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a b s t r a c t

Aquatic plant debris in lakes or rivers may affect phosphorus flux in water–sediment systems. In this
study, either aquatic plant debris or typical plant components (cellulose or glucose), were added into
a system of sediment (50 g) and overlying water (2 L) with different initial SRP (soluble reactive phos-
phorus) concentrations to investigate the impact. After 18 days of treatment with 4 g of plant debris,
the SRP in the overlying water for 0.5 and 2 mg L−1 initial SRP tests at 30 ◦C decreased by 41 and 53%,
respectively, compared to the treatments without plant debris. Cellulose and glucose treatments gave
similar results as plant debris treatment. When the water–sediment system was sterilized, the cellulose-
or glucose-facilitated decrease in SRP vanished. Additionally, in the non-sterilized system, the glucose
icroorganism
ediment
hosphorus
lant debris

treatment significantly increased both the microbial biomass carbon and the microbial biomass phos-
phorous in the sediment. Although total phosphorous in the sediment increased with glucose treatment,
its water soluble and iron associated inorganic fractions, two labile phosphorus fractions, were clearly
reduced. Our results suggest that the short-term retention of plant debris in water systems facilitates a
decrease in overlying water SRP through microbe-mediated mechanisms of phosphorus adsorption and
stabilization in sediment.
. Introduction

Water eutrophication has become a serious environmental
roblem worldwide [1,2]. Severe algal blooms due to eutrophi-
ation can not only lead to unpleasant taste and odor of water,
ut also cause water supply filtration problems and subsequent
ublic health concerns [3]. Consequently, the factors that pro-
ote water eutrophication have been extensively studied in recent

ecades. Available phosphorus (P) in the water is considered
ne of the most important factors responsible for eutrophication
4–6]. The amount of available P in the overlying water is mainly
etermined by the following two processes: external phospho-
ous loading and phosphorous exchange between the sediment
nd the overlying water. The latter process is particularly inter-
sting to many researchers, because the sediment can function
ither as an internal P load or as P sink for its overlying water [7].
nternal P loading facilitates algal blooms, while internal P sink-
ng improves water quality [8]. Therefore, many researchers have
ocused on investigating the factors affecting P behavior at the sed-

ment/water interface [9–11]. Traditionally, the cycling of P at the
ediment/water interface was considered an abiotic process [12].
ecently, there has been evidence that biotic processes mediated

∗ Corresponding author. Tel.: +86 571 88982478.
E-mail address: jincw@zju.edu.cn (C.W. Jin).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.04.067
© 2011 Elsevier B.V. All rights reserved.

by microorganisms are also involved in P cycling [13–15]. There-
fore, any factors affecting the growth of microorganisms should
also be expected to influence P cycling at the sediment/water inter-
face.

Most lakes and rivers contain large distributions of aquatic
plants. For example, according to an investigation of Gu et al. [16],
the area of aquatic plants in East Taihu Lake in China accounted
for more than 70% of the total water area. Because of the purifica-
tion properties associated with aquatic plants in their acquisition
of nutrients from the water column, restoration of aquatic plants
is encouraged in many cases. This restoration is encouraged par-
ticularly in shallow lakes or rivers, where the area covered by
aquatic plants is more than 50% of the total water area [17]. Most
of the aquatic plants are herbaceous, and thus their life cycles are
usually completed within months. Harvesting of aquatic plants at
their maximum biomass stages in these controlled lakes and rivers
can remove the nutrients that were previously acquired by plants.
However, in uncontrolled lakes and rivers (which are prevalent
in China), aquatic plants generally remain in water systems after
death and produce small organic compounds during decay [18,19].
Formation of these small organic compounds can serve as a car-
bon (C) source for the growth of microorganisms. Therefore, the

plant debris remaining in water systems may alter the behaviors
of microorganism-mediated phosphorous fluxes between the sed-
iment and its overlying water. At the moment limited information
is available to support this hypothesis.

dx.doi.org/10.1016/j.jhazmat.2011.04.067
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jincw@zju.edu.cn
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Table 1
The basic physico-chemical properties of testing sediments.

pH 7.64
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TN (g kg ) 1.91
LOI (%) 3.02
CEC (cmol kg−1) 23.02

In this study, sediment taken from a lake covered with a large
uantity of aquatic plants was used to investigate the effect of plant
ebris on P flux between sediment and its overlying water. Whether
he microorganisms mediated this behavior was also examined.

