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a b s t r a c t

Three emergent macrophytes (Zizania latifolia (Turcz) Hand.-Mazz., Phragmites australis (Cav.) Trin. ex
Steud. and Typha angustifolia Linn.) and three different sediments from Lake Dianchi of Yunnan province,
China, were studied through orthogonal pot-planting experiment in order to compare the ability of the
three emergent macrophytes in dealing with the contaminated sludge and to evaluate the possibility of
purifying the sediment through aquatic plant rehabilitation. The results show that the number of sprouts
and biomass of all the species growing in the sediment of site 3 were higher than those growing in the
sediment of sites 1 and 2; the plants growing in the sediment of site 3 also exhibited the highest root
activities; in each sediment, the sequence of root activity of the species was: Z. latifolia > P. australi > T.
angustifolia; TP content in the sediments grown with different plants reduced significantly than those of
control. These results indicated that these emergent plants were able to grow well in the contaminated
sediment though it is black with a strong odor. Z. latifolia shows the highest root activity in the sediment
ediment purification

ake restoration of site 3, from which we can deduce that this plant should be the preferred pioneer species for purifying
the sediment. According to their biomass and TN content and TP content, Z. latifolia, P. australi and T.
angustifolia retained TN 16.6, 29.8, 12.8, and TP 2.2, 3.6, 3.9 g m−2, respectively. Based on the climate of
Dianchi valley, these plants can be harvested twice in a year. Thus, the amount of nutrient can be removed
almost doubly. Therefore, the sludge can be purified through macrophytes restoration and not through
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sediment dredging, which

. Introduction

During the past decades, with the increase of population, devel-
pment of industry and agriculture, more and more effluents
f industrial, agricultural and domestic wastewater were dis-
harged into the lakes and add their nutrient pool. Meanwhile,
he anthropogenic activities, such as excessive exploitation of fish-
ries resources and reclamation of lakeshore wetland, reduced
he nutrient output from the lakes. Therefore, a mass of nitrogen,
hosphorus nutrient and organic material entered lakes and were
eposited in the sediment (Søndergaard et al., 2000; Jin, 2008).
specially in the area of estuaries or the bays of the large shal-

ow lakes, the black, foul and anaerobic sludge constitutes not
nly a serious internal nutrient loading but also impacts plant
ommunity development and lake restoration. This kind of unsta-
le sediment releases much more nutrient into the overlying

∗ Corresponding author. Tel.: +86 27 68881396; fax: +86 27 68881396.
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proved to be expensive and invalid in the large shallow lakes.
© 2009 Elsevier B.V. All rights reserved.

ater both in static and in dynamic state (Qin, 2007). Jeppesen
t al. (2007) found that even though the external nutrient loading
as controlled thoroughly, the water column phosphorus con-

entrations would remain high due to the sediment nutrient pool
elease.

Various methods have been used to reduce internal phospho-
us loading in combating water eutrophication, such as sediment
emoval, sediment capping, sediment oxidation, phosphorus inac-
ivation, etc. (Sand-Jensen et al., 2008). Some of these methods
re proved to be effective in some small lakes. But these meth-
ds are unfeasible in the large shallow lakes. Sediment removal is
xpensive; especially in large lakes it is difficult to transport and
eal with the excavated sediment. Moreover, sediment resuspen-
ion and redistribution may hamper the removal of the upper soft
nd nutrient-rich layer. Sediment resuspension also influences the
ffect of chemical methods because phosphorus that bonded to alu-

inum or iron can still return to the water column on windy days

Kronvang et al., 2005). Meanwhile, sediment removal and capping
ay also eliminate the propagule bank, which would affect the

ubsequent restoration of macrophytes. Some of these measures
ould also affect the benthic animal and microbial communi-

http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
mailto:xlwang@whigg.ac.cn
dx.doi.org/10.1016/j.ecoleng.2009.11.009
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Fig. 1. Map of Lake Dianchi sho

ies, and therefore impact the self-purification abilities of the lake
cosystems (Reedyk et al., 2001).

