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Abstract
Lake Gehu is a severely eutrophic lake in southeast China. A series of restoration measures
have been implemented since 2009 in northern Lake Gehu. This study compared aquatic plants, water
quality, sediment, and phytoplankton between restoration and control areas to investigate the eﬀect of
restoration measures. The results demonstrated that aquatic macrophyte coverage increased from 0% to
10.6%; mean TP, TN, and CODMn concentrations decreased by 50.0%, 42.4%, and 40.8%, respectively,
compared with those before the measures were carried out; the mean Secchi depth (SD) increased to
42.5 cm, which is 1.4 times higher than that before restoration; the mean euphotic depth (Zeu) in the summer
increased from 91 to 130 cm; the mean chl a concentration decreased from 34.8 to 20.2 μg/L, compared
with that before restoration; the Shannon-Wiener index of phytoplankton increased by 28.7%. The mean
TP and TN concentrations in sediments decreased by 63.8% and 52.4%, respectively, compared with that
before dredging. These results indicate that the restoration in northern Lake Gehu was eﬀective. To complete
the transformation from an algae- to a macrophyte-stable state within the region, further measures must be
adopted. This restoration of a eutrophic lake can serve as a reference for similar eutrophic lakes.
Keyword: Lake Gehu; eutrophication; local areas; restoration

1 INTRODUCTION
Lake eutrophication is a global environmental
issue (Dokulil et al., 2011). As increasing amounts of
nutrients enter shallow lakes, transparency decreases,
and submerged macrophytes die out. As a result,
cyanobacteria blooms occur more frequently, which
leads to a series of environmental issues, such as
deterioration of water quality and ecological
degradation (Chen et al., 2009, 2013). Submerged
macrophytes are an important part of shallow lake
ecosystems, and they play a key role in maintaining
the clarity of lake water and biodiversity, as well as
other ecological functions (Scheﬀer et al., 1993;
Jeppesen et al., 1998; Van Zuidam and Peeters, 2015).
The restoration of a eutrophic lake involves the
transformation of its ecosystem from algae- to
macrophyte-stable state by taking certain measures
(Scheﬀer et al., 2001; Qin et al., 2014). To achieve

this goal, many restoration measures have been
widely developed and applied for lakes (Sas, 1989;
Cook et al., 1993, 2005; Phillips et al., 1994; Jeppesen
et al., 2005, 2012; Søndergaard et al., 2008; Qin et al.,
2011; Chen et al., 2013).
Most shallow lakes along the middle and lower
reaches of the Changjiang (Yangtze) River have
been eutrophic or are eutrophying (Qin, 2002). Since
the 1980s, many eﬀorts have been made to restore
submerged macrophytes and ecosystems. They have
been carried out within local regions, and most have
been implemented within enclosures. Ecological
engineering projects have also been carried out to
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Fig.1 Regional map of Lake Gehu and its location in the Taihu Lake Basin
The region north of the expressway is regarded as the restoration region (hereafter referred to as Zone A), and the region south of the expressway is regarded
as the control region (hereafter referred to as Zone B).

improve water quality, which include wave bands,
enclosures and recovery zones of the aquatic plant,
e.g., Lake Wuli (Chen et al., 2009) and the Meiliang
Gulf in Lake Taihu (Pu, 1993; Qin et al., 2013).
These small scale restoration tests on aquatic plants
have been adopted to improve water quality to
varying degrees because some aquatic plants have
been successfully restored during restoration
projects. However, because the enclosure in a test
site is withdrawn after the project has ﬁnished, the
restored aquatic plant soon disappears and water
quality degrades (Qin et al., 2013). In addition to
nutrient concentrations, submerged macrophyte
restoration is aﬀected by many factors, such as light
intensity, temperature, sediment, water depth, wind
wave, ﬁsh, and other factors, among which light
intensity is the most important (Dennison et al.,
1993; Scheﬀer, 1998; Bornette and Puijalon, 2011).
Compared with small shallow lakes, large shallow
lakes tend to have heavy wind wave, which makes
restoration diﬃcult (Gulati et al., 2008). Overall, the
restoration of large shallow lakes in the subtropical
zone is still a problem for lake managers. Moreover,

