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Abdgract
Phosphorus (P) release from sediments may have a significant effect on water quality and result in eutrophication. In this study, the effects of V.
natans on phosphate sorption isotherms and their relationship with sediment composition were investigated, and P fractions in the water were
discussed. Theresults showed that total phosphorus (TP), NaOH-extractable P (NaOH-P), organic matter (OM), inorganic P (1P) and organic P (OP)
were the main factors influencing the ability of phosphate sorption. V. natans reduced the concentrations of TP, HCl-extractable P (HCI-P), IP, OP,
total nitrogen (TN) and OM of the sedimentsand increased cationic exchange capacity (CEC) during the growth period, but increased the concentrations
of TR, NaOH-Pand IPin the decomposition period. V. natans decreased the phosphate sorption efficiency and the amount of Pthat could be rel eased
from sedimentsduring itslifecycle. Therisk of Prelease from sediments during V. natans's decomposition period was larger than that in the growth

period.
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Introduction

Sedimentary P in natural water bodies such as lakes and rivers
playsanimportant rolein Pcycling. Asamajor nutrient in aquatic
ecology, Phasbeen recognized asthemogt critical nutrient, limiting
lake productivity 1. Under normal conditions, P accumulatesin
the sediments; however, as water conditions change, some
sedimentary P is re-released into the water 2. Indeed, one of the
most important factors determining the P concentration of the
overlying lakewater isthe rel ease of P from the sediments®.

Submerged macrophytes play an important role in P cycling,
especialy in shallow lakes “. Vallisneria natans, a perennial
submerged clonal plant with awide geographical range, isfound
in different freshwater habitats in China. This plant is highly
adaptive and can grow in different types of sediment . The
submerged macrophyte V. natans can acquire significant amounts
of nutrients from water and sediments via its shoots and roots,
respectively. During the growing season, V. natans accumul ates
nutrients from water and sediment. When V. natans dies, the
decomposition process begins and the level of nutrients in the
water increases.

Some studies of the effects of the submerged macrophyte V.
natans on the behavior of P at the sediment—water interface in
lakes have been conducted, but most of these involved short-
term experiments during the growth period of V. natans.
Additionally, air-dried V. natans has often been used in
decomposition experiments; therefore, the results of these studies
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do not sufficiently reflect the actual environmental conditions.
Littleisknown about the effects of V. natans on therelease of P
from sediments throughout the lifecycle, especially during the
decomposition period. In thisstudy, long-term observationswere
conducted during the V. natans growth and decomposition period.
Different Pfractionsin the sediments and water were observed to
investigate the effects of V. natans on the release of P

Materialsand Methods

Equipment: The sediment sample usedin thisstudy wascollected
from Caiyue Lakein Nanjing, China, in June of 2008 using acore
sampler with30cm LX and a5 cm DI Plexiglascylinder tube. After
being air-dried, sedimentswere passed through a0.5 cm sieveto
remove the coarse debris and then mixed. The homogenized
sediment was added into 55 cm (top diameter) x45 cm (bottom
diameter) x70 cm (height) plastic bucketsthat had been pretreated
with 5% HCI. Each bucket was filled to a depth of 10 cm with
approximately 17 kg of sample sediment (wet weight).

The submerged macrophyte V. natans was collected from
Gucheng Lakein Nanjing in Chinain June of 2008 and then pre-
incubated in agreenhousefor about 1 month. After pre-incubation,
all plantswere spun for 15 sand then brushed carefully to remove
the adherent water and materials. Similarly, apical shootsof 30cm
inlength were selected to determinetheinitial fresh weight. After
weighing the plants, they were randomly assigned to buckets
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that contained sediments, with 17 plants per bucket. Additionally,
abucket that received no plantswas used asacontrol. Next, 100 L
of water was slowly added to the buckets and then exposed to
natural sunlight in the greenhouse.

Sampling and analyses: The experiments were conducted from
August 4, 2008 to April 1, 2009. August 4, 2008 to December 1,
2008 wasthegrowth period and December 1, 2008toApril 1, 2009
was the decomposition period. The sediment samples were
collected using a hand driven stainless steel corer. Following
collection, the samplesweretaken to thelab immediately in sealed
plastic bagsthat were placed in iceboxes until they were freeze—
dried and sieved (<2 mm). All physical and chemical characteristics
of the sediments are presented in Table 1. The fractionation
procedurewas primarily based onthe SMT protocol é. The sediment
samplesanalyzed for Olsen-Pwereextracted from 1 g diquotsusing
20ml 0.5M NaHCQ, (pH 8.5) for 30 min.

