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Abstract

The study presents the spatial distribution of different forms of phosphorus in the sediments in Lake Chaohu, a large eutrophic
Chinese lake, and their correlation with phosphorus content in pore water. The sediment and pore water samples were taken from
19 sampling sites. A sequential extraction was used to determine the contents of different forms of phosphorus in the sediments.
The compositions and spatial distribution of different forms of phosphorus in the sediments and their correlation with ortho-
phosphate and total phosphorus content in the pore water were studied. The following results were obtained: (1) the mean content
of total phosphorus was 474.7 +20.5 mg/kg, with 390.8 +82.4 mg/kg for the eastern lake (N =15), 469.0 +53.9 mg/kg for the
western lake (N=15), and 524.5 + 185.3 mg/kg for rivers (N=9); (2) the order of the proportions of the different forms of
phosphorus was occluded phosphorus (Oc-P, 52.4%) > debris phosphorus (De-P, 14.2%) > auto-calcium-bound phosphorus
(ACa-P, 13.5%) > aluminum-bound phosphorus (Al-P, 9.8%) > organic phosphorus (Or-P, 6.8%) > exchangeable phosphorus
(Ex-P, 2.1%) > iron-bound phosphorus (Fe-P, 1.3%); (3) Ex-P, Al-P, and Fe-P had significantly positive correlations with
orthophosphate and total phosphorus content in pore water, which showed that these forms of phosphorus were released more

easily and had an indirect impact on lake eutrophication.

Keywords Phosphorus - Sediment - Pore water - Sequential extraction - Lake Chaohu

Introduction

Eutrophication in shallow lakes caused by excessive nitrogen
or/and phosphorus is a serious water environmental problem
around the world (Ryding and Rast 1989; Cooke et al. 1993;
Xu et al. 2003). The exogenous nutrient loadings from the
ground runoff, industrial wastewater, and domestic sewage
mainly contribute to lake eutrophication (Moss et al. 1996,
1997; Van der Molen et al. 1998; Xu et al. 2003). However,
for shallow lakes, the endogenous loadings from the frequent
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resuspension of nutrient-enriched bottom sediments and their
continued release of nutrients would play very important role in
water eutrophication (Moss et al. 1996, 1997; Van der Molen et
al. 1998; Xu et al. 2003). This might be the reason why shallow
lakes are more resistant to the curtailment of exogenous nutrient
loading compared to deep lakes (Moss et al. 1996, 1997,
Edmondson and Lehman 1981; Van der Molen et al. 1998).
For most eutrophic lakes, phosphorus is identified as a key
limiting nutrient (Cooke et al. 1993; Moss et al. 1996). Pore
water is an important medium for the release of nutrients from
sediments into lake water (Sundby et al. 1992; Tang et al.
2009). Information concerning the spatial distribution of differ-
ent forms of phosphorus in the sediments and their correlation
with phosphorus content in pore water is of prime theoretical
and actual importance when predicting nutrient concentrations
in the water column (Van der Molen 1991; Golterman 1995),
and in establishing measures of success for lake eutrophication
control programs following reductions in external nutrient load-
ing (Levine and Schindler 1989; Rossi and Premazzi 1991).
At present, some analytical methods for different forms of
phosphorus in sediments have been proposed. Among the var-
ious methods, the sequential extraction techniques, proposed
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first by Chang and Jackson (1957), are the most promising
methods for separating and quantifying the various phosphorus
reservoirs in sediments (Ruttenberg 1992; Li et al. 1998). Such
techniques are regularly used in the study of lakes (e.g.,
Williams et al. 1976, 1980; Zhu et al. 2004; Guo et al. 2007),
rivers (e.g., Lucotte and d’Anglejan 1985; Hu et al. 2001),
marine waters (e.g., Morse and Cook 1978; Filipek and Owen
1981; Ruttenberg 1992; Shan et al. 2016), and soils (e.g., Costa
etal. 2017; Grigatti et al. 2017). In the present study, sequential
extraction techniques were used to separate and quantify the
different forms of phosphorus in the sediments from Lake
Chaohu, a large eutrophic Chinese lake.