. Materials and methods

.1. Sediment collection and characterization

Taihu Lake (119◦54′–120◦36′N, 30◦56′–31◦33′E) is located in the
angtze River Delta and has a surface area of 2338 km2 [20]. The
ediment used in the present study was collected from the Gonghu
egion in the northeast part of Taihu Lake, which has a surface
rea of 176 km2 and a mean depth of 1.8 m. Water in this region
s frequently agitated because of wind and water transport vessels,

hich create waves. These factors allow oxygen to be easily dis-
olved into the water [21]. The sediment sample was collected in
ay 2008. A sampling location covered with dense aquatic plants
as selected. The aquatic plants mainly include Alternanthera

hiloxeroides Grise, Potamogeton malaianus, Nymaphoides peltata
nd Myriophyllum spicatum L. The sediment sample was collected
nd prepared as described by Jin et al. [21]. The surface sediment
0–10 cm) was collected using a Petersen grab sampler, immedi-
tely stored in iceboxes (<4 ◦C) and taken to the laboratory. The
ediment was then freeze-dried and ground, passed through a 1.8-
m nylon sieve and stored at 4 ◦C for subsequent experiments. All

xperiments in this study were conducted under aerobic condi-
ions.

The pH of the sediment was measured in 1:2.5 (w/v) solid/water
uspensions with a pH meter (Sartorious, PB-10, Germany). The
oncentrations of total nitrogen (TN) and total phosphorus (TP) in
ediment were measured according to the methods of Müller et al.
22]. The total organic matter content was estimated by loss on
gnition (LOI) at 550 ◦C [23]. The cation exchange capacity (CEC)
f the sediment was analyzed using the EDTA–NH4

+ method [21].
elected properties of the sediment are summarized in Table 1.

.2. Incubation experiments

A. philoxeroides Griseb, a typical aquatic plant, was used to inves-
igate the effect of aquatic plant debris on P flux between sediment
nd overlying water. The fresh plants were cut into short pieces.
ifty grams of sediment and 2 L of overlying water with an initial
RP (soluble reactive phosphorous) concentration at 0.5 or 2 mg L−1

ere mixed into a polyethylene container. The initial SRP in the
verlying water was added in the form of KH2PO4–P. Then 4 g of
lant pieces were added into the water–sediment mixture and,
long with a control solution (i.e. no plant debris added), were incu-
ated in an orbital shaker at 90 rpm in dark conditions at 10 or
0 ◦C. The two temperatures used here were to examine whether
he plant debris-mediated P flux was temperature dependent or
ot. The SRP in the overlying water was monitored every 6 days
ith the ammonium molybdate–ascorbic acid method as described

y Murphy and Riley [24].

Because cellulose comprises a large portion of plant anatomy

about 40–50% of the biomass by dry weight [25]), we used this
acro-molecule carbohydrate instead of actual plant debris for

urther confirmation of the function of aquatic plant debris. The
aterials 191 (2011) 212–218 213

water–sediment mixtures were prepared as above. Then 0, 50 or
100 mg of cellulose was added into the mixtures, which were then
incubated in an orbital shaker at 90 rpm in dark conditions at 30 ◦C.
The SRP in the overlying water was also monitored every 6 days.