whether or not the restoration of local areas within
large shallow lakes should be a priority requires
further discussion.
Lake Gehu is a major shallow lake in southeast
China. In the last 20 years, with the development of
industrialization and urbanization, the Lake Gehu
ecosystem has been damaged. Since 2009, many
measures have been carried out in northern Lake
Gehu by local governments, including isolating the
rivers that ﬂow into the lake, dredging, terrain
restoration, aquatic plant restoration, interception of
algae by enclosures, mechanical removal of algae,
and biomanipulation, among others. This research
mainly discusses the feasibility of restoration for local
areas of Lake Gehu, which can serve as a reference
for the restoration of the entire lake and similar
shallow lakes in the subtropical zone.

2 MATERIAL AND METHOD
2.1 Study area
Lake Gehu is the second largest lake in the Lake
Taihu Basin (Fig.1). It plays a key role in protecting
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Fig.2 Diagram of large mechanical equipment for cyanobacteria removal

the water quality of Lake Taihu, forming the most
important natural defense line for Lake Taihu (Xu et
al., 2013). With an average depth of only 1.2 m and an
overall length of 30 km from north to south, the lake
covers a total area of 164 km2. Located in the upper
reaches of Lake Taihu, Lake Gehu plays an important
role in ﬂood regulation and storage, water supply, and
ecological regulation (Xu et al., 2013). In recent
years, Lake Gehu’s water quality has deteriorated.
Not only has the self-puriﬁcation capacity of its water
body been diminished, but its aquatic plants have died
out. However, submerged macrophytes have
historically been widely distributed in Lake Gehu.
Prior to 1998, submerged macrophyte coverage in
Lake Gehu was very high, accounting for more than
80% of the total area. In 1986, coverage was 87.5%;
in 1990, coverage was approximately 100%; in 1993,
coverage was 93%; and in 1994, coverage was 95%.
From 1999 to 2004, submerged macrophyte coverage
decreased at a rate of 10% per year because it was
highly aﬀected by rapid algal reproduction. According
to a survey in 2004, submerged macrophyte coverage
was approximately 14%. In 2006, the submerged
macrophytes in the lake region along the east coast
were distributed in sheets, and coverage was less than
2%. By October of 2007, patches of submerged
macrophytes had disappeared, and only small
numbers were distributed in spots. Lake Gehu had
transformed from a clear water state into a turbid
water state (Yang et al., 2005). The study area
mentioned in this paper is located in the north of the
expressway, covering an area of 15.26 km2. The
Biandan and Xiaxi Rivers ﬂow into the lake. The total
nitrogen (TN) imported by the two rivers accounts for
56.9% of the total input, and the total phosphorus
(TP) imported by the two rivers accounts for 68.8% of
the total input. Contamination is worst in the northern
Lake Gehu, and this is where submerged macrophyte
degeneration ﬁrst began.

2.2 Main methods of restoration
In 2008, sediment was used to build a weir to
construct the expressway (S38), dividing Lake Gehu
in two. There are only three exits within the northern
and southern regions, all located under the bridge
with 115 m, 30 m and 100 m in width separately.
From 2009 to 2011, the rivers ﬂowing into the lake
were dredged for 13.6 km, and sediment in Zone A
was also dredged. After drained, Zone A was removed
of heavily polluted sediment on its surface. From
2010 to 2011, by reconstructing subaqueous relief,
several artiﬁcial islands were built. In 2011, an
ecological revetment, 14.5 km in length, was built in
Zone A. Ecological revetment is covered with wetland
plants and herbs. In 2012, because the rivers emptying
into the lake were diverted, a large volume of water
from the Xiaxi and Biandan Rivers ﬂowed into the
region south of the expressway, whereas the water
ﬂowing into Zone A was reduced. In the spring of
2012, emergent plants were planted in these artiﬁcial
shallows (water depth are less than 1 m), including
Phragmites australis, Zizania latifolia and Typha
orientalis. In the winter of 2012, Potamogeton crispus
L. turions were introduced by broadcast sowing in
artiﬁcial shallows near S38 Expressway. In 2012, a
pre-reservoir system was built on the lake inlet of
Zone A. In July 2012, enclosures were set at the three
exits between Zones A and B to block algae in the
region south of the expressway. In May–October
2013 and 2014, large mechanical equipment for
cyanobacteria removal was used to reﬂoat
phytoplankton (Fig.2). For physical ﬁltration
interception, large mechanical equipment for
cyanobacteria removal was used to bring algae-laden
surface water into a sifter from the upper end of the
ﬁlter, and the phytoplankton was held at the sifter and
entered an algae collecting tank. Five sets of
cyanobacteria removal equipment were used to
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Fig.3 Research site and sampling stations