Lake Chaohu with a mean depth of 3.06 m and a mean
surface area of 760 km? is located in southeastern China (30°
25'28"-31°43'28" N, 117° 16’ 54"-117° 51' 46" E) (Fig. 1a).
It is well known as the fifth largest freshwater lake and one of
the most eutrophic lakes in China. Since the late 1970s, the lake
has suffered from serious eutrophication due to the discharge of
large amounts of exogenous nutrient loadings (Xu 1997; Xu et
al. 1999a, b). A lot of comprehensive studies on Lake Chaohu
have been performed since the early 1980s (e.g., Tu et al. 1990;
Wang and Zhu 1995; Xu et al. 1999a, b; Xu et al. 2001a, b;
Jiang et al. 2014; Yang et al. 2016). Many measures, such as
controlling the importation of exogenous nutrients, sediment
dredging, water diversion, planting aquatic plants, and stocking
bighead carp, have been taken. However, the lake is still suf-
fering from serious eutrophication (Jiang et al. 2014; Yang et al.
2016). The release of the endogenous nutrient loading from
sediments might be one of the primary causes (Xu et al. 2003).

Some studies on the distribution of phosphorus in the sedi-
ments from Lake Chaohu have been performed (e.g., Tang et al.

2009; Ma et al. 2010; Yang et al. 2011). However, these previ-
ous studies focused on the phosphorus forms that were relative-
ly simple, which could not reflect the effects of the more differ-
ent forms of phosphorus on the water. Additionally, in recent
years, dredging has been carried out in some parts of the lake. It
is necessary to study the characteristics of sedimentary phos-
phorus forms and their relationship with pore water after dredg-
ing. The primary purposes of this study are (1) to explore the
contents and spatial distribution of the seven forms of phospho-
rus in the sediments from Lake Chaohu and (2) to analyze the
relationships between the forms of phosphorus in the sediments
and the phosphorus content in pore water.

Materials and methods
Sampling

Nineteen sampling sites were set up in Lake Chaohu and the
main inflow rivers in the basin (Fig. 1). The sites L1-L5 and
L6-L10 were located in the western and eastern lake, respec-
tively. The sites R1, R3, R4, R5,R6,R7,R8, and R9 were on
the river moths of Nanfeihe River, Paihe River, Hangbuhe
River, Baishitianhe River, Zhaohe River, Tongyanghe River,
Zhegaohe River, and Shuangqiaohe River, respectively,
while the site R10 was on the moth of the outflow river,
Yuxing River.

Surface sediment samples were collected in May 2011 using
the grab sediment sampler. Samples were stored in HDPE (high-
density polyethylene) pots at —20 °C before being analyzed.
After thawing, sediment samples were centrifuged at 11000 1/
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Fig. 1 The distribution of sediment sampling sites on Lake Chaohu
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min for 15 min (Sigma 3K-15, Sigma Laborzentrifugen GmbH,
Germany). The supernatant fractions were filtered using a
0.45-pm nylon filter to obtain pore water; the remaining sam-
ples were freeze-dried by FD-IA-50 freeze-dryer (Beijing
Boyikang Laboratory Instrument Co. Ltd., Beijing, China).
Freeze-dried samples were ground by RM 200 grinder (Retsch
GmbH, Germany) and sieved to pass through a 200-mesh sieve
after the removal of plant tissues, shells, etc.

Extraction and analysis of different forms
of phosphorus in the sediments

The sequential extraction and analysis methods for the different
forms of phosphorus used in this paper are shown in Fig. S1.

Analysis of orthophosphate and total phosphorus
content in pore water

The analysis of orthophosphate (PO4>") and total phosphorus
(TP) content in pore water was performed according to the
national standard method (GB 11893-89). The main steps
are as follows: (1) using potassium persulfate (or hydrogen
nitrate-perchloric acid) as an oxidizer, phosphorus is convert-
ed to orthophosphate; (2) orthophosphate reacts with ammo-
nium molybdate to produce phosphomolybdic heteropoly acid
in the presence of potassium antimony tartrate in acid media;
(3) phosphomolybdic heteropoly acid is deoxidized by ascor-
bic acid to produce blue complexes; and (4) the content of
total phosphorus is determined by measuring the absorbance
of the samples and comparing with the standard curves.

Statistical analysis

ArcGis (Environmental Systems Research Institute, Inc.,
America) was used to depict the figures of the spatial distribu-
tion of different forms of phosphorus, and IBM SPSS Statistics
18.0 (International Business Machines Corporation, USA) was
used for multivariate statistical analysis.