Glucose is another important plant component, as it is the basic
unit of macro-molecule carbohydrates. In turn, macro-molecule
carbohydrates can also be degraded into glucose in microbe-
inhabited environments [18]. Therefore, the effect of glucose on
P flux in a water–sediment system is another focus of this study.
Glucose was also used to study the possible mechanisms of plant
debris affecting P flux in water–sediment system. To begin, 50 g
of sediment was mixed into 2 L of overlying water with an initial
SRP concentration of 0.5, 1, 2 or 8 mg L−1. Then, glucose was added
into the mixtures at a concentration of 0, 50, 100 or 200 mg L−1,
and incubated in an orbital shaker at 90 rpm in dark conditions
at 30 ◦C. Soluble reactive phosphorous in the overlying water was
monitored after 0, 6, 12, 24, 48 and 72 h of incubation. In order to
more accurately evaluate the variations of P fractions, microbial
biomass C and microbial biomass P in the sediment, the sediment
with 8 mg L−1 initial SRP concentration was collected after 72 h of
incubation for subsequent analysis.

2.3. Sterilization and inoculation experiments

The role of microorganisms in mediating the effect of cellulose
and glucose on the P flux between sediment and its overlying water
was investigated with sterilized and non-sterilized sediments. For
the sterilized treatment, 1 g of sediment with 39 mL of deionized
water in 50-mL centrifuge tubes was first autoclaved at 121 ◦C for
30 min. Then, 1 mL of pre-sterilized KH2PO4 and cellulose pow-
der or glucose solution was mixed into the overlying water under
axenic conditions, with the final concentration of phosphorous at
2 mg L−1 and cellulose or glucose at 0 or 100 mg L−1, respectively.
For non-sterilized treatments, sterilized sediment solution was
first mixed with the KH2PO4 and cellulose or glucose as described
above. Then the mixture was re-inoculated with 100 �L of sediment
suspension inoculums. The suspension inoculums were prepared
by mixing 1 g unsterilized sediment with 30 mL deionized water
and cultivating the mixture for weeks at room temperature. Both
the sterilized and non-sterilized treatments were incubated in an
orbital shaker at 90 rpm in dark conditions at 30 ◦C. The SRP in the
overlying water was measured after 18 days for cellulose treatment
and 3 days for glucose treatment, respectively.

2.4. Microbial biomass C and microbial biomass P

Microbial biomass C and microbial biomass P concentrations
were determined in 1 g samples by extracting chloroform-
fumigated (24-h fumigation) and non-fumigated samples for
30 min, with 30 mL of 0.5 M K2SO4 for biomass C (BC) and 0.5
M NaHCO3 (pH 8.5) for biomass P (BP), respectively [26,27].
Carbon in K2SO4 and phosphorus in NaHCO3 extracts were deter-
mined by a Shimadzu TOC-5000 Analyzer and the ammonium
molybdate–ascorbic acid method described by Murphy and Riley
[24], respectively. Biomass C and biomass P were then estimated
by the equations BC = EC × 2.64 [26] and BP = EP × 2.64 [28], where
EC and EP are the differences between organic C and NaHCO3–Pi
extracted from the fumigated and non-fumigated sediments.

2.5. Measurement of P fractions

Because the microbial activity was thought necessary for glu-

cose to affect P flux in a water–sediment system, the changes in
organic P fractions in sediment after glucose treatment could be
more significant than those of inorganic P fractions without glu-
cose treatment. Therefore, in this study, we used the P fractionation



214 S.T. Du et al. / Journal of Hazardous Materials 191 (2011) 212–218

Sediment
H2O  (2 h)
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Fig. 1. Schematic representation of the sequential P fractionation sche

ethod of McDowell and Koopmans [29] (Fig. 1), which allowed
s to analyze several organic P fractions in sediment. In this pro-
edure, 1 g of sediment was sequentially extracted with 30 mL of
eionized water, 0.05 M Ca–EDTA (+1% Na-dithionite, pH 7.8), 0.1

Na–EDTA (pH 4.5), 0.5 M H2SO4, cold 0.5 M trichloroacetic acid
TCA; 0 ◦C), hot 0.5 M TCA (95 ◦C), 2 M NaOH (90 ◦C), and finally
igested by K2S2O8. These fractions represent, in sequential order,
ater soluble P (H2O–P), Fe associated P (Fe–P), Ca–Al associated P

Ca–Al–P), acid soluble organic P (ASOP), sugar bound organic P (Po),
ucleic acid Po and polyphosphate, humic bound Po and phytate,
nd residual P. Following extraction, each sediment-suspension
as centrifuged (5000 × g) for 10 min and decanted, and then an

liquot was taken for P determination. For Fe–P and Ca–Al–P frac-
ions, the organic P fraction was defined as the difference between
detected before and after digestion by K2S2O8.