remove blue-green algae in Zone A from May to
October each year, with a water handling capacity of
500 m3 per hour. From 2012 to 2014, 10 million silver
carp (Hypophthalmichthys molitrix) and bighead carp
(H. nobilis) were stocked in Zone A.
2.3 Sampling and analysis
Water samples were collected monthly from 2007
to 2014. There were only two sampling points (1, 6)
before 2010 in Zone A, and three in Zone B. After
2011, four sampling points (2, 3, 4, and 5) were added
in Zone A (Fig.3). The water chemistry and
phytoplankton samples were collected at a 0.5-m
depth below the water surface. Nutrient analysis was
carried out on the water chemistry samples according
to the Standard Method (APHA, 1980). The Secchi
depth (SD) was measured using a Secchi disk with a
diameter of 30 cm. Total suspended solids (TSS),
inorganic suspended solids (ISS), and organic
suspended solids (OSS) were measured by the
gravimetric method (State Environmental Protection
Administration, 2002). Pigments samples were
extracted with 90% acetone at 4°C in the dark for 24 h
to measure chlorophyll a (chl a). The supernatant was
centrifuged and light absorbance was measured by
spectrophotometry against 90% acetone at 630, 645,
663, and 750 nm. The equations from Jeﬀrey and
Humphrey (1975) were applied to calculate the chl a
concentrations.
Photosynthetically Active Radiation (PAR) was
measured and continuously recorded with an XR620CTD (RBR Ltd., Canada) (Lin et al., 2009), the

data of which was collected monthly from June in
2009 to August in 2010 and January in 2013 to
December in 2014. Sampling locations are shown in
Fig.3. The reduction law of PAR in water with
homogeneous optical properties conforms to the
following (Keith et al., 2002; Yu et al., 2008; Lin et
al., 2009):
Kd  -

1 E Z 
ln
,
Z E  0

(1)

where, Kd is the attenuation coeﬃcient, Z is the depth
between the lake surface and the measurement point,
and E(Z) and E(0) are PAR intensity at point Z and at
point 0 m, respectively. Kd was calculated by
regression of the PAR intensity at diﬀerent depths
under the water surface (R2≥0.90, n≥5).
The euphotic depth (Zeu) is generally referred to as
the depth at which the light intensity is 1% of the
irradiancy of the water surface, and it can be estimated
by the following equation (Zhang et al., 2005):
Zeu=ln100/Kd=4.605/Kd,

(2)

where, Zeu=euphotic depth and Kd=attenuation
coeﬃcient. Phytoplankton samples were collected in
1 000-mL plastic bottles. Phytoplankton samples
were ﬁxed in acetic Lugol’s solution and preserved
with 5% formalin after sedimentation for 48 h. For
determination of phytoplankton, the supernatant was
removed and approximately 50 mL residue was
collected (Chen et al., 2009). The cells, or thrums, in
1 mL of the concentrated samples were dispersed by
ultrasonication. The phytoplankton in the concentrated
samples were identiﬁed according to taxonomic
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Table 1 Aquatic plant species, area, and coverage in Zone A (2013)
Eco-type

Species

Area (km2)

Coverage (%)

Emergent plants

Phragmites australis

0.87

5.70

Zizania latifolia
Typha orientalis Presl
Acorus calamus L.
Surface-ﬂoating plants

Salvinia natans

0.11

0.72

Floating-leaved plants

Trapa bispinosa Roxb.