Results

Levels of different forms of phosphorus
in the sediments

The concentrations of different forms of phosphorus in sed-
iment samples are shown in Table 1. The average concen-
trations of Ex-P, Al-P, Fe-P, Oc-P, De-P, ACa-P, and Or-P in
river sediments (N=9) were 22.4 +£32.4,57.6 £47.4,8.1 £
13.8, 276.9 +68.8, 66.4+28.4, 68.0+37.4, and 25.1
5.5 mg/kg, respectively. The average concentrations of Al-
P, Fe-P, Oc-P, and Or-P in the western river sediments (70.3
+69.4, 16.9+23.5, 244.4£140.0, and 19.61 £6.1 mg/kg)

(N =5) were higher than in the eastern rivers (N = 5), and the
average concentrations of Ex-P, De-P, and ACa-P in the
eastern river sediments (20.2 +32.8, 56.8 +44.8, and 64.6
+54.9 mg/kg) (N =5) were higher than in the western river
sediments (N =4). The average concentrations of Ex-P, Al-
P, Fe-P, Oc-P, De-P, ACa-P, and Or-P in lake sediments (N =
10) were 4.7+3.7, 41.9+25.2, 5.5+3.7, 220.3+75.1,
64.9+9.5, 58.8+£13.3, and 33.9 +4.2 mg/kg, respectively.
The average concentrations of different forms of phospho-
rus in the western lake sediments (N =5) were all higher
than in the eastern lake sediments (N =15). The concentra-
tions of Oc-P in river and lake sediments were the highest
among the seven forms of phosphorus (276.9 + 68.8 and
220.3 +£75.1 mg/kg).

Composition of different forms of phosphorus
in the sediments

The composition of the different forms of phosphorus in the
sediments from Lake Chaohu is shown in Fig. 2. The pro-
portions of Ex-P were the lowest in the sediments of sam-
pling sites R3 (Paihe River), R4 (Hangbuhe River), and
most sampling sites on the lake (L2, L3, L4, L6, L7, L8,
and L9). The proportions of Fe-P were the lowest for L1, L5,
L10, and most sampling sites on rivers (R5, R6, R7, R8, R9Y,
and R10). Or-P had the lowest proportion at sampling site
R1 (Nanfeihe River). Al-P was approximately 2.7-21.6% of
the total phosphorus in the sediments. Oc-P had the highest
proportions (32.5-72.5%). ACa-P and De-P had approxi-
mate proportions (5.3-22.0 and 7.3-22.2%, respectively).
Or-P was approximately 2.7—13.3% of the total phosphorus.
Inorganic phosphorus was the dominant form of phospho-
rus in the sediments, and the proportions of Or-P were much
lower, which showed that the organic matter in the sedi-
ments in Lake Chaohu had almost disappeared, and phos-
phorus was mainly deposited in the form of an inorganic
phase. The concentrations of Al-P and Fe-P in the west were
higher than in the east. The concentrations of other forms of
phosphorus in the west were approximate the same as the
east. The proportion of Ex-P in lake sediments (4.3%) was
higher than in the river sediments (1.1%). Al-P, Fe-P, Oc-P,
ACa-P, and De-P in lake and river sediments had approxi-
mately the same proportions. The proportion of Or-P in lake
sediments was 4.8%, lower than in the river sediments
(7.9%). Oc-P was approximately 51.2-52.8% of the total
phosphorus in lake and river sediments, higher than other
forms of phosphorus.

Spatial distribution of different forms of phosphorus
in the sediments

The distribution of seven forms of phosphorus in sedi-
ments is shown in Fig. 3, and the spatial distribution of
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Table 1 The concentrations of