.6. Statistical analysis

All treatments in this study were repeated four times. Values
resented in this manuscript were the means ± standard error of
our replicated experiments. The overall significance of differences
etween treatments was determined using ANOVA followed by
unnett’s Test (P < 0.05). All statistical analyses were conducted
ith SAS software (SAS Institute, Cary, NC, USA).

. Results

.1. Effects of plant debris, cellulose and glucose on P flux
etween sediment and overlying water

At both 0.5 and 2 mg L−1 initial SRP tests, the SRP concentra-
ion in the control overlying water (i.e. no plant debris added)
ecreased with an increase in incubation time at both 10 and 30 ◦C

Table 2). The addition of plant debris significantly accelerated a
eduction in SRP, with the more dramatic decreases seen at 30 ◦C.
fter 18 days of incubation at 10 and 30 ◦C, the SRP concentration

n overlying water with plant debris added decreased by 28 and
Residual P

i and Po denote orthophosphate and organic phosphate, respectively.

41%, respectively for 0.5 mg L−1 initial SRP test, and by 30 and 53%,
respectively for 2 mg L−1 initial SRP test, compared to those in the
control overlying water (Table 2).

Cellulose addition had effects similar to the plant debris on SRP
decrease at 30 ◦C (Fig. 2). On the 18th day of incubation, cellulose
treatments of 50 and 100 mg L−1 decreased SRP concentration in
the overlying water by about 30 and 40%, respectively at 0.5 mg L−1

initial SRP test, and by about 25 and 35%, respectively at 2 mg L−1

initial SRP test, compared to cellulose-free controls.
Glucose addition also decreased SRP concentrations. The SRP

decrease accelerated as more glucose was added (Fig. 3) and was
prominent at tests of initial SRP lower than 2 mg L−1 (Fig. 3a–c). In
these initial SRP tests, the SRP concentration of overlying water in
the 200 mg L−1 treatment was less than 50% of the SRP concentra-
tion in the glucose-free treatment after 72 h of incubation.

3.2. Role of microorganisms in mediating cellulose-enhanced and
glucose-enhanced P reduction in overlying water

Since the cellulose and glucose had similar effects on P behavior
with plant debris, these two carbohydrates were used to investi-
gate how plant debris facilitated P reduction in overlying water. In
the sterilized system, the addition of both 100 mg L−1 cellulose and
100 mg L−1 glucose did not affect the SRP concentration in overlying
water, whereas in the non-sterilized system, the SRP concentra-
tion was significantly lowered by the same treatments (Fig. 4).
The results demonstrate that microorganisms play a central role
in organic matter-facilitated SRP decrease in overlying water.