0.24

1.57

0.19

1.25

Nelumbo nucifera
Submerged macrophytes

Ceratophyllum demersum L.
Potamogeton crispus L.
Myriophyllum aquaticum (Vell.) Verdc.
Vallisneria natans (Lour.) Hara
Najas marina L.

identiﬁcation keys based on cell size and formation
(Hu and Wei, 2006) under a phase contrast microscope
(Nikon, Japan). The TN concentrations in sediments
were measured with semi-micro method, and TP with
Mo-Sb colorimetry. A survey of the coverage and
water depth distributions of aquatic plants was carried
out in summer and winter from 2008 to 2014.
2.4 Statistical analysis
Signiﬁcant diﬀerences between Zone A and Zone
B, in terms of the average values in the time variations,
were determined by independent-sample t-tests at
P<0.05. All statistical tests were carried out in SPSS
13.0 for Windows.

3 RESULT
3.1 Restoration of aquatic macrophytes
After restoration, aquatic plant coverage in Zone A
increased year on year, as did the number of aquatic
plant species. According to the July 2013 survey,
there were only four species of emergent plants in
Zone A (P. australis and Z. latifolia were dominant),
surface-ﬂoating plants including mainly Salvinia
natans, ﬂoating-leaved plants including Trapa
bispinosa Roxb. and Nelumbo nucifera (of which T.
bispinosa Roxb. was dominant), and submerged
macrophytes including Ceratophyllum demersum L.,
P. crispus L., Myriophyllum aquaticum (Vell.) Verdc.,
Vallisneria natans (Lour.) Hara and Najas marina L.
(among which C. demersum and P. crispus L. were
dominant) (Table 1). In 2013, the total aquatic plant
area and coverage in Zone A were 1.41 km2 and
9.24%, respectively. The total aquatic plant area in

Zone A in 2014 was 1.61 km2, which increased by
0.20 km2 compared with that in 2013. Although the
aquatic plants were restored to some extent,
submerged macrophyte coverage remained low, and it
was mainly dominated by pollution-resistant species
and located in shallow depths no more than 1.2 m.
3.2 Removal rate of TN, TP, chl a and CODMn by
the equipment for cyanobacteria removal
Large mechanical equipment for cyanobacteria
removal reduces phytoplankton biomass, nitrogen,
and phosphorus, as well as organic matter in the
water. According to ﬁeld monitoring and simulation
experiments, when TN and TP concentrations were
greater than 3.56 and 0.40 mg/L, respectively, the
removal rates were greater than 80% and 60%,
respectively (Fig.4a,b). When the range of chl a
concentrations in inﬂowing water was between 23.12
and 7 336.01 μg/L and 6.71 and 43.76 μg/L in
outﬂowing water, the removal rate was high (Fig.4c).
When the range of chl a concentrations in inﬂowing
water was less than 30 μg/L, the range of the average
chl a concentrations in outﬂowing water was only
10.87 μg/L, with a removal rate of approximately
58.1%. By nonlinear ﬁtting the CODMn in inﬂowing
water and the removal rate, the CODMn removal rate
increased with increasing CODMn in water inﬂow.
When the CODMn in inﬂowing water was >19.00 mg/L,
the removal rate was >68% (Fig.4d).
3.3 Improvement of water quality
After the restoration, pollutants ﬂowing into Zone
A area are greatly reduced. Take the data in 2012 for
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Fig.4 The removal rate of TN, TP, chl a and CODMn by the large mechanical equipment for cyanobacteria removal

example, TN input was reduced to about 1 211.2 t
from 3 460.7 t, TP input was reduced to about 128.8 t
from 357.9 t, and CODMn input to about 1 837.7 t from
5 250.4 t with their outputs in Zone A being 580.3 t,
65.5 t and 745.2 t respectively.
Before restoration in 2008, mean TP concentration
in Zones A and B reached (0.182±0.054) and
(0.160±0.040) mg/L, respectively, that is, the mean
TP concentration in Zone A was 1.14 times that in
Zone B (Fig.5). After dredging was ﬁnished in 2011,
mean TP concentration in Zone A decreased to
(0.109±0.017) mg/L. By 2014, the mean TP
concentration in Zone A had decreased to
(0.091±0.025) mg/L, which represents a highly
signiﬁcant (P<0.01) decrease of 50% compared with
that in 2008. In 2014, the mean TP concentration in
Zone B was (0.146±0.031) mg/L, and in Zone A it
was 62.3% of that in Zone B, this diﬀerence was
highly signiﬁcant (P<0.01).
Before restoration, the mean TN concentration in
Zone A was (5.17±1.34) mg/L, and in Zone B it was
(4.39±1.48) mg/L, thus, the mean TN concentration
in Zone A was 1.18 times that in Zone B (Fig.6). After
dredging was ﬁnished in 2011, the mean TN