different forms of phosphorus in Ex-P  ALP Fe-P  OcP  DeP ACa-P Or-P Total
sediment samples (mg/kg)
Sampling points R1 87.9 1502 440 3481 725 49.5 21.1 7732
R3 2.9 36.6 34 287.0 287 21.1 16.1 3957
R4 10.0  81.6 109 3745  69.2 80.8 255 6525
R5 4.5 35.7 4.1 2624 765 92.0 262 5012
R6 22 9.8 0.4 2020 641 60.2 17.8 3564
R7 4.6 16.0 1.0 1984 317 26.1 303 308.0
R8 8.3 55.3 45 1979 507 64.3 315 4124
R9 69.4 109.6 3.5 347.1  123.0 1458 27.6 8258
R10 119 239 1.4 2746 815 722 29.5 4949
L1 129  96.1 10.6 1726 60.0 57.6 351 4449
L2 7.1 59.7 113 1568  69.5 63.1 32.8 4003
L3 4.1 50.2 7.8 309.1  60.0 52.5 314 5151
L4 5.2 55.0 7.4 286.7 743 66.2 369 5317
L5 6.5 48.6 6.0 2248 681 62.4 36.8 4532
L6 2.1 28.0 25 89.3 56.5 60.4 36.5 2752
L7 0.9 28.1 32 1421 785 62.9 376 3533
L8 1.1 24.7 2.7 2872 640 43.8 36.8 4603
L9 1.3 15.6 2.7 262.6 463 34.8 243 3877
L0 54 133 0.9 2715 71.6 84.2 30.7 4775
Rivers (R1-R10) Max 694 1502 440 3745 1230 14538 315 8258
Min 22 9.8 0.4 1979 287 21.1 16.1  308.0
AM 224 576 8.1 2769 664 68.0 25.1 5245
SD 324 474 13.8 6838 284 374 5.5 1853
Lake (L1-L10) Max 129  96.1 113 309.1 785 84.2 376 5317
Min 09 133 0.9 89.3 46.3 34.8 243 2752
AM 47 41.9 5.5 2203 649 58.8 339 4299
SD 3.7 252 3.7 75.1 9.5 133 42 77.5
Western Lake (L1-L5) Max 129  96.1 113 309.1 743 66.2 369 5317
Min 4.1 48.6 6.0 156.8  60.0 52.5 314 4003
AM 85 723 8.6 2329 672 59.4 342 469.0
SD 6.2 33.6 3.7 107.7  10.1 9.7 39 53.9
Eastern Lake (L6-L10) Max 54 28.1 32 2872 785 84.2 376 4775
Min 09 133 0.9 89.3 46.3 34.8 243 2752
AM 53 36.8 4.1 1793 505 47.0 25.0 3908
SD 32 252 33 96.2 30.1 32.0 151 824
Western Rivers (R1-R5)  Max  10.0 1502 440 3745 765 92.0 262 7732
Min 29 35.7 34 2624 287 21.1 16.1 3957
AM 53 70.3 169 2444 451 484 19.1  580.6
SD 4.0 69.4 235 1400 272 38.1 6.1 166.1
Eastern Rivers (R6-R10)  Max  69.4 109.6 45 347.1  123.0 1458 315 8258
Min 22 9.8 0.4 1979 317 26.1 17.8  308.0
AM 202 647 113 2324 568 64.6 18.6 4795
SD 328 412 10.7  87.6 448 54.9 104 2057

Max maximum, Min minimum, AM arithmetic mean, SD standard deviation

TP in the sediments in Lake Chaohu is shown in Fig. 4.
The concentrations of Ex-P in the central lake were rela-
tively lower, and the minimum was 0.9 mg/kg at the sam-
pling site L7. The concentration of Ex-P increased along
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R1 (Nanfeihe River).

The concentrations of Al-P in the eastern lake were rela-
tively lower, and the minimum was 9.8 mg/kg at R6 (Zhaohe
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Fig.2 The compositions of different forms of phosphorus in the sediments from Lake Chaohu. a Different sampling sites. b Different regions of the lake
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River). The concentrations of Al-P increased along the east
and the west, and the maximum was 150.2 mg/kg also at R1.
For the same reason as Ex-P, the concentration of Al-P at R1
was the highest.

The concentrations of Fe-P in the central and eastern lake
were relatively lower, and the minimum was 0.4 mg/kg at
sampling site R6. The concentrations of Fe-P increased along
the west, and the maximum was 44.0 mg/kg at R1.

The concentrations of Oc-P in the central lake were rela-
tively lower, and the minimum was 89.3 mg/kg at L6. The
concentrations of Oc-P increased along the east and the
west, and the maximum was 374.5 mg/kg at R4 (Hangbuhe
River).

The concentrations of ACa-P in the northeast of lake and
estuary in the west were relatively lower. The minimum was
21.1 mg/kg at the sampling site R3, and the maximum was
145.8 mg/kg at R9 (estuary on the east).

The concentrations of De-P in the northeast of the lake
and the estuary on the west were relatively lower. The min-
imum was 28.7 mg/kg at R3, and the maximum
was123.0 mg/kg at R9. The similar influence factors were
found for the distribution of both De-P and ACa-P.

The concentrations of Or-P in the estuary in the northwest
and south and the water source area in the east were relatively
lower, and the minimum was 16.1 mg/kg at R3. The concen-
trations of Or-P in the central and western lake were relatively
higher, and the maximum was 37.6 mg/kg at L7. There were a
few little differences in the concentrations of Or-P at all sam-
pling sites.