Aquatic macrophytes, as key components in the aquatic ecosys-
ems, are impacted by eutrophication, yet they also provide a
uffer against water quality degradation and lower concentra-
ions of nutrients both in the water column and in the sediment
Bachmann et al., 2002). Emergent macrophytes get their nutrients
rom sediment and therefore depress the nutrient concentration of
ore water, and therefore, reduce the sediment nutrient transfer-
ing from sediment to the overlying water. Meanwhile, emergent
acrophytes can also immobilize the sediment, promote deposi-

ion, restrain sediment resuspension, and therefore improve the
ater column transparency (Horppila and Nurminen, 2005). At the

ame time, macrophytes can transfer oxygen to the rhizosphere,
levate the redox potential of sediment and influence the rhizo-
pheric microbial activities, such as nitrification, denitrification,
tc. In sediment, high redox condition can also passivate the nutri-
nts, and promote the nutrient retention in the sediment (Reina
t al., 2006). Therefore, many of the emergent macrophytes have
een used in nature and constructed wetlands to treat municipal,

ndustrial, and agricultural wastewater (Kadlec and Knight, 1996;
raser et al., 2004; Zhai et al., 2006; Asaeda and Siong, 2008), though
hey subjected to a number of growth constraints, such as climate,
ater depth, the nature of sediment, wind, waves, etc. Meanwhile,
arvesting of macrophytes can not only remove substantial quanti-
ies of nutrients from the sediment but also eliminate of secondary
ollution coming from the plant itself, and therefore, it has been
dvocated as a potential method for counteracting eutrophication
Graneli and Solander, 1988; Das and Tanaka, 2007). Loucks and
eiler (1979) calculated that harvesting half of the macrophyte
iomass of Lake Wingra would reduce the spring peak of phyto-
lankton by 10–40%.

Therefore, ameliorating the sediment condition and eventually
mproving water quality through aquatic macrophyte rehabilita-

l
m
h
l
t

able 1
ome physical and chemical properties of sediment and overlying water in Lake Dianchi.

Sediment (mg g−1) Overlying water (mg L−1)

TN TP OM (%) Eh pH TN TP NH3

3.30 2.80 6.5 −114.5 7.37 4.45 0.317 0.69
the position of the study sites.

ion and harvest was an approach that got twice the result with half
he effort. We assume that even the contaminated sediment, as long
s the macrophytes can grow on it, could be purified ultimately. In
his paper, the reciprocities between aquatic macrophytes and the
ludge were investigated through orthogonal pot experiment. The
ims of this paper are:

a) to compare the development features of the three emergent
macrophytes growing in contaminative sediment and their
effect on the sediment;

b) to evaluate the possibility of rehabilitating the macrophytes to
purify the sludge rather than dredging;

c) to offer suggestions for the polluted sediment purification and
lake restoration.

. Study site

Lake Dianchi (24◦40′–25◦02′N, 102◦36′–103◦40′E), the sixth
argest freshwater lake in China with an area of 300 km2 and mean
epth 4.4 m, lies in Yunnan Province, in the southwest of China
Fig. 1). The Lake Dianchi basin has a mild climate, which is char-
cterised by short, cool dry winter, and long, warm and humid
ummer. With an average temperate being 15 ◦C in winter and 24 ◦C
n the summer, the valley has perpetual spring-like weather which
rovides the ideal climate for plant. The valley has a mean annual
ainfall of 1000 mm, with an annual sunshine period of 2250 h and
rost-free period of 230 days.

The provincial capital city of Yunnan, Kunming, is located
ear the north shoreline, which is the upper reaches of the
ake. With the rapid development of Kunming, industrial and
unicipal wastes, urban and agricultural non-point source runoff

ave contributed to vast amount of contaminant loadings to the
ake (Table 1). Dianchi has been a hypereutrophic lake since
he 1990s, and the cyanobacterial blooms annually in the most

-N TDP DP COD BOD Chl-a DO pH

0.053 0.033 14.59 9.69 0.149 8.38 8.81
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Table 2
The design of the experiment and the sediment nutrient content.