concentration in Zone A decreased to (1.52±
0.30) mg/L. By 2014, the mean TN concentration in
Zone A had decreased signiﬁcantly (P<0.05) to (2.53±
0.65) mg/L, representing a decrease of 42.4%
compared with that in 2008. In 2014, the mean TN
concentration in Zone B was (3.07±0.65) mg/L, and
in Zone A it was 82.4% of that in Zone B, this
diﬀerence was not signiﬁcant (P>0.05).
The mean chemical oxygen demand (CODMn) in
Zone A was (6.49±0.94) mg/L before restoration. By
2014, CODMn in Zone A had decreased to (3.84±
0.74) mg/L, which represents a decrease of 40.8%
compared with that in 2008, this diﬀerence was highly
signiﬁcant (P<0.01). In 2014, CODMn in Zone B was
(4.37±0.54) mg/L, and in Zone A it was 87.9% of that
in Zone B (Fig.7).
3.4 Optical properties
In 2008, the mean SD in Zone A was (30.0±
10.1) cm, and that in Zone B was (32.3±6.4) cm.
Thus, the mean SD in Zone B was very slightly
higher than that of Zone A (Fig.8). After the dredging
was completed in 2011, the mean SD in Zone A
increased to (40.7±5.0) cm. By 2014, the mean SD
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in Zone A had increased to (42.5±9.8) cm, which
was 1.42 times that prior to restoration, and the
diﬀerence between them was signiﬁcant (P<0.05).
In 2014, the mean SD in Zone B was (30.4±6.1) cm,
and the diﬀerence between Zones A and B was
signiﬁcant (P<0.05).
Underwater light intensity in Zone A was
appreciably improved by restoration (Fig.9). In the
summers of 2009 and 2010, the Zeu depth in Zone A
tended to decrease from 110 to 91 m, but increased to
130 m in the summer of 2013, such that the underwater
light intensity had improved signiﬁcantly (P<0.01).
The Zeu depth in Zone B in the summer of 2013
decreased to 113 cm. In winter 2010, the Zeu depth in
Zone A was higher than that of Zone B. By the winter
of 2014, the Zeu depth in Zones A (223 cm) and B
(131 cm) diﬀered signiﬁcantly (P<0.05).
3.5 Response of phytoplankton to restoration
The mean chl a concentration in Zone A decreased
signiﬁcantly (P<0.01) from 34.8 to 20.2 μg/L from
2008 to 2014. Compared with that of Zone B, the
mean chl a concentration in Zone A decreased by
22.1%. According to the algae concentration
monitoring from 2008 to 2014, the variation in algae