Spatial distribution of PO,>~ and TP in the pore water

The spatial distribution of PO,>~ and TP in pore water in
Lake Chaohu are shown in Fig. 5. The maximum of the
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concentrations of PO,>~ in pore water was 1.56 mg/L at
R1. The concentrations decreased along the southeast and
southwest, and the minimum was 0.05 mg/L at L3. The
concentration of PO,>~ in pore water in the eastern lake
(0.07£0.01 mg/L) was approximately equal to the concen-
tration of PO,>~ in the western lake (0.09 +0.03 mg/L).
The concentration of PO,>~ in the pore water in the west-
ern rivers (0.49 £0.72 mg/L) was much higher than in the
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Table 2  The correlation coefficients between different forms of phosphorus and the contents of PO,>~ and TP in the pore water

Correlation Ex-P Al-P Fe-P Oc-P De-P ACa-P Or-P PO, TP
coefficients

Ex-P 1.000

Al-P 0.834:#* 1.000

Fe-P 0.727%* 0.8047%* 1.000

Oc-P 0.477%* 0.416 0.334 1.000

De-P 0.523* 0.409 0.106 0.304 1.000

ACa-P 0.401 0.328 —0.086 0.262 0.899%* 1.000

Or-P —0.289 —0.106 -0.212 —0.438 0.180 0.106 1.000

PO, 0.768%** 0.667+* 0.923%#* 0.321 0.046 —0.136 —0.357 1.000

TP 0.719%* 0.630%* 0.901%#* 0.315 —-0.027 —0.198 —0.452 0.978%* 1.000

“*” and “**” indicate that the correlation coefficients were significant at the 0.05 and 0.01 level, respectively

0.01 level), demonstrating that the concentration of TP in pore
water had a great influence on the concentration of PO,>".

Relationship between different forms of phosphorus
in the sediments and PO,>~ and TP in the pore water

The correlation coefficients between seven forms of phospho-
rus and the concentrations of PO,>~ and TP in pore water are
shown in Table 2. Ex-P, Al-P, and Fe-P had significantly pos-
itive correlations with PO,> in pore water, with correlation
coefficients of 0.768, 0.667, and 0.923, respectively. ACa-P
and Or-P had negative correlations with PO,>~ in pore water.
Ex-P, Al-P, and Fe-P also had significantly positive correla-
tions with TP in pore water, with correlation coefficients of
0.719, 0.630, and 0.901, respectively.

Discussion

Levels and composition of different forms
of phosphorus in the sediments

The proportions of Ex-P and Fe-P in surface sediment in Lake
Chaohu were relatively low, which was related to the environ-
mental background of the lake and rivers. ACa-P comes main-
ly from minerals and is difficult to dissolve or adsorb in gen-
eral. Oc-P comes mainly from bound phosphorus or phospho-
rus in the state of natural rock covered by hydro ferric oxide.
The high concentrations of ACa-P and Oc-P manifested the
natural source was the main source of the sediment in Lake
Chaohu. The concentrations of Or-P in the sediments at dif-
ferent sampling sites varied greatly. The compositions of Or-P
were between acid extraction and alkali extraction, and the
forms of phosphorus extractable by alkali in the eastern and
western lake were much different, which was related to the
distribution of pollutant sources around Lake Chaohu and the
hydrodynamic conditions.
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For shallow lakes, the hydrodynamics is one of the primary
factors for the release of phosphorus (Sundby et al. 1992). The
hydrodynamics of the lake and the forms of phosphorus in
different seasons could be different, which might affect the
release of phosphorus from the sediment and lead to the
changes in the levels and composition of phosphorus in the
sediments.

Spatial distribution of different forms of phosphorus
in the sediments and PO,*>~ and TP in the pore water

The northwest and northeast of Lake Chaohu are near Hefei
City and Chaohu City, respectively, and water pollution in
these areas is more serious. Dongpu Reservoir is built with
an upstream dam on Nanfeihe River (R1), which is located on
the northwest portion of the lake. As a result, Nanfeihe River
has small amount of runoff and a low capacity for self-purifi-
cation, and a small amount of the pollutants could cause the
deterioration of water quality. Nanfeihe River also has a low
sewage interception ratio and high overflow frequency (Gu et
al. 2004). At present, the water pollution of the Nanfeihe River
is severe, and the estuary of the Nanfeihe River (R1) and
adjacent lake region (L1) are areas with the highest degree
of eutrophication. Ex-P is mainly the phosphorus adsorbed
or coprecipitated by activated Fe/Mn oxides, hydroxides,
and clay minerals in the sediments. The discharge of domestic
and industrial sewage, as well as the decrease of the self-
purification capacity of the river, led to the high concentra-
tions of Ex-P in this area. Zhaohe River (R6) is an artificial
river with good management, which provides the guarantee
for the survival of the benthos and makes the concentration of
Al-P lower than in other areas. Since the forms and concen-
trations of Fe-P could easily change due to the oxygen-
enriched and anaerobic environment, the distribution of Fe-P
was greatly influenced by the water quality of the Nanfeihe
River and the Zhaohe River.
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Hangbuhe River is a main river in Shucheng County. For
Hangbuhe River, natural disasters were frequent in history:
mound area was deficient in water and often affected by
drought. Floods usually occurred in the polder during flood
season (Tang et al. 2009). The contents of FeO and microor-
ganisms in the river were relatively higher, providing condi-
tions for the accumulation of Oc-P.