Experiment design Site 1 Site 2 Site 3 Pot in total

Species/sediment
Zizania latifolia 15 15 15 45
Phragmites australis 15 15 15 45
Typha angustifolia 15 15 15 45
Control 3 3 3 9
Pot in total 48 48 48 144

Sediment nutrient content
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arts of the lake. Due to the poor sunlight conditions and oxy-
en depletion, anaerobic sediments with unpleasant malodors
ave been occurred in some bays of north part, and the water
uality deteriorated incessantly. Before restoration, only Pota-
ogeton pectinatus Linn. remained and its coverage was not
ore than 0.1% in the bay. These problems have attracted

he attention of both scientists and the government (Li et al.,
007).

In 2007, an aquatic vegetation rehabilitation project was imple-
ented in Fubao bay, with an area of 1 km2, lying in northeast of

ake Dianchi (Fig. 1). In order to cover the black and odor sedi-
ent and restore the aquatic ecosystem, the sediment near the

ast bank of the bay (site 1) was coming from the open water area
hrough dredger fill, and the sediment near the west bank (site
) was also coming from the open water area through dredger fill
ut the sediment was different from that of site 1. From March to
une, 2007, the aquatic vegetation rehabilitation project was put
n practice. In the east bank of the bay (site 1), the rehabilitated
rea was 35,000 m2 (700 m × 50 m), and in the west bank (site 2)
as 32,800 m2 (410 m × 80 m). In each site, the plant rehabilitat-

ng pattern was similar: in the shallow area that near the bank
estored emergent macrophytes, and whereas in the relative deep
rea restored submerged macrophytes, and the area of restored
mergent and submerged macrophytes almost had the equal size.
hrough patch mosaic pattern, the emergent macrophytes restored
re: Zizania latifolia (Turcz) Hand.-Mazz., Phragmites australis (Cav.)
rin. ex Steud. and Typha angustifolia Linn., and the submerged
acrophytes restored are: P. pectinatus, Ceratophyllum oryzetorum

om. and Myriophyllum spicatum Linn. As a result, the restored area
f each species in east and west bank was about 5833 and 5466 m2,
espectively.

The sediment at the end of the bay (site 3) was black and stink-
ng because of the two river of sewage discharging into the bay.
n the original restoration program the serious polluted sediment

as intended to dredge up, but was adjusted to in situ solidifica-
ion because short of fund and without enough space to store the
xcavated sediment.

. Material and methods

In preparing the pot experiment, sediment collected from the
hree sites (sites 1, 2 and 3) was mixed well, and was filled into
ots (depth 40 cm, diameter 30 cm) to plant the three kinds of
mergent macrophytes (Z. latifolia, P. australis and T. angustifolia),
espectively. The seedlings of these macrophytes were collected
rom the Dianchi lakeshore wetland on condition that the seedlings
f each species should be vigorous, with similar biomass and
eight.

The experiment was started on April 20, 2007, with each pot
lanting only one seedling, and each kind of sediment as well as
ach species was planted in 15 pots through orthogonal design
Table 2). The pots were watered every day and water level was
ept at 5 cm. Three pots of each kind of sediment were not
lanted, as control. After 30 days growth, the sampling started
ith an interval of 20 days afterwards. At each sampling time,

hree pots of each kind of plant and each kind of sediment were
ollected. The number of sprouts, and above and below ground
iomass of each plant in each pot were recorded. TN content
nd TP content (spectrophotometrically with the molybdate-blue

ethod after digestion with H2SO4 and HClO4) in plant samples
ere analyzed. AFDW (ash free dry weight, the organic fraction

f the sediment, 550 ◦C for 4 h) and bulk density of the sedi-
ent were tested. Sediment TP content (dried, ground through a

00-mesh sieve, and through the HClO4–H2SO4 digesting, spec-

o
o
P
m
s

TN (mg g−1) 1.759 1.172 4.135
TP (mg g−1) 1.754 0.948 2.419
AFDW (OM, %) 6.550 3.190 6.520

rophotometrically with the molybdate-blue method) was also
nalyzed.

