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Abstract: Aquatic plant harvest has been widely considered a plant management measure, as it can
physically remove the targeted plants quickly and efficiently. Few empirical studies have examined
the effects of harvesting on water quality or the aquatic plant community in a complete lake ecosystem.
A large area (196 km2 ) of floating-leaved Nymphoides peltata was harvested in Lake Taihu in 2013.
The effects of harvesting on the coverage and biomass of N. peltata and on the submerged plant
community were evaluated. The quantities of nitrogen and phosphorus removed by harvesting
were calculated. Harvesting caused an immediate reduction in N. peltata coverage, and its coverage
in the following year ranged from 29.2% to 95.1%. Wave conditions and interspecific competition
were the main factors that influenced the response of the submerged plant community to N. peltata
harvesting. Harvesting may favor the dominance of Hydrilla verticillata, which expands quickly at
an average growth rate of 53 ± 14 g m−2 day−1 . Harvesting a large amount of N. peltata has a positive
effect on total nitrogen (TN), ammonium nitrogen (NH3 -N), and chemical oxygen demand (CODMn )
control but can lead to different consequences (e.g., increase in total phosphorus (TP) and algal
concentration).
Keywords: biomanipulation; ecosystem approach; vegetation; ecological engineering; restoration

1. Introduction
The excessive growth of aquatic plants can have negative effects on the lake ecosystem and water
quality [1,2]. Large aggregations of plants covering the water surface limit light penetration and
prevent water aeration. Dead plant parts deposited on the bottom of lakes release nutrients into the
lake water when they decay [3]. Therefore, maintaining the aquatic vegetation density and biomass
at a beneficial level becomes important for lake ecosystem management. Aquatic plant harvest has
been widely considered as a plant management measure because it removes the targeted plant bodies
quickly and efficiently. Furthermore, the nutrients contained in the plant tissues are also removed from
the ecosystem, which reduces nutrient accumulation in the water column and sediments [4].
Previous studies have focused on the variation in plant morphology, propagation, and biomass
allocation that occur because of harvesting. The harvested species include submerged plants,
e.g., Potamogeton crispus [5], Ranunculus peltatus [6], Elodea nuttallii [7], and Hydrilla verticillata [4],
and floating-leaved plants, e.g., Trapa bispinosa [8]. These studies are generally controlled experiments
conducted in laboratories, small ponds, or enclosures. In addition, the beneficial biomass for
macrophyte management has been evaluated via graphical models [9,10], and these studies have
provided advice for the management of macrophytes in shallow lakes. However, harvesting
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applications have been rare, and details of large-scale harvesting practices and the responses of
the lake ecosystems are unclear. This is mainly because the environmental conditions of harvest
experiments conducted in a laboratory or small pond are extremely different from those of a large
lake. In lakes, water exchange and plant seed drift are less restricted owing to considerable water flow
and wave disturbance. Furthermore, lake ecosystems have larger temporal and spatial scales than
those of controlled experiments, in addition to constant intra- and interspecies competition among
aquatic plants. In lake ecosystems, the ecological feedback mechanism is an important driving force
for macrophyte community structure succession and biomass allocation [11]. As the environment
changes, some species fail to establish, whereas other species colonize and grow to nuisance levels,
often with negative consequences on plant community composition and ecosystem functions [12].
Lake Taihu is the third largest freshwater lake in China. Submerged and floating-leaved aquatic
macrophytes are especially abundant in the eastern part of the lake [13–15], where floating-leaved
macrophytes cover more than half of the macrophyte-dominated area. In some areas, floating-leaved
macrophytes (Nymphoides peltata) occupy more than 70% of the water surface in summer and
autumn, preventing water aeration and obstructing light from the water column. Furthermore,
floating-leaved macrophytes probably uptake nutrients from nutrient-enriched sediments of the lake
via root systems [16]. Tissue nitrogen and phosphorus release by healthy plants and from decaying
