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Trapa natans is one of the main species causing the swamping in the littoral zones of Erhai
Lake. It commonly forms a dense canopy on the water surface in the growing season
(June–September), which hampers the local water quality and habitat of submerged
macrophytes, and releases nutrients to the water after death in autumn and winter,
resulting in the deterioration of local water quality. At present, there are many and positive
research studies on the short-term effects of harvesting water chestnut on water quality
and aquatic plants, but long-term observation results are lacking. In response to the above
problems, we studied responses of water quality and aquatic plant community to the
removal of Trapa in littoral zone of a northern bay in Erhai from August 2014 to January
2017. This could be the first attempt to discover the long-term effects of floating-leaved
vegetation management in the freshwater ecosystem. The results showed that the artificial
removal of Trapa significantly improved the local water quality in the growing season, for
example, the concentrations of total nitrogen (TN), dissolved nitrogen (DN), total
phosphorus (TP), and dissolved phosphorus (DP) in the non-Trapa zone (NTZ) were
much lower than the concentrations of those in the adjacent Trapa zone (TZ). And the
biomass of aquatic macrophyte community (BAMC) was significantly increased in the NTZ,
up to the maximum value of about 21 kg/m2 in fresh weight. However, the diversity indexes
of the community in the NTZ declined. Therefore, we suggested that although the removal
of Trapa improved the water quality and increased the productivity of the submerged
aquatic plant community, it reduced the species diversity of the aquatic plant community in
the long run. This is another issue that we need to pay attention to in the later management
in Erhai Lake.
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INTRODUCTION

Trapa species are typical floating-leaved aquatic plants. The
floating-leaved plants are obviously superior for light
competition than submersed plants, and the only limited
factor which could prevent their growth is nutrients. As
aggravation of the water eutrophication, floating-leaved species
would quickly outcompete other aquatic plants and become
dominant species in many shallow water bodies (Kočić et al.,
2009; Chen and Wang, 2019). As the water temperature and the
input of external nutrients increase, their biomass will further
increase, leading to the deepening of the eutrophication of the
ecosystem and threatening the ecological balance of the habitat
(Markovic et al., 2015).

On the one hand, Trapa has serious negative effects on water
bodies during the growing season and the decline season. In the
growing season, Trapa can reach a high biomass, for example,
504 ± 91 g dry Weight/m2 in Lake Lanca di Po (Bolpagni et al.,
2007), thereby adsorbing a large amount of nutrients, most of
which is from the sediment (Watanabe et al., 2010). At the same
time, it forms an underwater environment of high total
phosphorus concentration (Akabori et al., 2015). In addition,
most of the nutrients absorbed by Trapa are released to the water
column after their death and decomposition in autumn and
winter, hampering the local water quality (Choi et al., 2016).

On the other hand, the existence of Trapa species inhibits the
propagation and spread of submerged plants, and threatens the
living environment of other organisms (Caraco and Cole, 2002)
by forming water environment of low oxygen concentration
(Hummel and Findlay, 2006; Goodwin et al., 2008; Kato et al.,
2016; Klančnik et al., 2017), low light intensity (30% coverage can
block 74% of the light) (Netten, 2011), and so on, which in turn
affects the service functions of lake ecosystems (Markovic et al.,
2015). The low oxygen content and low underwater light intensity
in local waters caused by Trapa species (Caraco and Cole, 2002;
Kara et al., 2010; Klančnik et al., 2017) severely inhibit
photosynthesis intensity of submerged macrophytes (Barko
and Smart, 1981). Once the abundance of the floating-leaf
plants develops rapidly through its asymmetric competitive
advantage over submerged macrophytes and exceeds a certain
threshold, submerged macrophytes will face the threat of decay,
which will seriously weaken the health and stability of the lake
ecosystem (Scheffer et al., 2003; Kagami et al., 2019).

At present, there are a few research studies on the harvesting
management of Trapa, and they mainly focus on the short-term
(within 1 year) effects of reducing the nutrient load of water
bodies (Galanti et al., 1990; Xu et al., 2014; Lawniczak and
Achtenberg, 2018), lacking results of long-term monitoring of
harvesting Trapa on water quality and the plants. These short-
term results showed that the harvesting of Trapa significantly
reduced the concentrations of nitrogen and phosphorus in the
water body, and promotes the growth of some subdominant
aquatic plants. The removal of Trapa will definitely improve the
submerged plant community to a certain extent (Xu et al., 2014),
but the recovery of aquatic plant community after Trapa
harvesting is a long run, which has also an important effect on
local water quality. Thus, these results are difficult to apply to

actual aquatic plant management because the stabilization of
aquatic plant community composition requires a long-term
process. As Scheffer et al. (2003) indicated by the model
approach, the competition relationship between floating and
submersed plants can cause alternative attractors. However,
such a hypothesis still needs a useful complementary type of
evidence through large-scale field experiments (Scheffer et al.,
2003).