3.3. Effects of glucose on microbial biomass C, microbial biomass
P and P fractions in sediment

After 72 h of incubation, the microbial biomass C in the sedi-

ment was increased by 27%, 68% and 89% in 50, 100 and 200 mg L−1

glucose treatments, respectively, compared to the glucose-free
treatments (Fig. 5a). Both microbial biomass P and C/P ratios also
increased with an increase in glucose concentration (Fig. 5b and c).
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Fig. 2. Effects of cellulose addition on SRP flux between sediment and overlying water. (a and c) Initial P concentration at 0.5 and 2 mg L−1, respectively, depicts the SRP
concentration in overlying water with or without cellulose addition. Error bars represent the S.E. (n = 4). (b) Initial P concentration at 0.5 mg L−1 and (d) initial P concentration
at 2 mg L−1 depicts the percentage of SRP concentration in cellulose added overlying water relative to that in no cellulose added overlying water.
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Fig. 3. Effects of glucose addition on SRP flux between sediment and overlying water. The initial P concentration in overlying water were 0.5 (a and e), 1 (b and f), 2 (c and
g) and 8 (d and h) mg L−1, respectively. (a–d) The SRP concentration in overlying water with glucose addition. (e–h) The percentage of SRP concentration in glucose added
overlying water relative to that in no glucose added overlying water. Error bars represent the S.E. (n = 4).
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Table 2
Effect of plant debris addition on SRP decrease in overlying water. RP denotes the percentage of SRP concentration in plant debris added overlying water relative to that in
control (i.e. no plant debris added) overlying water.

Initial SRP
concentration (mg L−1)

Incubation time (d) 10 ◦C 30 ◦C

Control Plant debris addition RP (%) Control Plant debris addition RP (%)

SRP concentration (mg L−1) SRP concentration (mg L−1)

0.5 0 0.50 ± 0.02 0.53 ± 0.02 105 0.51 ± 0.02 0.54 ± 0.02 105
6 0.34 ± 0.02 0.32 ± 0.01 96 0.26 ± 0.02 0.25 ± 0.01 94

12 0.19 ± 0.01 0.16 ± 0.01* 84 0.14 ± 0.01 0.11 ± 0.00* 78
18 0.11 ± 0.00 0.08 ± 0.01* 72 0.09 ± 0.00 0.05 ± 0.01* 59

2 0 2.10 ± 0.04 2.18 ± 0.05 104 1.94 ± 0.03 2.01 ± 0.04 104
6 1.11 ± 0.09 1.09 ± 0.01 98 0.73 ± 0.02 0.64 ± 0.02* 87

12 0.65 ± 0.03 0.58 ± 0.01* 89 0.32 ± 0.03 0.19 ± 0.03* 59
18 0.54 ± 0.01 0.38 ± 0.04* 70 0.25 ± 0.01 0.12 ± 0.00* 47

Values represent the means ± S.E. (n = 4).
* Significant difference (P < 0.05) between the control and plant debris addition treatment.
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Fig. 4. Effect of sterilization on the cellulose (a) and glucose (b) mediated SRP flux between sediment and overlying water (initial P at 2 mg L−1). The SRP in the overlying
water was measured after 18 days for cellulose treatment and 3 days for glucose treatment, respectively. Error bars represent the S.E. (n = 4). An asterisk denotes significant
difference (P < 0.05) between 0 and 100 mg L−1 cellulose or glucose treatments.
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Fig. 5. Effects of glucose addition on the microbial biomass C (a), P (b) and C/P (c) of sediment. Error bars represent the S.E. (n = 4). Different letters indicate significant
differences (P < 0.05) among different glucose treatments.

Table 3
Mean P forms (mg kg−1) in the sediment after 72 h of treatment with the glucose at 0, 50, 100 and 200 mg L−1.

Glucose
concentration
(mg L−1)

H2O–P Fe–Pi Fe–Po Ca–Al–Pi Ca–Al–Po ASOP Sugar
bound Po

Nucleic
acid Po and
polyphos-
phate

Humic
bound Po

and
phytate

Residual P

0 34.2 ± 0.3a 197 ± 4.8a 42.4 ± 3.2c 169 ± 8.2a 82.0 ± 4.8a 153 ± 14.1c 54.1 ± 5.9c 10.8 ± 0.7b 56.3 ± 3.9c 89.7 ± 6.3a
50 20.5 ± 0.5b 176 ± 5.6b 58.1 ± 2.8b 166 ± 7.3a 79.2 ± 5.1a 229 ± 10.2b 89.7 ± 4.4b 14.7 ± 3.8ab 75.1 ± 4.1b 91.8 ± 5.9a