The distribution of ACa-P was related to the characteristics
of ACa-P binding to mineral surface and was also affected by
the Shuanggiaohe River (R9) and the Paihe River (R3). The
influence factors of the distribution of De-P were similar to the
factors for ACa-P.

The sampling site R1 was set up on the Nanfeihe River,
close to urban area. The concentrations of PO, and TP in
pore water in the sediment of R1 were having the maxi-
mum values among all sampling sites, which were related
to the natural environment and water quality of the
Nanfeihe River.

Relationship between different forms of phosphorus
in the sediments and PO, and TP in the pore water

Since the sediment-water interface is not under complete an-
aerobic conditions, a high proportion of dissolved phosphate
released into the pore water might be adsorbed or
coprecipitated by iron oxides and clay minerals to form
authigenic minerals during the process of mineralization and
degradation of organic matter in sediments (Yan 1998). This
kind of process is the main method for the transformation of
phosphorus. Dissolved phosphate in pore water could flow
into overlying water and affect the water quality when envi-
ronmental conditions are changed. Ex-P, Al-P, and Fe-P are all
reactive phosphorus and could be released into pore water and
flow into overlying water to affect the concentrations of PO,>"
and TP in pore water and the overlying water. As a result, the
contents of these forms of phosphorus in the sediment could
also have an indirect influence on the degree of water
eutrophication.

Conclusions

1. The concentrations of Oc-P in the lake and the rivers were
all the highest among the seven forms of phosphorus
(32.5-72.5%). The proportions of Ex-P were lowest in
the sediments form Paihe River, Hangbuhe River, and
from the most of lake area, and the proportions of Fe-P
were lowest for the lake area nearby the river mouths of
Nanfeihe River, Hangbuhe River, Baishitianhe River and
nearby the Chaohu City, and for Baishitianhe River,
Zhaohe River, Tongyanghe River, Zhegaohe River,
Shuangqiaohe River, and Yuxing River. Or-P had the low-
est proportion in Nanfeihe River. Inorganic phosphorus

was the dominant form of phosphorus in the sediments
from the lake and the rivers.

2. The concentrations of Al-P and Fe-P in the west were
higher than those in the east. The concentrations of other
forms of phosphorus in the west were approximately the
same as in the east. The proportions of Oc-P in surface
sediment in Lake Chaohu were the highest, and the pro-
portions of Or-P were relatively low. The proportion of
Ex-P in lake sediments was higher than river sediments.
Al-P, Fe-P, Oc-P, ACa-P, and De-P in lake and river sed-
iments had approximate proportions.

3. The northwest and northeast of Lake Chaohu are near
Hefei City and Chaohu City, respectively. The regional
distribution and water pollution of the rivers around
Lake Chaohu had important impacts on the distribution
of different forms of phosphorus.

4. Ex-P, Al-P, and Fe-P had significantly positive correla-
tions with PO437 and TP in pore water, and ACa-P and
Or-P had negative correlations with PO4>". There was
also a high correlation between PO,>~ and TP. The results
showed that Ex-P, Al-P, and Fe-P in the sediments were
the main sources of PO43 " in pore water, and the concen-
tration of TP in pore water also had a great influence on
the concentration of PO437. As a result, the contents of
Ex-P, Al-P, and Fe-P in the sediment could have an indi-
rect influence on the degree of water eutrophication.

Acknowledgments The funding for this study was provided by the
National Science Foundation of China (NSFC) (41030529, 41271462).
This work is also supported by a grant from the 111 Project (B14001) and
from the undergraduate student research training program of the Ministry
of Education.