Sorption isotherms. To generate the sorption isotherms, 0.5 g
dried sediment samples were added to a series of 100 ml acid
washed centrifuge tubes with 50 ml of phosphate solution
(anhydrousKH,PO,). Initial concentrationsof 0, 0.01, 0.02, 0.05,
0.08, 0.1, 0.15, and 0.2 P mg L* were used. The centrifuge tubes
were capped and placed in an orbital shaker and incubated at
25+1°C and 250 rpm for 24 h to ensure that the samples reached
equilibrium. Next, the sampleswere centrifuged (5,000 rpmfor 10
min), after which the suspension was filtered through a0.45 pm
membrane and the phosphate concentration (equilibrium
concentration) was measured using the ascorbic acid method.
The quantity of sorbed phosphate was calculated based on the
decrease of the phosphate concentration in the solutions 7.
Experiments were conducted in triplicate, and the results
demonstrated that the experimental error waswithin 5%.

Satistical analysis: The results are presented as the average of
duplicates. The significance of treatment effectswas determined
at the 0.05 probability level. Microsoft Excel was used for
correlation and regression analyses.

Resultsand Discussion
P related properties of the sediments: Differencesin P among
sediments were attributed to V. natans. NaOH-P comprised the
exchangeable Pand Pbound to metal oxides (mainly Al and Fe),
representing the redox-sensitive P fraction. This fraction was
considered to be apotentially mobile pool of P. In environments
subject to occasional dissolved oxygen (DO) depl etion, the NaOH-
P fraction wasfound to be rel eased from anaerobi ¢ sedimentsand

to act as an internal P source to the overlying water 8. In the
present study, NaOH-Pwas used for estimation of available Pin
the sedimentsand asanindicator of algal-available P. Olsen-Phas
often been used to express P availability of soil, and can also be
used to indicate the risk of P release from soil and sediments;

therefore, higher contents of NaOH-P and Ol sen-P are associated
with a higher P availability and higher risk of P release from
sediments °. In this study, the NaOH-P and Olsen-P of the
sediments with V. natans were lower than those of the control

sedimentsin the growth period of V. natans. The contents of TP,
HCI-P, IP, OR, TN and OM of the sediments with V. natans were
lower than those of the control sediments, but the CEC was higher
than those of the control sediments during the growth period of V.
natans (Table 1). These findings indicate that the P availability
and therisk of Prelease from sedimentswith V. natans decreased.

The decomposition period of V. natans was more than four

months. The contentsof HCI-P, OR, Olsen-P, TN, OM and CEC of
the sedimentswith V. natans were lower than those of the control
sediments, whilethe TP, NaOH-P and IPlevel swere higher than
those of the control sediments during the decomposition period
of V. natans. Specificdly, the TP, NaOH-Pand IPlevelswere 9.51%,
4.35% and 1.35% higher than that of the control group,

respectively. These findings indicate that V. natans took up P
from the sediment via its roots during the growth period and

accumulated the nutrient. When V. natans plants die, dead roots
release the nutrients to the sediment. Therefore, the contents of
TR,HCI-R IR, OP, TN and OM inthe sedimentswith V. natanswere
lower than those of the control sediments during the growth

period, but TP, NaOH-P and IP were higher than those of the
control sedimentsin the decomposition period.

Effects of V. natans on the phosphate sorption isotherms of

sediment: The phosphate sorption isotherms of the sediments at
low initial phosphate concentrations are shown in Fig. 1. The
phosphate sorptionisothermsat lower initial concentrationswere
best fitted by thelinear model:

Q=m*C-NAP (1)

where Cisthe phosphate sorption equilibrium concentration (mg L),
Q isthe phosphate sorption capacity (mg kg dry weight), and m
isthe dope and ameasure of the phosphate sorption efficiency of
sediments (L kg?). NAP is the y-intercept, which describes the
phosphate released at low initial phosphate concentrations °.
Both m and NAP reflect the ability of the sediments to adsorb
phosphate to a certain extent under lower initial phosphate
concentrations. EPC was also determined and defined as the

Table 1. General and Prelated properties of the studied sediments.