100 13.2 ± 0.4c 154 ± 6.2c 77.4 ± 3.1a 165 ± 3.1a 82.1 ± 6.7a 254 ± 11.8a 92.8 ± 6.3ab 16.2 ± 1.2a 84.2 ± 6.2b 91.8 ± 4.5a
200 12.7 ± 0.4c 146 ± 7.9c 76.6 ± 1.6a 162 ± 6.5a 76.3 ± 4.5a 248 ± 7.2a 99.8 ± 3.7a 19.2 ± 3.9a 97.6 ± 2.9a 90.2 ± 4.3a

Values represent the means ± S.E. (n = 4). Different letters indicate significant differences (P < 0.05) among different concentrations of glucose treatments. Pi and Po denote
inorganic and organic P forms, respectively.
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For P fractions, both H2O–P and Fe-associated inorganic P (Fe–Pi)
ecreased as glucose concentration increased. For a 200 mg L−1

lucose treatment, H2O–P and Fe–Pi decreased by 63 and 26%,
espectively, compared to those in glucose-free treatment (Table 3).
n contrast, elevation of glucose concentrations increased Fe asso-
iated organic P (Fe–Po), ASOP, sugar bound Po, nucleic acid Po and
olyphosphate, and humic bound Po (Table 3).

. Discussion

By using short-term incubation experiments, we have demon-
trated in this study that plant debris remaining in water systems
ould contribute to an SRP decrease in overlying water (Table 2).
he plant debris itself contains a certain amount of elemental P
hat is released into the overlying water during decomposition.
herefore, the actual contribution of plant debris to the decrease in
RP concentration in the overlying water may be underestimated
n this study. During decomposition, aquatic plants are physically
eached of soluble organic material (e.g., glucose) at the early phase
30], and then the relatively stable components, such as cellulose,
re gradually degraded into small molecular forms of organic com-
ounds in the microbe-inhabited environment [18]. We found that
oth cellulose and glucose clearly facilitated the SRP decrease in
verlying water (Figs. 2 and 3). The results further confirm the func-
ion of plant debris. In recent decades, sediment dredging has been
egarded as a useful strategy to reduce P in lakes and rivers [31,32].
hus, if plant debris is not causing harm to the water system, we rec-
mmend that before, sediment dredging, the plant debris should be
etained in the water ecosystems for few days, which may increase
he efficacy of sediment dredging for removing P from the water.

It has been demonstrated that microbial processes are involved
n the P flux between sediment and overlying water [13–15].
n addition, Boström et al. [33] found that microbial biomass P
ccounts for up to 13% of total P in the surface sediment of Lake
allentunasjön. Therefore, changing P flux by plant debris may
e achieved through microbial action. Our results show that the
ffect of plant debris on the SRP decrease in overlying water was
ore prominent at 30 ◦C than at 10 ◦C (Table 2), which may be

ttributed to the fact that higher temperatures are preferable for
icrobial growth [34]. In addition, glucose, a more available plant

omponent to microbes than macro molecule carbohydrates [35],
unctions faster than cellulose in reducing SRP in overlying water
Figs. 2 and 3). All of these results support the above deduc-
ion. More importantly, in the sterilized water–sediment system,
ellulose/glucose addition did not affect the SRP flux between sed-
ment and overlying water, whereas cellulose/glucose did show an
ffect on the SRP flux in the non-sterilized water–sediment sys-
em (Fig. 4). These results confirm the microbial role in plant debris
nhancing P behavior.