plants result in higher water column N and P [17], therefore decreasing water quality. To restore the
lake ecosystem and alleviate eutrophication, the lake management institution launched a tentative
aquatic plant harvest across an area of 196 km2 beginning in 2013. As no such large-scale harvesting of
aquatic plants has been reported before, observation and assessment are being conducted to monitor
the effects on the lake ecosystem and to improve the effectiveness of the harvest.
The objectives of this study were: (1) to investigate the response of N. peltata and submerged aquatic
vegetation to harvesting; (2) to evaluate the effects of harvesting on the water quality; and (3) to provide
informed advice on large-scale harvesting of freshwater macrophytes.
2. Method
2.1. Study Area
Lake Taihu (30.93◦ –31.55◦ N, 119.88◦ –120.6◦ E, WGS84), a large (surface area 2338 km2 ),
shallow lake (maximum depth 2.6 m, mean depth 1.9 m), is dominated by a subtropical monsoon
climate, located in the southern part of the Yangtze River Delta, one of the most densely populated
regions in China. The topography of the lake bottom is quite flat, with a mean declivity of
0◦ 00 19.66” [13]. Lake Taihu has great heterogeneity in water quality and ecotypes (e.g., macrophyteand phytoplankton-dominated ecotypes) [18]. In this study, the aquatic plant harvesting was carried
out in the macrophyte-dominated area (Figure 1).
According to the spatial differentiation of the aquatic plant community, the harvest area was
divided into six zones, denoted as Z1–Z6 (Figure 1). Potamogeton malaianus was the most widespread
species in Lake Taihu and was the dominant submerged plant in Z1, Z3, Z4, and Z6 (Table 1).
The dominant species in Z2 and Z5 were Potamogeton maackianus and Hydrilla verticillata, respectively.
The second-most dominant species were Myriophyllum verticillatum for Z1, Z2, and Z3; H. verticillata
for Z4 and Z6; and P. malaianus for Z5. The dominant floating-leaved plant species in these zones was
N. peltata, which covered the six zones in different proportions. Some Trapa bispinosa was observed in
Z2 and Z5, but its coverage and biomass were extremely low. The wave conditions in Lake Taihu were
spatially diverse [19]; for the six zones, the wave conditions were ranked according to three levels
(strong > moderate > weak) (Table 1).
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Table 1. Wave conditions and dominant aquatic plant species of the six zones.
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2.3. Aquatic Vegetation Coverage and Biomass Survey
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2.3. Aquatic
Coverage
Survey
used to monitor aquatic plants (Figure 1). Sampling sites were selected according to aquatic plant
A total of 114 sites (16, 25, 16, 10, 20, and 27 for Z1, Z2, Z3, Z4, Z5, and Z6, respectively) were
distribution, with the aim of sampling the plant distribution area as evenly as possible. At each site,
used to monitor aquatic plants (Figure 1). Sampling sites were selected according to aquatic plant
the vegetation was manually extracted using a vegetation clip with an open mouth of 0.25 m × 0.4 m.
distribution, with the aim of sampling the plant distribution area as evenly as possible. At each site,
Sampled plants were rinsed in the lake water and identified to species level. The biomass of each
the vegetation was manually extracted using a vegetation clip with an open mouth of 0.25 m × 0.4 m.
Sampled plants were rinsed in the lake water and identified to species level. The biomass of each
species was measured as wet weight in kg m−2. To evaluate the distribution and spread of certain
submerged species in each zone, the frequency of occurrence was determined and calculated as
follows:
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species was measured as wet weight in kg m−2 . To evaluate the distribution and spread of certain
submerged species in each zone, the frequency of occurrence was determined and calculated as follows:
Frequency o f occurrence =

Number o f sites where a species occurred
× 100%
Total number o f sites

The floating-leaved N. peltata was visible to the naked eye, therefore its distribution and spread
was determined as plant coverage. To measure the coverage, the sampling boat with a track-recording
GPS moved slowly around the boundary of N. peltata and obtained the area of each patch, and the
total area of N. peltata in each zone was calculated. Coverage of N. peltata was calculated as follows:
Coverage =