References

Chang SC, Jackson ML (1957) Fractionation of soil phosphorus. Soil Sci
84:133-144

Cooke DG, Welch EB, Peterson SA, Newroth PR (1993) Restoration and
management of lakes and reservoirs, 2nd edn. Lewis Publ., Boca
Raton

Costa ADR, Silva Junior ML, Kern DC, Ruivo MDLP, Marichal R
(2017) Forms of soil organic phosphorus at black earth sites in the
Eastern Amazon. Rev Ciénc Agron 48(1):1-12

Edmondson WT, Lehman JT (1981) The effects of changes in the nutrient
income on the condition of Lake Washington. Limnol Oceanogr 26:
1-29

Filipek LH, Owen RM (1981) Diagenetic controls on phosphorus in outer
continental shelf sediments from the Gulf of Mexico. Chem Geol
33:181-204

Golterman HL (1995) The labyrinth of nutrient cycles and buffers in
wetlands: results based on research in the Camargue (southern
France). Hydrobiologa 315(1):39-58

Grigatti M, Boanini E, Mancarella S, Simoni A, Centemero M, Veeken
AHM (2017) Phosphorous extractability and ryegrass availability
from bio-waste composts in a calcareous soil. Chemosphere 174:
722-731

@ Springer



Environ Sci Pollut Res

Gu CJ, Dai XR, Zhang HL (2004) The grain size characteristics of sed-
iments and the depositional environment of Chaohu. Mar Geol Lett
20(10):10-13 (in Chinese)

Guo JN, Lu SY, Jin XC, Jiang X, Sheng L (2007) Vertical distribution of
various forms of phosphorus in the sediments of Fubao Gulf,
Dianchi Lake. Res Environ Sci 20(2):78-83 (in Chinese)

Hu CY, Pan JM, Liu XY (2001) Species of phosphorus in sediments from
Peal River estuary. Mar Environ Sci 20(4):21-25 (in Chinese)
Jiang YJ, He W, Liu WX, Qin N, Ouyang HL, Wang QM, Kong XZ, He
QS, Yang C, Yang B, Xu FL (2014) The seasonal and spatial vari-
ations of phytoplankton community and their correlation with envi-
ronmental factors in a large eutrophic Chinese lake (Lake Chaohu).

Ecol Indic 40(5):58-67

Levine SN, Schindler DW (1989) Phosporus, nitrogen and carbon dy-
namics of experimental Lake 303 during recovery from eutrophica-
tion. Can J Fish Aquat Sci 46(1):2—-10

LiY, Wu DN, Xue YX (1998) The improvements of extraction methods
of different forms of phosphorus in sediments and their environmen-
tal geochemical significance. Mar Environ Sci 17(1):15-20 (in
Chinese)

Lucotte M, d’Anglejan B (1985) A comparison of several methods for the
determination of iron hydroxides and associated orthophosphates in
estuarine particulate matter. Chem Geol 48:257-264

Ma XL, Sun QY, Wu HL (2010) Phosphorus forms in sediment of ponds
around Chao Lake and their spatial variation. J Anhui Agri Sci
38(2):1075-1078 (in Chinese)

Morse JW, Cook N (1978) The distribution and form of phosphorus in
North Atlantic Ocean deep-sea and continental slope sediments.
Limnol Oceanogr 23:825-830

Moss B, Madgwick J, Phillips G (1996) A guide to the restoration of
nutrient-enriched shallow lakes. Broads Authority, Environment
Agency & EU Life Programme, Norwich

Moss B, Beklioglu M, Carvalho L, Kiline S, McGowan S, Stephen D
(1997) Vertically challenged limnology: contrasts between deep and
shallow lakes. Hydrobiologia 342-343(1):257-267

Rossi G, Premazzi G (1991) Delay in lake recovery caused by internal
loading. Water Res 25:576-575

Ruttenberg KC (1992) Development of a sequential extraction method
for different forms of phosphorus in marine sediments. Limnol
Oceanogr 37(7):1460—1482

Ryding SO, Rast W (1989) The control of eutrophication of lakes and
reservoirs. Man and the biosphere series vol. 1. UNESCO, Paris

Shan BQ, Li J, Zhang WQ, Di ZZ, Jin XN (2016) Characteristics of
phosphorus components in the sediments of mainrivers into the
Bohai Sea. Ecol Eng 97:426-433

Sundby B, Gobeil C, Silverberg N, Mucci A (1992) The phosphorus
cycle in marine sediments. Limnol Oceanogr 37(6):1129—-1145