The question of how the microbes coordinate SRP transfer
etween sediment and overlying water was also posed. To answer
his, we used glucose to investigate the mechanisms behind P
ehavior in this process. Theoretically, microbial function in SRP
ux should be related to the population of microorganisms in
he sediment. The microbial biomass C is usually used to evalu-
te the total microbial population in environments [36]. Elevating
he glucose concentration in overlying water clearly increased the

icrobial biomass C of sediment (Fig. 4a), indicating an increase
n the population of sedimentary microbes. This overpopulation

ould likely drive microbes to acquire more SRP from overlying
ater to sustain their growth. Consequently, the microbial biomass

in the sediment increased proportionally as glucose conditions
ere elevated (Fig. 4b). Interestingly, the ratio of microbial biomass
/P also increased with higher glucose concentrations, with ratios
reater than 140:1 in all glucose treatments (Fig. 4c). It was reported
aterials 191 (2011) 212–218 217

that bacteria have a higher relative P content than algae and plants,
with the C/P ratio being typically about 20:1 [37]. A high microbial
biomass C/P ratio would encourage the microbes to access more
soluble P from their environment [38]. Therefore, although the
microbes in the sediment with more glucose had adsorbed more
SRP, they are still expected to have a stronger capacity for absorb-
ing SRP from overlying water than those with little or no glucose
treatment. In all, these results suggested that the direct absorption
of P by microbes should be a mechanism of microbe-mediated plant
debris-enhanced P decrease in overlying water.

When the decrease in total overlying water SRP and the increase
in total microbial biomass P in the sediment are calculated from
Figs. 3d and 5b, respectively, we found that the increase in micro-
bial biomass P only accounted for 4.6–7.4% of the SRP decrease. In
addition to the direct absorption actions of microbes, other impor-
tant microbe-mediated processes should be considered in plant
debris-mediated P flux between sediment and overlying water.
By analyzing the P fractions in the sediment, we found that the
H2O–P and Fe–Pi fractions decreased as incubated glucose con-
centrations increased, whereas the opposite was true for Fe–Po,
ASOP, sugar bound Po, nucleic acid Po and polyphosphate, and
humic bound Po and phytate (Table 3). These are five relatively
stable fractions [39], particularly the ASOP, sugar bound Po, nucleic
acid Po and polyphosphate, and humic bound Po and phytate frac-
tions which are poorly accessible and hardly involved in exchange
processes with the interstitial or overlying water [40]. H2O–P is
a labile fraction that is directly available for algal growth. Fe–Pi,
although insoluble under certain conditions, has the potential to
be easily released into the overlying water when the redox poten-
tial in the sediment is lower [41]. Hence, decreases in H2O–P and
Fe–Pi in sediment by glucose addition seem to reduce the risk of
phosphorus utilization by alga. For both the Ca–Al–Pi and Ca–Al–Po

fractions in the experiment, no significant changes occurred dur-
ing the glucose-incubations (Table 3), implying that Ca–Al–Pi and
Ca–Al–Po are not utilized by microbes in the P cycle. Combining the
above results, we suggest that increased P stabilization in sediment
after absorption/adsorption from overlying water is another mech-
anism of microbe-mediated, plant debris-enhanced P decrease in
overlying water.

In summary, the present study provides evidence that short-
term treatment with plant debris could improve the SRP decrease
in overlying water through the microbe-mediated mechanisms of
P absorption and stabilization in sediment. In addition, we can-
not rule out P adsorption by the sediment itself, in which the
microbes may initially alter the physical–chemical properties of
sediment, thus enhancing its P adsorption. It is worth noting that
all investigations in this study were performed with short-term lab
experiments, and, therefore, the long-term effect of plant debris
on P flux between sediment and overlying water under in situ lake
conditions is still unclear and warrants further investigation.

5. Conclusions

Short-term treatment of plant debris, glucose or cellulose sig-
nificantly reduced SRP concentration in overlying water. However,
in the sterilized water–sediment system, glucose treatment did
not affect the SRP concentration in overlying water. In the unster-
ilized system, the microbial biomass C, microbial biomass P and
microbial biomass C/P in the sediment with glucose treatment all
clearly increased compared with those without treatment of glu-
cose. By analyzing the P fractions in sediment, we found that H2O–P

and Fe–Pi decreased along with the increase in incubated glucose
concentrations, whereas the opposite was true for Fe–Po, ASOP,
sugar bound Po, nucleic acid Po and polyphosphate, and humic
bound Po and phytate, five relatively stable fractions. In conclu-
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