Total area o f N.peltata in Zi
× 100%
Area o f Zi

Because most of the plant species in Lake Taihu will enter a phase of rapid growth between May
and September, the observations during this phase were performed monthly. In this study, aquatic
vegetation was investigated in May, June, July, August, October, and November 2013; January, March,
April, June, July, August, September, October, and November 2014; and January, March and May 2015.
2.4. Physical and Chemical Properties
Water quality data were collected from 2011 to 2013 to evaluate the chemical properties before
harvesting. These samples were collected and analyzed by the Taihu Lake Laboratory Ecosystem
Research Station (Zi , Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences
(Figure 1b). These data include the concentrations of total nitrogen (TN), ammonium nitrogen (NH3 -N),
total phosphorus (TP), chemical oxygen demand (CODMn ), and chlorophyll a (Chla) for February,
May, August, and November (in 2011, 2012, and 2013). The analytical methods include the Potassium
Persulfate Oxidation-UV Spectrophotometer Method for TN and TP, the Nessler’s Reagent Method
for NH3 -N, the Potassium Permanganate Titration Method for CODMn , and the Spectrophotometer
Method for Chla [25]. Unfiltered water samples were used in the TN, TP, and CODMn analysis.
Water samples were filtered using Whatman glass microfiber filters (GF/C, pore size 1.2 µm,
Sigma-Aldrich, St. Louis, MO, USA) prior to NH3 -N and Chla analysis.
Lake water was also sampled in February, May, August, and November of 2014 and 2015 to evaluate
effect of harvesting on chemical properties following the same procedure. The lake water was sampled prior
to plant sampling at approximately 0.3 m depth at each site (Figure 1b). Lake water samples of 1000 mL
were collected in plastic bottles and transported to the field station (TLLERS) for chemical analysis.
Contents of TN (plant-N) and TP (plant-P) in plant tissues were analyzed to calculate the amount
of nitrogen and phosphorus removed by harvesting. The plant tissues for analysis were randomly
collected from the harvested N. peltata. Plant-N and plant-P of the dried plant tissues were analyzed
by the H2 SO4 -H2 O2 digestion method and the Mo-Sb colorimetric method, respectively.
2.5. Assessment Method
To assess variation in the water quality, the rate of decrease or increase in quality was calculated
as follows:
c
+ c2012 − 2 × c2014
Decrease ( Increase) rate o f 2014 = 2011
× 100%
c2011 + c2012
where c is yearly average concentration. The same method was used to calculate decrease (increase)
rate of 2015.
Reduction rate of N. peltata coverage was calculated according to May 2013 (before harvest) and
June 2014 (one year after harvest) as follows:
Reduction rate =

Coverage in May o f 2013 − coverage in June o f 2014
× 100%
coverage in May o f 2013
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The aforementioned submerged aquatic plants generally obtained their maximum biomass in
September, therefore the absolute growth rate (AGR) was calculated according to the changes of
biomass from May to September.
Growth rate =

Biomass in September 2013 − Biomass in May 2013
120 (days)

