in-
crease the risk of eutrophication.
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Mariculture could enhance the deoxygenation in the water
column due to the degeneration of organic carbon, which would
alter the P cycling in the water-sediment system. It is advisable to
predict and explain the changing characteristics of P cycling un-
der the increasing pressure from mariculture at present and in
the future.
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