Homs Sampling TP NaOHP _ HCI-P P OP Olsen-P ™ OM CEC
time (mgkg") (mgkg") (mgkg") (mgkg") (mgkg") (mgkg') (mgkg') (mgkg!)  (cmolkg")

Aug08  706.16 30689  250.11 51562  159.16 7632  1500.00  43,755.68 190.46

Treatment Sep-08 640.08 27834 25204 47199 14041 7855 120945  41,02532  185.40
Nov-08 53358  197.50  201.67  360.36 14469 5578 177453  36,037.91 174.32
Mar-09 62019 26936  250.11 48226 11522 8554 227129  38204.02 27204
Aug08  706.16 30689  250.11 51562  159.16 7632  1500.00  43,755.68 190.46

Control Sep-08 653.56  317.15 25524 49637 13130  70.50  1909.96  41,807.99 177.62
Nov-08 63046 26647 26840  497.01 11147 7598  1810.13  42,844.44 160.32
Mar-09 56630  258.13  271.60 47584  137.10  88.62  2089.58 4111543  283.61
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Figure 1. Phosphate sorption isotherms of sediments (a control, b treatment) at different sampling time and low initial phosphate concentrations.

phosphate equilibrium concentration at which there was no net
sorption or release of phosphate from the sediments. This value
could be cal culated from the x-intercept of theregression equations
of thelinear model.

To further study the effects of V. natans on the phosphate
sorption by different sediments, stepwise multiple regression
analyses were conducted. The m, NAP and EPC values of the
sedimentsare shownin Table 2.

The NAP, m and EPC of the sediments with V. natans were
higher than those of the control sediments. Phosphate sorption
efficiency wasrelated to many factors. Table 3 showsthecorrelaion
coefficients of the selected physical and chemical parametersin
the sediments. The phosphate sorption efficiency of sedimentsm
was negatively correlated with TP, NaOH-P and OM, while TP
waspositively related to NaOH-P, IPand OM. Additionally, NaOH-
P was positively related to IP and OM, and OM was positively
correlated with NaOH-P, TPand | P. These findingsindicated that
TP, NaOH-P, OM, IPand OPwere the main factors affecting the
ability of phosphate sorption. The phosphate sorption efficiency
of sediments mwith V. natans was higher than that of the control
sediments, which was attributed to the lower concentrations of
TP, NaOH-P, IPand OM.

The NAP of the sedimentswith V. natans was higher than that
of thecontrol sediments(Table 2). Thiswas becausethe submerged
macrophytes decreased the release of P from the sediments 1.
EPC, helps explain the direction and size of the SRP flux.

Specifically, a higher EPC was associated with alower risk of
releasing P from the sediments into the overlying water. The
kinetics of the interactions of SRP with natural sediments were
formulated in terms of the EPC of the surface sediments. The
vauesof EPC of sedimentswith V. natanswere higher than those
of thecontrol sediments. Therefore, V. natansresulted inincreases
in the ability of phosphate sorption by sediments, and decreases
intherisk of Preleasefrom sediments.

NAP and EPC, dropped from Aug-08 to Mar-09, but this
decrease occurred more slowly from Nov-08 to Mar-09. NAP
ranged from 10.05to 6.58 mg kg and EPC, ranged from 0.017 to
0.010 mg Lt inthetreatment group. Thisisbecausethetemperature
was higher inAug-08, during which timeV. natansgrew well and
took up more nutrientsfrom the sedimentsand the overlying water.
Conversdly, the growth of the submerged macrophytes decreased
in winter; therefore, it required fewer nutrients 2. Therisk of P
release from sediments during the V. natans decomposition period
waslarger than that in the growth period. Based on thesefindings,
V. natans decreased both the phosphate sorption efficiency and
the amount of P that could be released from the sediments.

Sediment phosphorusreleaseto water: P concentrations varied
greatly between the treatment and control group (Fig. 2). Inthe
treatment group, agradual increasein P concentrationsindicated
that decomposition began in November 2008. The concentrations
of TP, TDP, SRPand particul ate P (PP) were lower than those of

Table 2. Effects of V. natans on the parameters of phosphate sorption by various sediments.

Treatment Control
Parameters
Aug-08 Sep-08 Nov-08 Mar-09 Aug-08 Sep-08 Nov-08  Mar-09
m 222.16 310.13 586.01 661.42 222.16 208.57 263.80 299.32
NAP 22.81 14.96 10.05 6.58 22.81 9.67 421 2.13
EPC, 0.103 0.048 0.017 0.010 0.103 0.046 0.016 0.007

Table 3. Correlation coefficient between the parameters of phosphate sorption and chemical properties

of the sediments (n=8).