Difference in coverage and biomass of N. peltata before and after harvesting as well as
between zones, chemical parameters between years, and P. malaianus coverage between Z1 and
Z4 were compared using one-way analysis of variance (ANOVA) test performed with SPSS version
13.0 software. Differences were considered significant at p < 0.05.
3. Results
3.1. Variation in Coverage and Biomass of N. peltata
Coverage of N. peltata decreased dramatically in Z1, Z2, Z3, Z4, and Z5 when the harvesting
started in May 2013 (Figure 2a). The harvesting of Z1, Z2, Z3, and Z4 began in May, and most
N. peltata was already harvested before June. In contrast, the intensive harvesting of N. peltata in Z5
was sustained in May and June, so that the decrease in coverage of N. peltata in Z5 was relatively low
in June (58.8%) compared with that in Z1, Z2, Z3, and Z4. Consequently, the N. peltata coverage in Z5
exhibited another decrease of 54.3% in July. The harvesting of N. peltata in Z6 ended in the middle of
September, so that the coverage showed a dramatic decrease of 54.7% in September. The observed
decrease in N. peltata coverage in October was entirely due to the decay of aquatic plants because
harvesting had already been terminated.
In the second year, coverage of N. peltata increased from March to June by 40% for Z6 and 16% for
Z5, respectively. In contrast, coverage increased quite low in the other four zones. Actually, there was
a dramatic decrease of peak coverage of the six zones in 2014. In May 2015, although N. peltata reached
the rapid growth period, the maximum coverage was still lower than 24.6%, indicating that the spread
of N. peltata after harvesting was successfully diminished in the following two years. One-way ANOVA
statistical analysis showed that there was a significant difference of N. peltata coverage between 2013
and 2014 (F = 6.63, p = 0.01) (Table 2).
When the intensive harvest was finished in May, the average biomasses of N. peltata in Z1, Z2, Z3,
and Z4 were decreased by 74.5%, 73.1%, 84.8% and 68%, respectively (Figure 2b). However, the biomasses
in Z5 and Z6 were quite different from those of the other four zones. The average biomass of Z5 decreased
extremely slowly after harvest, mainly because harvesting focused on target areas until the floating-leaved
vegetation was removed, so the survival area still possessed a relatively high biomass but with low
N. peltata coverage. By July and August, the average biomass in Z5 (1.23 kg m−2 ) was lower than that in
Z6 (1.68 kg m−2 ). There was significant difference of coverage between 2013 and 2014 (F = 0.54, p = 0.47).
Our findings also suggest that different harvesting dates result in significant spatial differentiation in
N. peltata coverage and biomass in the lake (p < 0.05, Table 2). However, no significant difference of
biomass was observed between 2013 and 2014 (F = 0.54, p = 0.47).
3.2. Aquatic Plant Community
Within 20 months after harvest, 10 vegetative species were observed: N. peltata, T. bispinosa,
P. malaianus, P. maackianus, M. verticillatum, H. verticillata, Vallisneria natans, Ceratophyllum demersum,
Charophycea charales, and Elodea nuttallii. No species disappeared, and no new species were observed
during the two study years. The frequency of the dominant species (P. malaianus) in Z4 and Z6 was
relatively low before harvesting, compared to that in other zones, and the expansion was steady
during the growth period after harvesting (Figure 3a). The frequency of H. verticillata in Z5 increased
dramatically after harvest, reaching a peak value of 80.1% in October.

Water2019,
2018,11,
10,77
x FOR PEER REVIEW
Water

66 of
13
of 12

(a)

(b)

Figure 2.
2. Variation
Variation in
in N.
N. peltata
peltata coverage
coverage (a)
(a) and
and biomass
biomass (with
(with standard
standard errors)
errors) (b)
(b) of
of the
the six
six zones
zones
Figure
(year and
and month).
month).
(year
analysis
of N.ofpeltata
coverage
and biomass
betweenbetween
six zonessix
(Czones
and B represent
Table
Table2.2.One
Oneway
wayANOVA
ANOVA
analysis
N. peltata
coverage
and biomass
(C and B
coverage and biomass).
represent coverage and biomass).
Zone
Zone

Z1

Z2
Z2

Z3
Z3

Z4
Z4

Z5
Z5

Z6
Z6

Z6

C
C

B
B

CC

BB

C
C

BB

CC

BB

C
C

BB

F = 0.02
0.02
pp == 0.89
0.89

1.32
FF == 1.32
0.26
pp == 0.26

0.03
FF==0.03
0.86
pp==0.86
0.12
FF==0.12
0.73
pp==0.73

0.367
FF==0.3.67
0.06
pp ==0.06
0.90
FF ==0.90
0.35
pp ==0.35

F = 0.11
0.74
pp =
= 0.74
0.24
F = 0.24
0.63
pp =
= 0.63
0.03
F = 0.03
0.87
pp =
= 0.87

0.59
FF==0.59
0.45
pp ==0.45
0.05
FF==0.05
0.83
pp ==0.83
1.02
FF==1.02
0.32
pp ==0.32

2.72
FF==2.72
0.11
pp==0.11
3.74
FF==3.74
0.06
pp==0.06
2.09
FF==2.09
0.16
pp==0.16
1.42
FF==1.42
0.24
pp==0.24

27.78
FF==27.78
0.01
pp==0.01
22.02
FF==22.02
0.01
pp==0.01
14.66
FF==14.66
0.01
pp==0.01
19.96
FF==19.96
0.01
pp==0.01

14.94
FF == 14.94
0.01
pp == 0.01
17.65
FF == 17.65
0.01
pp == 0.01
13.34
FF == 13.34
0.01
pp == 0.01
11.12
FF == 11.12
0.01
pp == 0.01
FF == 5.23
0.03
pp == 0.03