The root is an active organ for plant nutrient absorption. Root
ctivity directly affects the growth of the above ground parts. Mea-
urement of root activity was according to the triphenyltetrazolium
hloride (TTC) method (Li, 2000). The principle is as follows.

The TTC is a standard redox pigment, and it dissolved in water as
colorless solution. However, after being reduced, the TTC changes

o triphenylformazan (TPF), which is red, stable and insoluble in
ater. Therefore, TTC has been widely used as a hydrogen receptor

n enzyme assay. The amount of the reduced TTC can be used to
xpress the dehydrogenase activity and as an indicator to express
he root activity.

On testing, about 0.5 g root tips were placed in tube, filled with
ml of 0.4% TTC and 5 ml phosphate buffer (0.06 mol L−1, pH 7.0).
he tubes were incubated at 37 ◦C for about 3 h. The chemical reac-
ion was stopped by adding 2 ml of 1 mol L−1 sulfuric acid to the
ube. This step was followed by extraction with TPF, which include
aking the root out of the tube and placing them in the pestle,
lled with 3–4 ml of ethyl acetate and a little quartz sand and
hen ground. The liquid phase was removed into the test tube.
thyl acetate was added to the 10 ml level and recorded OD val-
es with a UV–vis recording spectrophotometer at 485 nm. The OD
alues were used to calculate equivalent TPF concentrations with
hich the root activity was determined for each fresh root weight

s follows:

Root vigor (TPF mg g−1 FW h−1) = TPF reduction (mg)/root fresh
weight (g)/incubated time (h)

All the statistical analyses were conducted using SPSS 12.0 for
indows. Significant values were considered at P < 0.05 level.

. Results

Z. latifolia and T. angustifolia grew fast, and reaching their
aximal height in about a month which were roughly 120 and

00 cm, respectively. But the P. australis grew slowly. It reached
00 cm in about 3 months. Meanwhile, the height of Z. latifolia
nd P. australis was not significantly different among the three
ediments. The height of T. angustifolia growing in the sediment
f site 3 was found significantly higher than those growing in the
ediment of site 2 (ANOVA, P < 0.05).

P. australis had more sprouts than the other two species which
eached more than 40 individuals at the end of the experiment,
nd T. angustifolia had fewer sprouts, with a maximum number

f 9 individuals (Fig. 2a–c). In each kind of sediment, the number
f sprouts of the three species had significant difference (ANOVA,
< 0.05). The sprout numbers of the species growing in the sedi-
ent of site 3 were higher than those growing in the sediment of

ites 1 and 2 (ANOVA, P < 0.05). But plants growing in the sediment
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ig. 2. Number of sprouts and biomass (per pot) of different plants (Zizania latifo
ifferent sediments (sites 1 ( ), 2 (�) and 3 ( )) (mean ± SE, N = 3).

f site 1 were not significantly different in sprout numbers, and the
ame trend was also found in the plants growing in the sediment
f site 2.

The pattern of difference in biomass (root plus shoot) among
ifferent species was similar to those of sprouts (Fig. 2d–f). In
he initial stage, T. angustifolia grew very fast, and P. australis
rew very slowly. On average, their growth rate was 3.21 and
.59 g DW day−1 in the first month. But after that stage P. australis
rowth increased rapidly, and the growth rate was 2.96 g DW day−1

uring the 30th to the 70th day, and the growth rate of T.
ngustifolia and Z. latifolia was 2.28 and 1.74 g DW day−1 dur-
ng that period, respectively. After this stage, the biomass of T.

ngustifolia declined, and the growth rate of P. australis and Z.
atifolia slowed down. The maximum biomass of T. angustifolia,
. australis and Z. latifolia was 265, 250 and 200 g pot−1, respec-
ively.

t

t
Z

able 3
FDW (%) of sediment (sites 1, 2 and 3) growing with different plants (Zizania latifolia, Ph