Therefore, in order to explore the long-term response of water
quality and aquatic vegetation to harvesting of the Trapa
population, we conducted a 30-month study in the northern
bay of Erhai Lake. Our research could be the first attempt to
experimentally evaluate the ecological functions of floating-
leaved plant management through long-term and large-scale
field experiment. And our results will provide a valuable and
practicable management strategy in the large-scale ecological
restoration.

Based on the limited research studies (Scheffer et al., 2003; Xu
et al., 2014), it is reasonable to expect that submersed macrophyte
community will gradually recover after the removal of Trapa
populations. But the further community succession and
ecosystem management still need to be studied. In this
research, we hypothesized that 1) the removal of the Trapa
population will significantly improve the local water quality, 2)
the submersed macrophytes will reassemble soon after the
removal of Trapa, and 3) the local biodiversity will be
improved dramatically.

MATERIALS AND METHODS

Study Area
This research was conducted in Haichao Bay, which is in the
northern part of Erhai Lake (25°52′N, 100°06′E) in subtropical
Yunnan Plateau, China. It was adjacent to the breeding base of
Erhai aquatic plant seedlings without seasonal pollutant inputs.
Erhai Lake is a mesotrophic lake with a moderate water depth
(max. 20.5 m, mean. 10.5 m) and has an area of about 250 km2. In
the last decades, with the increased eutrophication of the local
watershed, the littoral zone of Haichao Bay was dominated by T.
natans, and the submerged vegetation was seriously threatened
(Fu et al., 2013).

Experiment Design
The experiment was conducted in shallow waters near Baima
village on the west bank of Haichao Bay. It was divided into two
experimental zones (Figure 1). One was enclosed by a
polyethylene mesh to an area of about 20,000 m2. In this zone,
T. natans was repeatedly removed with a sickle from August 16,
2014 to August 25, 2014 as the non-Trapa zone (NTZ) treatment.
The second (control zone) without harvesting was adjacent to the
NTZ with the area of about 10,000 m2 and was treated as the
Trapa zone (TZ) treatment (Figure 1). Monitoring sites were
deployed as below and were sampled monthly (except December
2016 for the lacking of personnel and sampling tools) from
August 15, 2014 to January 15, 2017, for measurements of
water quality parameters and aquatic plant community
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indexes. The growing season of aquatic plants was from June to
September each year. There was cross-regional water exchange
between these two zones, so we set the distance between the
sampling sites to be greater than 30 m to reduce this impact.

Data Collection
The water column physical indicators, including water
temperature (T), pH, and dissolved oxygen (DO), were
measured on each site using a multiparameter analyzer of
water quality (Yellow Springs Instruments, Ohio,
United States) at the depth of 1 m. A mixed 2.5-L water
sample was collected by an improved 5-L Patalas water
collector from the upper, middle, and lower parts of the water
column at each site for each sampling. The water sample was
stored in an incubator with ice cubes and transferred to lab for
analysis of total nitrogen (TN), total phosphorus (TP), nitrate
nitrogen (NO3-N), ammonium nitrogen (NH4-N), dissolved
nitrogen (DN), dissolved phosphorus (DP), soluble reactive
phosphorus (SRP), and chlorophyll a (Chl-a) according to
methods described by Eaton et al. (1995).

At each site, the aquatic macrophyte community was sampled
thrice randomly using a scythe-type sampler (sampling area
0.2 m2). Each species was identified, and its fresh weight was
estimated immediately for the measurement of biomass of
macrophyte community (BMC). The Shannon–Weiner index
(SWI), Pielou’s evenness index (PE), and Simpson’s diversity
index (SDI) were calculated as SWI � −∑ (Pi) (ln Pi) (Pi for
biomass percentage of each species), PE � H/Hmax (H for actual
species diversity index; Hmax � Ln (S), S is the number of all
species), and SDI � 1−∑ Pi

2 (Pi has the same meaning as above).