FF == 39.12
39.12
pp== 0.01
0.01

Z2
Z2
Z3
Z3
Z4
Z4
Z5
Z5

FF == 33.75
33.75
pp== 0.01
0.01
FF == 24.74
24.74
pp== 0.01
0.01
FF == 32.01
32.01
pp== 0.01
0.01
FF== 4.12
4.12
pp== 0.05
0.05

The variations
variations in
in plant
plant biomass
biomass were
were consistent
consistent with
with those
those in
in the
the frequency
frequency of
of occurrence
occurrence
The
(Figure
3b).
The
biomass
of
H.
verticillata
in
Z5
increased
from
July
and
reached
a
peak
value
of 9.8
(Figure
The biomass of H. verticillata in Z5 increased from July and reached a peak value
of
−2
−1
−2
−
2
−
1
−
2
kg m
in October.
H. verticillata
exhibited
the greatest
AGR (53.3
g day
amongmthe) species.
9.8
kg m
in October.
H. verticillata
exhibited
the greatest
AGR
(53.3mg )day
among The
the
AGR of The
Potamogeton
species in the
other in
zones
were zones
comparatively
low and varied
fromvaried
3.3 g day
species.
AGR of Potamogeton
species
the other
were comparatively
low and
from−1
−2.
−1gmday
−2 −1
m−2gtoday
15.8
3.3
tom
15.8
g day−1 m−2 .

Figure
in dominant
species
occurrence
frequency
and biomass
of each zone.
(Thezone.
dominant
Figure 3.3.Variation
Variation
in dominant
species
occurrence
frequency
and biomass
of each
(The
species
were
P. malaianus
Z3, Z4, (Z1,
and Z6),
P. maackianus
and H. verticillata
(a) Frequency
dominant
species
were P.(Z1,
malaianus
Z3, Z4,
and Z6), P.(Z2),
maackianus
(Z2), and (Z5).).
H. verticillata
(Z5).)
of occurrence of dominant species (%); (b) Biomass of dominant species (kg/m2 ).

3.3. Plant-N and Plant-P

Water 2019, 11, 77

7 of 12

3.3. Plant-N and Plant-P
Removal of a large amount of N. peltata would decrease the nitrogen and phosphorus loading
in a lake, with the amount of decrease dependent on the plant-N and plant-P proportions and the
amount harvested. Plant-N ranged from 11.6 mg/g to 16.9 mg/g with an average of 13.4 ± 1.6 mg/g
in May, and from 14.2 mg/g to 15.9 mg/g with an average of 15.1 ± 0.6 mg/g in August. Average
plant-N increased 12.8%, but there was no significant difference (p > 0.05, F = 6.71) between plant-N
in May and August. Plant-P ranged from 1.6 mg/g to 2.7 mg/g with an average of 2.0 ± 0.4 mg/g
in May, and from 1.6 mg/g to 2.2 mg/g with an average of 2.0 ± 0.2 mg/g in August. There was no
significant correlation (p > 0.05) or difference (p > 0.05, F = 0.02) in plant-P between May and August.
3.4. Water Quality
Chemical parameters varied with different trends before and after harvesting (Figure 4). Average
yearly concentrations of TN, NH3 -N, and CODMn from 2011 to 2012 were 1.46 mg L−1 , 0.28 mg L−1 ,
and 3.49 mg L−1 , respectively. In 2014, the average yearly concentrations of TN, NH3 -N, and CODMn
decreased by 34.7%, 49.3%, and 29.5%, respectively. In 2015, they decreased by 31.4%, 48.3%, 21.9%
compared with 2011–2012. The trend was different for TP and Chla. TP decreased by 2.9% in 2014,
but increased by 22.5% in 2015, compared to 2011 and 2012. Chla increased by 29.5% and 24.4% in
2014 and 2015 compared with 2011–2012. Statistical analysis between years indicated that there were
significant differences for TN, NH3 -N and CODMn before and after harvesting. Statistical analysis
between years indicated that there were significant differences before and after harvesting for TN,
NH3 -N and CODMn (Table 3).
Table 3. One-way ANOVA analysis of chemical parameters between years.
Parameters
TP
TN
NH3 -N
CODMn
Chla