Tang BJ, Chen L, Jiang X, Jin XC (2009) Phosphorus speciations in
sediments and their relationships with soluble phosphorus concen-
trations in porewater in Lake Chaohu. J Agro-Environ Sci 28(9):
1867-1873 (in Chinese)

@ Springer

Tu QY, Gu DX, Yin CQ (1990) Chaohu—study on eutrophication. Press
of University of Science and Technology of China, Hefei (in
Chinese)

Van der Molen DT (1991) A simple dynamic model for the simulation of
the release of phosphorus from sediments in shallow eutrophic sys-
tems. Water Res 25(91):737-744

Van der Molen DT, Portlielje R, Boersa PCM, Lijklemab L (1998)
Changes in sediment phosphorus as a result of eutrophication and
oligotropication in Lake Veluwe, the Netherlands. Water Res 32(11):
3281-3288

Wang HB, Zhu HG (1995) Toxicity and pollution of freshwater phyto-
plankton. Shanghai Environ Sci 14(8):38—41 (in Chinese)

Williams JDH, Jaquet JM, Thomas RL (1976) Forms of phosphorus in
the surficial sediments of Lake Erie. J Fish Res Board Can 33:413—
429

Williams JDH, Shear H, Thomas RL (1980) Availability to Scenedesmus
quadricauda of different forms of phosphorus in sedimentary mate-
rials from the Great Lakes. Limnol Oceanogr 25(1):1-11

Xu FL (1997) Exergy and structural exergy as ecological indicators for
the development state of the Lake Chao ecosystem. Ecol Model
99(99):41-49

Xu FL, Jorgensen SE, Tao S, Li PG (1999a) Modeling the effects of
macrophytes restoration on water quality and ecosystem of Lake
Chao. Ecol Model 117:239-260

Xu FL, Tao S, Xu ZR (1999b) The restoration of wetlands and macro-
phytes in the Lake Chao: possibility and effects. Hydrobiologia
405(4):169-178

Xu FL, Lu XY, Zhou JG, Cao J, Li BG, Tao S (2001a) Indicators and
fuzzy cluster method for comprehensive environmental impact as-
sessment of large-scale water conservancy engineering. Bull Soil
Water Conserv 21(4):10-14 (in Chinese)

Xu FL, Zhou JG, Li BG, Cao J, Tao S (2001b) Multi-step fuzzy cluster
analysis for comprehensive assessment of urban environmental
quality. Urban Environ Urban Ecol 2

XuFL, Tao S, Dawson RW, Xu ZR (2003) The distribution and effects of
nutrients in the sediments of a shallow eutrophic Chinese lake.
Hydrobiologia 429(1-3):85-93

Yan WM (1998) Pollution characteristics of surface runoff on different
soil types in Chaohu basin. Res Environ Yangtze Basin 7(3):52-55
(in Chinese)

Yang CM, Xu C, Yin DQ (2011) Phosphorus forms and vertical distribu-
tion in sediments of urban rivers in Chaohu City. J Tongji University
(natural science) 39(12):1832—1837 (in Chinese)

Yang B, Jiang YJ, He W, Liu WX, Kong XZ, Jergensen SE, Xu FL
(2016) The tempo-spatial variations of phytoplankton diversities
and their correlation with trophic state levels in a large eutrophic
Chinese lake. Ecol Indic 66:153-162

Zhu GW, Qin BQ, Gao G, Zhang L, Fan CX (2004) Fractionation of
phosphorus in sediments and its relation with soluble phosphorus
contents in shallow lakes located in the middle and lower reaches of
Changjiang River, China. Acta Sci Circumst 24(3):381-388 (in
Chinese)



	The spatial distribution of phosphorus and their correlations in surface sediments and pore water in Lake Chaohu, China
	Abstract
	Introduction
	Materials and methods
	Sampling
	Extraction and analysis of different forms of phosphorus in the sediments
	Analysis of orthophosphate and total phosphorus content in pore water
	Statistical analysis

	Results
	Levels of different forms of phosphorus in the sediments
	Composition of different forms of phosphorus in the sediments
	Spatial distribution of different forms of phosphorus in the sediments
	Spatial distribution of PO43− and TP in the pore water
	Relationship between different forms of phosphorus in the sediments and PO43− and TP in the pore water

	Discussion
	Levels and composition of different forms of phosphorus in the sediments
	Spatial distribution of different forms of phosphorus in the sediments and PO43− and TP in the pore water
	Relationship between different forms of phosphorus in the sediments and PO43− and TP in the pore water

	Conclusions
	References