concentration was identical to that of chl a. In July
2009, the phytoplankton in Zone A was composed of
Cyanophyta, Chlorophyta, and Bacillariophyta,
among which Cyanophyta accounted for 98.8% of the
total. Until July 2014, the phytoplankton in Zone A
was composed of Cyanophyta, Chlorophyta,
Bacillariophyta,
Cryptophyta,
Pyrrophyta,
Euglenophyta, and Xanthophyta, among which
Cyanophyta and Chlorophyta were overwhelmingly
dominant. The number of phytoplankton phyla
increased from three to six (Fig.10). The average
Shannon-Wiener index in Zone A increased from 1.7
to 2.2 from 2010 to 2014, representing an increase of
28.7%.
3.6 Nutrients in Surface Sediments
Before dredging was carried out, TP concentrations
in Zones A and B were 0.149 and 0.125 mg/g,
respectively (Fig.11). By 2014, after dredging had
been carried out for 2 years, the TP concentration in
Zone A decreased to 0.054 mg/g, representing a
decrease of 0.095 mg/g. The TP concentration in the
Zone A sediment before and after dredging diﬀered
signiﬁcantly (P<0.01). Before dredging, TN
concentration in Zone A sediment was 2.69 mg/g,
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4 DISCUSSION
4.1 Control eﬀect of wind waves in Zone A
Wave action can be an important factor for plants
in shallow, wind-exposed lakes even if the sediment
is solid enough to prevent uprooting (Scheﬀer, 1998).
Lake Gehu is a typical shallow lake in the subtropical
zone. It is long and narrow, hence it has a long fetch.
Under the eﬀect of the southeast and northwest
monsoons (typhoon and cold wave), wind waves can
be generated downwind, which in turn decreases lake
transparency. Phytoplankton concentrations can be
reduced by controlling the level of nutrients in shallow
lakes, but these lakes still have high turbidity. One
important reason is that the sediment is resuspended
by wind waves, and the concentration of suspended
particles in the outlet increases as a result. Many other
researchers have studied this phenomenon (Jackson
and Starrett, 1959; Andersen and Lastein, 1981;
Kristensen et al., 1992; James and Barko, 1994;
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which was similar to that in Zone B sediment. After
dredging was carried out, TN concentration in Zone A
sediment decreased to 1.41 mg/g, which was very
diﬀerent from that before dredging (P<0.01).
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Fig.9 Zeu depth variation in Zone A and Zone B in summer
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Ekholm et al., 1997; Van Zuidam and Peeters, 2015).
In Lake Apopka in Florida (USA), only 10% of the
suspended particles live in frustules, and changes in
chl a concentration do not tend to be identical to that
of TSS. The phosphorus concentration decreased by
80%, and lake transparency increased from 0.23 to
0.34 m. However, the increase in light intensity was
not suﬃcient for submerged macrophytes (Bachmann
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et al., 1999). But Lowe et al. (2001) think that the
turbid state has been maintained by excessive P
loading.during a period with no change in mean wind
speeds measured at Lake Apopka.
Loss of aquatic plants can be caused by mechanical
disturbance from wind waves, which inﬂuences plant
reproduction by preventing them from being
reestablished (Van Zuidam and Peeters, 2015). When

the ecosystem of a grass-type lake is in an unstable
state, a heavy stormy wave period is enough to
transform the ecosystem from a grass- to an algae
type. Lake Apopka had an abundance of submerged
macrophytes. However, after a hurricane or storms,
the aquatic plant community in that lake was damaged
and the water gradually changed to a turbid algae
state (Havens et al., 2001; James and Havens 2005;
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Table 2 TSS and ISS concentrations in Zone A and Zone B
Time

TSS (mg/L)

ISS (mg/L)

ISS/TSS (%)