Statistical Analysis
The results were expressed in the form of mean ± standard error.
To test the effects of Trapa removal on local water quality in
different seasons, the pairwise t-test was used to analyze the
differences of all water physical and chemical parameters between

the two zones. To examine the response of aquatic plant
community after Trapa removal in different seasons, the one-
way ANOVA was used to test the differences of aquatic plant
biomass and community diversity between the two zones. The
differences in the indexes of water quality and aquatic plant
community between the TZ and NTZ adopted the method of
analysis of covariance (ANCOVA), taking the sampling time as
the covariate. All data were tested for normality and homogeneity
before analysis, and log(x+1) or log(1/x) conversion was
performed on data that do not meet the above conditions. If
the test standard was not met, the corrected result will be the
output after the correction. The significance levels were all set to
p < 0.05. The statistical analysis was completed by SPSS 22.0
software (SPSS, Chicago, IL).

RESULTS

Water Qualities Between Two Zones
There was no significant difference in water temperature between
the two zones in most months (p > 0.05), and the overall
characteristic of seasonal fluctuations is high in summer and
autumn and low in winter and spring, with a range of about
11–29°C (Figure 2A). In terms of dissolved oxygen content in the
water column, the two zones had significant differences (p <
0.05), and the TZ had significantly lower oxygen content than the
NTZ (p < 0.05) (Figure 2B). During the summer and autumn
seasons, the dissolved oxygen content in the TZ remained at a low
level, with an average value below 4.5 mg/L, while the dissolved
oxygen in the NTZ during the same period was above 6 mg/L, and
the highest value was close to 12 mg/L (Figure 2B). There was no
significant difference in water pH in the two zones (p > 0.05), and
both show the characteristics of high in summer and low in
winter (except for a sudden drop in June–August 2015), and the
overall range of changes was between 6.9 and 10.5 (Figure 2C).
The average water depth of the two zones during the experiment

FIGURE 1 | Sketch map of study area location.

Frontiers in Environmental Science | www.frontiersin.org July 2021 | Volume 9 | Article 7067463

Yuan et al. Long-Term Effects of Vegetation Harvesting

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


period was between about 1.5 and 3 m, and there was no
significant difference between them (p > 0.05) (Figure 2D).

Water chemical indexes were maintained relatively stable
for the NTZ, except NH4-N and Chl-a, in the whole
experiment time. Mean values of TN, TP, PO4-P, and Chl-
a in the NTZ were 0.82 ± 0.05 mg/L, 0.039 ± 0.04 mg/L,
0.023 ± 0.003 mg/L, and 16.20 ± 2.27 μg/L, respectively
(Figure 3).

According to all forms of nitrogen, there was a significant
difference between the TZ and NTZ during the period from May
to August in each year (p < 0.05) (Figures 3A–D). Specifically,
TN in the NTZ showed a significant upward trend in the second
month (p < 0.05) after harvesting and was then maintained
relatively stable (Figure 3A). The variation range of TN in the
NTZ was 0.5–1.25 mg/L, with the highest values during June and
August of each year. In July 2015, the TN concentration in the
two zones reached the highest values, which were 2.20 ± 0.38 mg/
L and 1.26 ± 0.29 mg/L, respectively, and the TN concentration of
the TZ was about 74.6% higher than that of the NTZ (Figure 3A).
Before July 2016, the TN in the NTZ remained relatively stable,
while it increased significantly in the TZ in January and February
2016 and was significantly higher than that of the NTZ (p < 0.05)
(Figure 3A). After July 2016, there was no significant difference
in the TN between the two zones (p < 0.05) (Figures 3A–D). The
changing trends of DN and NO3-N in the two zones were similar
to those of TN (Figures 3B,D). The concentration of NH4-N in
the two zones remained stable below 0.2 mg/L throughout the

experimental period, except in August 2015 and June 2016
(Figure 3C).

The three forms of phosphorus (TP, DP, and SRP) varied
similarly during the experiment period (Figures 3E–G). All of
them were significantly higher in the TZ than those in the NTZ
(Figures 3E–G). The TP concentration of the NTZ remained
below 0.1 mg/L during the entire experimental period
(Figure 3E), while it was much higher in the TZ, especially in
summer. For instance, in June 2016, it was about 0.189 ±
0.030 mg/L in the TZ, almost 4.5 times than that in the NTZ
(p < 0.05) (Figure 3E).

Chl-a represents the abundance of phytoplankton in a water
column. Two months after harvesting (October 2014), the
concentration of Chl-a in the NTZ increased dramatically and
reached 41.68 ± 3.28 μg/L, while at the same time, in the TZ, it
was 11.51 ± 3.19 μg/L (Figure 3H). After that, there was no
significant difference in the concentration of Chl-a between the
two zones (p > 0.05) (Figure 3H).