Sediment of site 1 Sediment of site 2

ZL PA TA Control ZL PA T

0 6.55 ± 0.30 6.55 ± 0.30 6.55 ± 0.30 6.55 ± 0.30 3.19 ± 0.09 3.19 ± 0.09
1 4.21 ± 0.22 4.66 ± 0.31 5.65 ± 0.32 7.83 ± 0.14 2.05 ± 0.19 2.71 ± 0.28
2 5.96 ± 0.34 5.72 ± 0.11 5.44 ± 0.05 8.93 ± 0.076 2.53 ± 0.24 2.91 ± 0.05
3 5.04 ± 0.12 6.17 ± 0.24 5.22 ± 0.12 8.95 ± 0.47 2.73 ± 0.14 2.94 ± 0.12
4 5.92 ± 0.37 5.43 ± 0.23 6.00 ± 0.52 9.16 ± 0.28 2.66 ± 0.12 2.69 ± 0.22
5 5.90 ± 0.26 6.08 ± 0.21 6.88 ± 0.28 9.77 ± 0.27 2.77 ± 0.10 2.66 ± 0.09

L: Zizania latifolia; PA: Phragmites australis; TA: Typha angustifolia.
nd d), Phragmites australis (b and e), and Typha angustifolia (c and f)) growing in

TN content of all the plants increased in the initial month and
ecreased later (Fig. 3a–c). But the TN content of most of the plants

ncreased slightly in the last stage. The TN content of all the plants
rowing in site 3 was higher than those growing in the sediment
f sites 1 and 2 (ANOVA, P < 0.05), but the TN content in the plants
rowing in sediment sites 1 and 2 was not significantly different,
espectively. The TP content in plants was all reduced during the
xperiment except that in site 2 their TP concentration increased
n the first month and then decreased gradually (Fig. 3d–f). In Z.
atifolia, the TP content among different sites was similar. But in P.
ustralis and T. angustifolia, the TP content of plants growing in the
ediment of site 3 was significantly higher than those growing in

he sediment of sites 1 and 2 (ANOVA, P < 0.05).

On comparing different species growing in the same sediment,
he sequence of root activity (RC) of the three species was always:
. latifolia > P. australi > T. angustifolia, and the difference between

ragmites australis, and Typha angustifolia) and control (mean ± SE, N = 3).

Sediment of site 3

A Control ZL PA TA Control

3.19 ± 0.09 3.19 ± 0.09 6.52 ± 0.09 6.52 ± 0.09 6.52 ± 0.09 6.52 ± 0.09
3.56 ± 0.32 3.55 ± 0.19 5.42 ± 0.79 3.01 ± 0.13 4.81 ± 0.19 5.83 ± 0.12
3.39 ± 0.01 4.37 ± 0.16 6.58 ± 0.09 5.42 ± 0.19 5.86 ± 0.16 7.11 ± 0.08
3.52 ± 0.14 4.64 ± 0.29 5.31 ± 0.23 6.76 ± 0.27 6.33 ± 0.16 7.31 ± 0.08
3.85 ± 0.10 4.83 ± 0.07 5.86 ± 0.11 6.59 ± 0.12 5.45 ± 0.24 7.14 ± 0.05
3.85 ± 0.14 5.21 ± 0.20 6.07 ± 0.20 7.23 ± 0.44 5.85 ± 0.10 7.76 ± 0.12



E.-H. Li et al. / Ecological Engineering 36 (2010) 427–434 431

F and d)
s

s
s
t
o
s
s
t
o
t

a
w
(
T
l
t
w
P

1

d
f
t
c

g
s
c
(
w
t

5

T
B

Z

ig. 3. TN content and TP content of different plants (shoot only) (Zizania latifolia (a
ediments (sites 1 (♦), 2 (�) and 3 (�)) (mean ± SD, N = 3).

pecies was significant (ANOVA, P < 0.05) (Fig. 4). On comparing the
ame species growing at different sediments, the plants growing in
he sediment of site 3 showed the highest RC (ANOVA, P < 0.05). RC
f Z. latifolia growing at the sediment of sites 1 and 2 was not found
ignificantly different between them. RC of P. australi growing at the
ediment of site 1 was significantly higher than those growing at
he sediment of site 2. RC of T. angustifolia growing at the sediment
f sites 1 and 2 was also not found significantly different between
hem.