Zone A

Zone B

Zone A

Zone B

Zone A

Zone B

Summer of 2013

47.2–87.5

103.3–128.7

23.4–55.6

88.2–112.9

49.6–63.5

85.4–87.7

Winter of 2013

10.8–39.1

34.3–97.0

3.0–18.6

19.6–72.5

27.8–47.6

57.1–74.7

James et al., 2008; Jin et al., 2011; Beave et al., 2013).
Hence, wave dissipation was the precondition and
foundation for restoring aquatic plants. Many
experiments have shown that aquatic plants can be
restored by building enclosures to block out wave
action, such as in Lake Breukeleveen (Netherlands)
(Scheﬀer, 1998).
By separating, Zone A has formed a relatively
independent lake region within Lake Gehu, and its
widest part from north to south is only 2.25 km,
whereas the widest part from east to west is 7.82 km.
Because of the terrain modiﬁcation in Zone A, several
shallows formed there in the meantime, which has
increased the lake’s spatial heterogeneity. Because of
this, the region’s fetch has been shortened from 30 km
to less than 1 km with stormy waves being signiﬁcantly
dampened. Bachmann et al. (1999) found that the
non-algal source of TSS may come from resuspended
sediment particles. In summer 2013, the mean ISS
concentration diﬀered signiﬁcantly between Zones A
((35.0±9.2) mg/L) and B ((101.3±12.4) mg/L)
(P<0.05) (Table 2). In winter 2013, mean ISS
concentration diﬀered signiﬁcantly between Zones A
((8.0±1.9) mg/L) and B ((38.4±6.3) mg/L) (P<0.05).
The ratio of ISS/TSS also diﬀered signiﬁcantly
between Zones A and B both in summer and winter
(P<0.05). Overall, the wind waves in Zone A were
attenuated, and the suspended solids also decreased
appreciably, providing a relatively stable environment
for restoring submerged macrophytes.
4.2 Analysis water quality improvement by
restoration
After Lake Gehu had been separated, a relatively
enclosed region was formed in Zone A. Moreover, the
water quality in Zone A had improved appreciably by
isolating the rivers emptying into the lake, dredging,
restoration of emergent aquatic plants, blocking algae
by building enclosures, and removing algae by
machines and biomanipulation. In 2014, the TP, TN,
CODMn, and chl a concentrations in Zone A were
signiﬁcantly lower than those of 2008, when the
restoration measures were carried out.
Rivers ﬂowing into Lake Gehu are the main