2012/2013

2012/2014

2012/2015

2013/2014

2013/2015

F

p

F

p

F

p

F

p

F

p

4.72
1.8
1.28
0.76
13.14

0.03
0.19
0.26
0.39
0.01

0.15
6.99
20.20
23.49
4.04

0.70
0.01
0.01
0.01
0.049

7.19
5.90
19.64
26.01
2.23

0.01
0.02
0.01
0.01
0.14

7.04
16.40
28.93
27.91
5.14

0.01
0.01
0.01
0.01
0.03

0.02
15.15
28.35
30.42
5.34

0.89
0.01
0.01
0.01
0.03
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Furthermore, approximately 2.2 × 104 tons of N. peltata (wet weight) was removed from the lake water
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the plant-N and plant-P contents. Statistical results showed that harvesting of the floating-leaved N. peltata
would be beneficial for TN, NH3-N, and CODMn reduction in the lake.
However, harvesting of aquatic plants does not always improve water quality. In this study, the removal
amount of TN and TP was quite small compared to the annual areal nitrogen (10,402 tons) and phosphorus
(431 tons) load [32]. Harvesting would be positive in diminishing the overgrowth of floating-leaved species,
which have already impacted other aquatic communities and impaired the services function of lakes, such as
in east of Lake Taihu. Under other conditions, the fact that aquatic plant could restrict phytoplankton,
and supply food, shelter, and habitat for a diversity of organisms should be fully considered [33–35]. In large
shallow lakes, harvesting of floating-leaved plants would also enhance wave conditions, by weakening the
hydraulic resistance by plants [36,37], therefore increasing the risk of sediments phosphorus release [38].
Furthermore, cyanobacteria were mostly clustered in the northern and western areas of Lake Taihu [39],
but drifted to the eastern part of the lake at times due to the southwest wind. Substantially more free lake
surface was exposed after harvesting of the floating-leaved N. peltata, which was beneficial for the drift of
the cyanobacteria and increased the Chla concentration.
4.2. Effect of Harvest on the Regrowth of N. peltata
The response of N. peltata differed widely among the various harvest dates in our study. N. peltata
harvested in May effectively inhibited the coverage in the next year, during which the propagation
and expansion were limited (Figure 2b). In contrast, harvesting that commenced in September
demonstrated very limited restriction on N. peltata coverage. Different harvesting date results in
significant spatial differentiation in N. peltata coverage and biomass in the lake (p < 0.05, Table 2).
However, no significant difference of biomass was observed between 2013 and 2014 (F = 0.54, p = 0.47).
The reduction rate of N. peltata coverage for Z1, Z2, Z3, Z4, and Z5 ranged from 78.8% to 95.1%,
compared with 29.2% for Z6. Similar findings that the effectiveness of mechanical control depends on
the date of the harvest have been reported [40]. Harvesting of Elodea nuttallii before the end of June
will necessitate a second harvest later in the season, but harvesting before September would limit the
amount of biomass [7]. For the floating-leaved Ranunculus peltatus, a single harvest is most efficient if
performed in April or May since its flowering is totally inhibited by the harvest [6].
The coverage of N. peltata has quickly expanded in Lake Taihu in recent years because the
buoyancy of the N. peltata seeds is greater than that of most of the submerged species [41].
Seed buoyancy for approximately two days is long enough for these seeds to disperse over great
distances, even with a moderate water flow, and this dispersal may promote expansion of the N. peltata
colony [15]. Harvesting in September allowed enough time for the N. peltata fruits to set in July
and then release the seeds for the subsequent year’s recruitment. Furthermore, in contrast with
other plant parts, the roots of N. peltata had a very high percentage of ash in June when the root
biomass is the lowest; in winter, the roots have the highest absolute and relative biomass to ensure the
extension of rhizomes and stolons, which are also an important means of reproduction for N. peltata
populations. Conversely, harvesting in early May could destroy and impede the N. peltata propagation
process, which would limit the expansion of this species in the following year. According to our
results, harvesting for N. peltata control is most efficient if performed in May, with the harvesting plan
depending on the required degree of regulation.
4.3. Spatial Differentiation in Aquatic Plant Coverage after Harvesting
Even careful harvesting protocols may cause the complete loss of vegetation in an area of water
disturbed by strong waves where the positive feedback of the increasing turbidity will lead to a further
decrease in submerged vegetation growth. This study included an extensive water surface area of
196 km2 , across which the hydrodynamic conditions and intensity of the wave disturbance exhibited
great spatial variation [19]. Z1 and Z4 are in the open lake, which is disturbed frequently and
intensively by wind-induced waves. The colonization of dense floating-leaved N. peltata in those
areas could disperse wave propagation, dissipate wave energy, and reduce flow velocity. Removal