The initial AFDW in the sediment of sites 1, 2 and 3 was 6.55, 3.19
nd 6.52%, respectively. In each kind of sediment, AFDW in control
as significantly higher than those growing with different plants

Table 3). In the sediment of site 1, AFDW in sediment growing with
. angustifolia was significantly higher than those growing with Z.
atifolia. But in the sediment of site 3, the result was contrast with

hat in site1. In the sediment of site 2, the order of sediment AFDW
as: the sediment growing with T. angustifolia > that growing with

. australis > that growing with Z. latifolia.
The initial bulk density of the sediment in sites 1, 2, and 3 was

.09, 1.41 and 1.03 g cm−3, respectively. On the whole, the bulk

p
l
i
h
t

able 4
ulk density (g cm−3) of sediment (sites 1, 2 and 3) growing with different plants (Zizania

Sediment of Site 1 Sediment of Site 2

ZL PA TA Control ZL PA T

0 1.09 ± 0.06 1.09 ± 0.06 1.09 ± 0.06 1.09 ± 0.06 1.41 ± 0.03 1.41 ± 0.03 1
1 1.03 ± 0.07 0.97 ± 0.01 1.11 ± 0.01 1.07 ± 0.03 1.45 ± 0.07 1.32 ± 0.01 1
2 1.05 ± 0.03 1.03 ± 0.05 1.02 ± 0.01 1.07 ± 0.03 1.39 ± 0.04 1.39 ± 0.01 1
3 1.00 ± 0.03 1.00 ± 0.02 1.13 ± 0.02 1.08 ± 0.01 1.33 ± 0.02 1.30 ± 0.01 1
4 1.02 ± 0.06 0.95 ± 0.01 1.11 ± 0.06 1.10 ± 0.10 1.37 ± 0.14 1.39 ± 0.02 1
5 1.03 ± 0.05 0.99 ± 0.04 1.01 ± 0.02 1.05 ± 0.04 1.30 ± 0.06 1.34 ± 0.03 1

L: Zizania latifolia; PA: Phragmites australis; TA: Typha angustifolia.
, Phragmites australis (b and e), and Typha angustifolia (c and f)) growing in different

ensity in the sediment of control was not significantly different
rom those growing with different plants. In each kind of sediment,
hough growing with different plants the bulk density was almost
hanged slightly (Table 4).

The TP content in the sediment of control was higher than those
rown with different plants (ANOVA, P < 0.05), and the TP in the
ediment grown with plants reduced gradually though the TP con-
entration in the sediment of control was also reduced slightly
Fig. 5a–c). The TP content in the sediment of sites 1 and 3 grown
ith T. angustifolia was all lower than those growing with P. aus-

ralis.

. Discussion

P. australis had more sprouts, with more than 40 sprouts in one

ot, which amounted to more than 560 m−2 individual. T. angustifo-

ia had fewer sprouts in one pot which only amounted to 126 m−2

ndividuals. But all the species growing in the sediment of site 3
ad the most sprouts. Meanwhile, comparing the total biomass of
he same plant growing in different sediments, sediment of site

latifolia, Phragmites australis, and Typha angustifolia) and control (mean ± SE, N = 3).

Sediment of Site 3

A Control ZL PA TA Control

.41 ± 0.03 1.41 ± 0.03 1.03 ± 0.03 1.03 ± 0.03 1.03 ± 0.03 1.03 ± 0.03

.41 ± 0.02 1.46 ± 0.01 0.97 ± 0.02 0.95 ± 0.02 1.12 ± 0.04 0.98 ± 0.04

.30 ± 0.05 1.38 ± 0.02 0.94 ± 0.01 0.95 ± 0.04 1.11 ± 0.03 1.02 ± 0.02

.36 ± 0.01 1.44 ± 0.02 1.09 ± 0.03 0.94 ± 0.15 1.06 ± 0.04 0.98 ± 0.01

.23 ± 0.01 1.42 ± 0.01 0.97 ± 0.03 0.99 ± 0.00 1.12 ± 0.01 1.01 ± 0.03

.25 ± 0.02 1.37 ± 0.00 1.15 ± 0.05 1.10 ± 0.01 1.06 ± 0.02 0.99 ± 0.08
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ig. 4. Root activity of different plants (Zizania latifolia (♦), Phragmites australis (�),
he same plant (Zizania latifolia (d), Phragmites australis (e), and Typha angustifolia (