exogenous pollution sources. The amount of pollutants
contributed by the Biandan and Xiaxi Rivers accounts
for approximately 49.5% of the total input into Zone
A (the data for 2010 had not been published at the
time of writing). By diverting rivers ﬂowing into the
lake, the pollution load in Zone A decreased by
approximately 64.2%. At the same time, the prereservoir was built in 2013 on the mouth of the river
emptying into the lake, with a total area of 1.67 km2.
The TP, TN, and CODMn removal rates in the river
ﬂowing into the lake decreased by 21.1%, 6.7%, and
17.9%, respectively, because of the pre-reservoir,
which eﬀectively reduced the pollution load in Zone
A.
Dredging has been used to restore many eutrophic
lakes (Moss et al., 1986). For example, approximately
70% percent of the mud sediment sand associated P
were removed in Lake Okeechobee, but areas where
the sediment thickness was <10 cm dredging was
considered too inefﬁcient (James and Pollman, 2011).
From 2009 to 2011, the river ﬂowing into the lake was
dredged for approximate 13.6 km, with an earth
volume from desilting and excavation of approximate
2.267 million m3. As a result, the mean TP and TN
concentrations in Zone A sediment decreased by
63.8% and 45.8%, respectively, indicating that the
removal of sediment played an important role in
decreasing nutrient concentrations in surface
sediment.
Algal control measures in Zone A have included
blocking phytoplankton by enclosures and reﬂoating
blue-green algae by applying large mechanical
equipment for cyanobacteria removal and
biomanipulation. In 2012, enclosures were set on
three exits between Zones A and B to block
phytoplankton drifting along with the southeast
monsoon. Monitoring has shown that the enclosure
eﬀectively blocked phytoplankton in Zone B from
entering Zone A, with an interception rate of
approximately 58.4 %.
Biomanipulation has been applied to improve
water quality in lakes and reservoirs (Hansson et al.,
1998; Drenner and Hambright, 1999). Stocking of
silver carp (H. molitrix) and bighead carp (H. nobilis)
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is an optional measure for algal control, which has
been applied in diﬀerent climate systems (Starling,
1993; Radke and Kahl, 2002; Xie, 2003) and in Lake
Donghu and Lake Dianchi, China (Liu and Xie, 1999;
Xie, 2003). From 2012 to 2014, approximately 10
million silver and bighead carp were stocked in Zone
A. Because the water is open, the contribution to
water quality by silver and bighead carp cannot be
conﬁrmed, but the improvement in water quality has
been conﬁrmed by many experiments (Chen et al.,
1991; Xie and Liu, 2001; Liu et al., 2004; Ke et al.,
2007).
Several restoration techniques have been adopted
to promote regime shifts in lakes, but restoring lakes
to their previous stable state has been practiced for far
longer (Dokulil et al., 2011). After the restoration
measures were carried out, the water quality in Zone
A improved appreciably, but blue-green algae biomass
levels are still high in summer, which suggests that
the restoration of eutrophic lakes is characterized by
hysteresis; other eutrophic lakes (such as Lake Taihu
and Lake Wuli), along with the middle and lower
reaches of the Changjiang River, exhibit the same
characteristics. In the temperate zone, low nutrient
levels in shallow lakes reached a new balance, where
N and P phases were <5 and <10–15 years, respectively
(Jeppesen et al., 2005). The restoration phases are
longer for some lakes than others. Although TP
decreased, the original restoration of the lake was
delayed because of a high SRP concentration in the
lake. Algal biomass only decreases when SRP
concentration is reduced and ﬁnally phytoplankton
community composition changes (Phillips, 2005).
Scheﬀer et al. (1993) have reported that although
nutrient levels decrease, high ﬁsh predation results in
insuﬃcient zooplankton grazing, which in turn leads
to high phytoplankton production.
4.3 Probability of achieving a switch in stable
states
Lake ecosystems tend to have the capacity for
spontaneous recovery against changes in the external
environment. Only when the threshold needed to
change the ecosystem becomes overwhelmed by
external forces exerted, an appropriate system state
can be formed to adapt to the new environmental
conditions. (Scheﬀer et al., 2001). If the TP
concentration decreases to 0.050–0.100 mg/L,
submerged macrophytes in shallow lakes can switch
from the turbid to the clear water state (Scheﬀer et al.,
1993, 2001; Scheﬀer and Jeppesen, 1998). Long-term
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surveying and monitoring has shown that Lake Gehu
is in a macrophyte-stable state, with a TP concentration
of 0.030–0.094 mg/L. By 2014, the mean TP
concentration in Zone A decreased to 0.091 mg/L. In
terms of TP concentration, Zone A has met the
requirements that conﬁrm the switch, but there are
some uncertainties. Although exogenous pollution
has been controlled to a certain degree, the exogenous
pollution load entering Zone A is still heavy, which is
not good for further reduction of nutrient levels and
restoration of the ecosystem. After dredging was
carried out, the abundance of aquatic plant propagules
in the sediment decreased, which is not good for the
spontaneous restoration of aquatic vegetation.
Moreover, the water depth increased after subaqueous
relief was reconstructed. Under the existing conditions
of transparency, the water depth in 70% of the total
region has exceeded the euphotic depth, which does
not meet the light intensity requirements for restoring
submerged macrophytes.
In the process of eutrophic lake restoration, the
precondition
for
rehabilitating
submerged
macrophytes is to improve their habitats. The choice
of appropriate tolerant plant species is also important
(Dong et al., 2014). To restore submerged macrophytes
and reconstruct a clear-water stable state, relevant
restoration measures have to be continuously carried
out. The input of pollutants into the lake has to be
reduced further, and the purifying capacity of the prereservoir in Zone A has to be improved. The area of
pioneer species, including C. demersum and P.
crispus L. must be enlarged to induce ecesis and
submerged macrophyte reproduction. To improve the
submerged macrophyte restoration rate, propagules
have to be planted in the dredging region. In the early
spring, underwater light intensity can be improved by
decreasing the water level to provide favorable
conditions for the submerged macrophytes propagules
to sprout and the seedlings to grow.

5 CONCLUSION
After Lake Gehu was dissipated, a relatively
enclosed region was formed in Zone A. Moreover, the
water quality in Zone A improved considerably by
isolating the rivers ﬂowing into the lake, dredging,
restoration of aquatic plants, blocking algae by
building enclosures, and mechanical algae removal
and biomanipulation. Until 2014, the TP, TN, CODMn,
and chl a concentrations in Zone A signiﬁcantly
decreased compared with those in 2008, which was
when restoration measurements were carried out.

No.6

WU et al.: Restoration in northern Lake Gehu

Transparency also improved signiﬁcantly, which
indicates that controlling eutrophication in Zone A by
restoration achieved desirable results. However, some
problems remain. To achieve the switch from an
algae- to a macrophyte-stable state, further measures
must be continuously carried out, such as controlling
the pollutant load ﬂowing into the lake, introducing
submerged macrophytes, and water level regulation.
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