Water 2019, 11, 77

10 of 12

of N. peltata could eliminate wave dissipation and result in the exposure of submerged vegetation
to frequent waves. Therefore, the extension of P. malaianus was much slower in Z4. Z1 also suffered
from strong wave disturbance, but the area was already covered with a higher density of P. malaianus
before harvesting (with a biomass of 2.9 kg m−2 and coverage of 45.0% in May 2013) than that of Z4
(with a biomass of 0.9 kg m−2 and coverage of 18.6% in May of 2013). After harvesting, the difference
in P. malaianus coverage between Z1 and Z4 was significant (p = 0.028, F = 791.0). In general, harvesting
in different wave disturbance conditions would have different effects on the expansion of submerged
vegetation, depending on the vegetation’s initial density.
4.4. Response of Submerged Plants to Harvesting
In eutrophic lakes, for example, small and slow-growing aquatic plant species have often disappeared,
whereas robust and fast-growing species capable of forming a canopy just below the water surface have
survived [42]. In this study, H. verticillata exhibited high plasticity and adaptability, which enabled it to easily
form dense mat canopies that displaced other plants and improved its expansion capacity. The coverage
of H. verticillata in Z5 increased dramatically from 38% in May to 81% in October. In contrast, coverage of
P. malaianus, which is the most dominant species in Lake Taihu, increased relatively slowly.
Previous studies have shown that H. verticillata is highly competitive [43,44]. Compared with Potamogeton
and Myriophyllum species, H. verticillata had higher numbers of shoots and roots, which contribute to its ability
to disperse and establish in novel sites [45]. In fact, mechanical harvesting helps propagate H. verticillata by
causing the release of a variety of vegetative plant parts, including entire plants, rhizomes, stolons, tubers,
turions, and, more frequently, fragments [46]. It is reported that fragments of H. verticillata have higher
colonization and regeneration abilities [47]. This advantage would facilitate the success of this species more
than that of Potamogeton species and Myriophyllum species. Based on our observations, the available ecological
niches following harvest of N. peltata were quickly occupied by H. verticillata in Z5. Although H. verticillata
was not dominant yet in the other five zones, its frequency of occurrence increased notably during the study.
5. Conclusions
In contrast to earlier research on aquatic plant harvests and their effects, our study: (1) focused on
a large area (196 km2 ) where N. peltata was mechanically harvested in a shallow lake; (2) examined
the response of N. peltata and the submerged vegetation community to harvesting; and (3) evaluated
the effect of harvesting on nutrient removal. Our findings indicate that harvesting for N. peltata
control is most efficient if performed in May because this could prevent N. peltata flowering and
impede its reproduction via the extension of rhizomes and stolons. Hydrilla verticillata could quickly
invade and occupy the available ecological niche after N. peltata removal. In areas that are disturbed
by wind-induced waves, frequent and thorough removal of N. peltata would intensify the wave
disturbance, thereby increasing the difficulties of seed settling and germination. Therefore, the recovery
of submerged plants after N. peltata harvesting became slow and uncertain in these areas. Harvesting
a large amount of N. peltata has a positive effect on TN, NH3 -N, and CODMn control but can lead to
different consequences (e.g., increase in TP and algal concentration).
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