also sustained the highest biomass. We also found that all the
lants growing in the sediment of site 3 also exhibit the highest root
ctivities than those growing in the sediment of sites 1 and 2. From
hese results we can infer that the sludge, though looking black and
tinking smell, can still afford the emergent plant growth that make
t possible for the sediment to be purified through macrophytes
ehabilitation.

Many of these emergent macrophytes are used in the nature
r constructed wetlands to treat the municipal, industrial, agri-
ultural wastewater. The treatment systems were provided to be
imple, low-cost and effective in removing these pollutants (Knight
t al., 2000; Cerezo et al., 2001; Zhai et al., 2006). The sewer has
ewer deleterious metals, and this sludge can be purified through
quatic macrophyte rehabilitation. Aquatic macrophytes can not
nly assimilate the sediment nutrients directly, but they can also
nfluence sediment interstitial pore water chemistry, particularly
n the distribution of soluble reactive phosphorus. They can also
reate an oxygenated rhizosphere by the translocation of oxygen
o the roots and increase sediment oxidation–reduction potentials.
herefore, concentrations of these redox-sensitive nutrients were
educed in interstitial waters and restrain the nutrient transfer
rom sediment to the overlying water (Moore et al., 1994). There-
ore, the sediment can be purified through macrophytes restoration
nd not through sediment dredging, which was proved to be expen-
ive and invalid in large shallow lakes (Pu et al., 2000; Kronvang et

l., 2005).

The roots of Z. latifolia have shown the highest root activity in
he sediment of site 3, by which we can deduce that this plant was
ble to grow well in the silt, and would be the preferred pioneer
pecies for purifying the sediment (Chong et al., 2003; Wang et al.,

t
n
h
Z
i

pha angustifolia (�)) growing in the same sediment (sites 1 (a), 2 (b) and 3 (c)) and
wing in different sediments (sites 1 (�), 2 (�), and 3 (�)) (mean ± SE, N = 3).

007). Roots of P. australis and T. angustifolia show relative lower
oot activities, therefore, the order of these species adapting this
ind of sediment would be Z. latifolia > P. australis > T. angustifolia.

The ash free dry weight (AFDW) in all the sediments increased
radually. As plants grow, died roots and other litter mould add
he sediment organic material content and the AFDW raised. But
he AFDW in the sediment of control was also raised. We think
hat as the sediment was dug and stirred for experiment, these
ctions would add air to the mud which might be in favor of the
icroorganism growth and breeding, and therefore, increase the

ediment AFDW content. The dry bulk density is related, directly
r indirectly, to the softness (or hardness) of the sediment, its
ulnerability to erosion, resuspension and other mechanical prop-
rties (Avnimelech et al., 2001). So we want to explore if the
acrophytes would solidify the sediment and therefore decrease

ediment resuspension. The sediment bulk density was in inverse
roportion to its organic material content (Menounos, 1997), and

f the sediment were under undisturbed, its bulk densities would
ncrease with time (Lick and McNeil, 2001). In our experiment,
hough plant macrophytes would increase the sediment organic

aterial content and therefore reduce sediment bulk density, as
ime passed, the sediment would solidify itself in undisturbed
ondition. So, eventually the bulk density changed smoothly and
educed slightly.