TP NaOH-P  HCL-P P OP Olsen-P TN OM CEC m
TP 1.00

NaOH-P 0.89" 1.00

HCL-P 0.38 0.61 1.00

P 0.83" 091" 0.82" 1.00

oP 0.36 0.20 -0.33 0.01 1.00

Olsen-P 0.24 0.41 0.83" 0.66  -0.25 1.00

TN -0.47 -0.24 0.14 011  -0.62 0.26 1.00

OM 0.81" 0.82" 0.69 0.877"  0.28 0.38 -0.41 1.00

CEC -0.29 -0.09 0.31 0.09  -0.19 0.72" 0.64 024 1.00
m -0.86"  -0.79" -0.28 -0.64  -0.67 -0.07 049 -0.83° 040 1.00

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).
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the control group inthe growth period of V. natans (from Aug-08
to Nov-08, Fig. 3) and higher than those of the control group in
the decomposition period of V. natans(from Dec-08toApr-09, Fig..3).

For thewater sampled from Sep-08 to Oct-08, the valuesof TP,
TDP, SRPand PPin the control group were higher than thosein
the treatment group. This is because at the beginning of the
experiment the sedimentswere disturbed and Pwas rel eased from
the sediments to the overlying water 3. However, V. natans can
decreasetheahility of sediment to rel ease Pto the overlying water
and increase the P sedimentation velocity . In addition, the
temperature was higher in Sep-08; therefore, V. natans grew well
and took up more nutrients from the overlying water, while the
increased temperatures accel erate therel ease of P. Asaresult, the
concentrationsof TP, TDP, SRPand PPwerelower in groupswith
V. natans in the overlying water than the control group. For the
water sampledin Jan-09 and Mar-09, thevaluesof TP, TDP, SRP
and PPinthe control group werelower than thosein thetreatment
group. Thisisbecause the growth of V. natans began to decrease
during this period and it required fewer nutrients. Additionally,
some of the decomposing dead shootsreleased Pto the overlying
water &,

Theresultsof apaired samplet test of thetreatment and control
groupsat different sampling timesare presented in Table 4. When
compared to the control group, SRP decreased significantly inthe
growth period of V. natans (P<0.05), but TR, TDPand PPdid not
(P>0.05). Thisisbecause V. natans strongly took up SRPfromthe
overlying water during the growth period. Therewas no significant
difference in TP, TDP, SRP and PP between the treatment and
control groups during the decomposition period of V. natans
(P>0.05). This is because the decomposition period was more
than four months (Fig. 3), which resulted in alow decomposition
velocity of V. natans. As a result, the P release velocity of
decomposed V. natanswas low.

Overdl, thesefindingsindicatethat V. natans can maintain low
P levels in the overlying water through the uptake of SRP and
TDPfrom the overlying water. V. natans had no significant effect
on P concentrationsin overlying water during the decomposition
period owingto thelow Prelease velocity.
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Table4. Results of apaired samplet test toinvestigate different P concentrationsin the water of samples

subjected to different treatments.

Std.

Std. error

Period Properties Groups Mean deviation  deviation t P (two-tail)
TP Treatment - Control -0.06 0.08 0.03 -1.69 0.17
Growth period TDP Treatment - Control -0.01 0.04 0.02 -0.50 0.64
SRP Treatment - Control -13.20 8.88 3.97 -3.32 0.03
PP Treatment - Control -0.06 0.08 0.03 -1.69 0.17
TP Treatment - Control -0.01 0.08 0.04 -0.15 0.89
Decomposition TDP Treatment - Control 0.01 0.02 0.01 0.68 0.55
period SRP Treatment - Control 0.22 3.91 1.95 0.11 0.92
PP Treatment - Control -0.01 0.08 0.04 -0.14 0.90

Conclusions

Based on the above discussion, the effects of the submerged
macrophyte V. natans on P sorption and rel ease were primarily a
result of its effects on sediment properties. Submerged V. natans
could reduce the concentrations of TP, NaOH-P, Olsen-P, HCI-P,
IP, OP, TN and OM, while increasing the content of CEC during
the growth period. The concentrations of HCI-P, OP, Olsen-P, TN,
OM and CEC of the sediments with V. natans decreased and the
TP, NaOH-Pand I Pincreased during the decomposition period.

V. natansincreased the NAP, m and EPC of the sediments. The
ability of P sorption by sediments containing V. natans also
increased. TP, NaOH-P, OM, IP and OP were the main factors
affecting the ability of the sediments to adsorb phosphate. The
decomposition period of V. natans had alarger risk of Prelease
from sedimentsthan the growth period.

V. natans led to a significant decrease in the SRP of overlying
water during the growth period, but had no significant effect on
the TR, TDP and PPin the growth or the decomposition period.
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