The biomass determines the efficiency of plants in purifying

he polluted sediment, and the efficiency was also involved in the
utrient content of the plants. Shoots of Z. latifolia had a relative
igher TN content and TP content. So based on treating efficiency,
. latifolia and T. angustifolia would be preferred species in purify-
ng this kind of sediment. Z. latifolia, P. australis and T. angustifolia
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A
in Zizania latifolia. Ecol. Eng. 32 (2), 156–165.
ig. 5. TP content (mg g−1) in sediment (sites 1 (a), 2 (b) and 3 (c)) growing with
ifferent plants (Zizania latifolia (�), Phragmites australis (�), and Typha angustifolia
�)) and control (©) (mean ± SD, N = 3).

re being used widely in different wetlands to deal with different
astewater, and were found effectively in treating many kinds of
ischarges (Cerezo et al., 2001; Picard et al., 2005; Huett et al., 2005;
lomjek and Nitisoravut, 2005; Das and Tanaka, 2007). Through
utrient translocation and redistribution, Asaeda and Siong (2008)

ound Z. latifolia was more efficient than other emergent plants
n removing nutrients from sediment. In a subsurface flow con-
tructed wetlands, Wang et al. (2008) found Z. latifolia stimulated
he N2O emission and favored to N remove from sediment because
. latifolia transported more oxygen to ammonia-oxidizing bacteria.

The shoot biomass of Z. latifolia, P. australis and T. angus-
ifolia growing in the pot can amount to 1549.8, 2755.2 and
787.4 g m−2 DW, respectively. If they were harvested at highest
iomass, according to their TN content and TP content they would
emove TN 16.6, 29.8, 12.8, and TP 2.2, 3.6, 3.9 g m−2, respec-
ively. Mandi et al. (1996) thought that in a reed bed the aerial

iomass exported 5–6% of nitrogen and 10–12% of phosphorus with
egard to their load in the influent. Similar to our result, Ennabili
t al. (1998) reported the highest total biomass of P. australis and
. angustifolia was 52.7 and 56.5 t dry weight ha−1 year−1, respec-

A

B

ering 36 (2010) 427–434 433

ively. They also retained in their tissues nitrogen and phosphorus
t the rates of 561, 922 kg N ha−1, and 72.1, 114 kg P ha−1, respec-
ively. Tanaka (2007) showed that harvesting T. angustifolia shoots
t July and autumn removed 36.0 g N m−2. Jiang et al. (2007) con-
idered seasonal harvest of helophyte vegetation was an effective
ethod to remove N and P from wetlands. They suggested that

arvesting twice in a year would improve nutrient removal effi-
iency and decrease it being translocation from shoots to rhizomes.
ccording to the climate in Kunming, these plants can be harvested

wice in a year, thus the amount of nutrient can be removed almost
oubly. As for the residue recycle, some of the harvest plant, such
s Z. latifolia, was used to breed grass carp. Some of the plant was
roken into pieces and mixed with manure to produce biogas for
ooking, and the residue was used as organic fertilizer. Some of the
arvest plants, such as P. australis, were used as scaffolding material
o cultivate hotbed chives.

Consequently, using aquatic plants to deal with the polluted
ediment and remove the nutrients through harvesting can not
nly improve the nature of sediment but also don’t produce any
armful side effects, and the plants also play a constructive role in
uilding a health ecosystem. Therefore, it has potential for “green”
rocessing technology. Thus, with the research development and
he technology improvement, using aquatic plants to deal with pol-
uted sediments and to engage in lake ecological restoration will be

ore and more widely used. As for the species option, we suggest
hat the plants should have powerful roots, be fast-growing and
trong adaptable indigenous species; furthermore it would be even
etter if the plants had some economic and scenic value as well.

. Conclusions

Our experiments showed that: (a) the contaminated sediment,
hough looking black and having a strong odor, can still afford the

acrophyte growth that makes it possible for the sediment to be
urified through macrophyte rehabilitation. Considering biomass
nd TN content and TP content, Z. latifolia and T. angustifolia would
e preferred species in purifying this kind of sediment; (b) from the
oot activity of Z. latifolia we can deduce that this plant was able
o grow well in the sediment. The order of these species adapt-
ng to this kind of sediment would be Z. latifolia > P. australis > T.
ngustifolia; (c) contrasting with the control, the TP content in sed-
ments grown with macrophytes reduced significantly. According
o the climate in Kunming, these plants can be harvested twice a
ear; thus, the amount of nutrient can be removed almost doubly.
herefore, the sludge can be purified through macrophyte rehabil-
tation and not through sediment dredging, which was proved to
e expensive and invalid in large shallow lake.
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