Aquatic Plant Community Between Two
Zones
During the entire experimental period, the aquatic plant
communities in the two zones contained 11 species (Table 1).
FromAugust 2014 to August 2015, aquatic plants experienced the
first recovery period after harvesting. The biomass of the aquatic
plant community in the NTZ increased from 9.18 ± 0.51 to

FIGURE 2 |Water physical parameters of two experimental zones (NTZ, non-Trapa zone; TZ, Trapa zone; number of replicates: 4). (A)water temperature; (B) pH of
water column; (C) dissolved oxygen in water column; (D) water depth.

Frontiers in Environmental Science | www.frontiersin.org July 2021 | Volume 9 | Article 7067464

Yuan et al. Long-Term Effects of Vegetation Harvesting

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


17.27 ± 2.80 kg/m2. At the same time, the biomass of the aquatic
plant community in the TZ increased from 9.21 ± 2.16 to 16.51 ±
4.44 kg/m2, an increase of 79%, of which the biomass of Trapa
accounted for about 42% (Figure 4A). During the observation
period after February 2016, the maximum and minimum aquatic
plant community biomass in the NTZ were 21.73 ± 1.43 and
4.90 ± 0.86 kg/m2, respectively, while the maximum and
minimum aquatic plant community biomass in the TZ were
13.27 ± 2.16 and 1.69 ± 0.70 kg/m2; these two indicators of the TZ
were far lower than those of the NTZ (p < 0.05) (Figure 4A). The

other three indicators of aquatic plant communities had similar
changing trends, and the values of the three in the TZ were
significantly higher than those in the NTZ (p < 0.05) throughout
the experiment period (Figures 4B–D).

The structure of the aquatic plant community in the NTZ
changed significantly after harvesting of Trapa. In the following
two growing seasons (June–August), P. maackianus and C.
demersum became the first dominant species in turn, and C.
demersum was the first dominant species in each winter
(Figure 5A). In the TZ, the first dominant species in the
annual growing season was Trapa, P. maackianus accounted
for the largest proportion of biomass in most other months,
and the biomass proportion of C. demersum was significantly
lower than that of the NTZ after two years (p < 0.05) (Figure 5B).

DISCUSSION

Local Water Quality Improved by Trapa
Removal
Before harvest, the concentrations of main nitrogen and
phosphorus indexes (TN, DN, TP, and DP) in both the zones
were at high levels. However, in the following growing seasons
after harvesting, the concentrations of these parameters in the
NTZ decreased significantly comparable to those in the TZ. Trapa

FIGURE 3 |Water chemical parameters of two zones (NTZ, non-Trapa zone; TZ, Trapa zone; number of replicates: 4). (A) total nitrogen; (B) dissolved nitrogen; (C)
ammonium nitrogen; (D) nitrate nitrogen; (E) total phosphorus; (F) dissolved phosphorus; (G) soluble reactive phosphorus; (H) chlorophyll a.

TABLE 1 | List of aquatic plant species in two zones before harvesting.

Family Genus Species

Trapaceae Trapa Trapa natans
Ceratophyllaceae Ceratophyllum Ceratophyllum demersum
Haloragaceae Myriophyllum Myriophyllum spicatum
Hydrocharitaceae Vallisneria Vallisneria natans
— Hydrilla Hydrilla verticillata
Potamogetonaceae Potamogeton Potamogeton acutifolius
— — Potamogeton maackianus
— — Potamogeton intortifolius
— — Potamogeton lucens
— — Potamogeton crispus
— Stuckenia Stuckenia pectinata
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had strong photosynthesis during the growing season, but it was
mainly concentrated above the water surface. The oxygen
produced by its photosynthesis is rarely diffused into the
water, which formed a state of low oxygen concentration in
the water body during the growing season (Caraco and Cole,
2002; Hummel and Findlay, 2006; Kara et al., 2010; Kornijow
et al., 2010). In addition, due to Trapa’s shading effect, the
intensity of the light radiating through the water surface was
very weak (Nurminen, 2008; Netten, 2011). After harvesting, the
underwater light intensity and dissolved oxygen concentration
might be significantly improved, so the biogeochemical process of
the water body would be significantly promoted, and might
greatly reduce the contents of nutrients and organic matter in
the water column (Galanti et al., 1990). Due to the higher oxygen
concentration in the NTZ after harvesting of Trapa, the oxidation
and precipitation process of PO4

3− might be enhanced (Jensen
et al., 1992; Caraco and Cole, 2002), which might be the reason
why the three phosphorus indicators in the NTZ maintained
relatively lower levels. In addition, after the harvesting, the
biomass of aquatic plant community increased significantly in
the NTZ, possibly absorbing more nitrogen and phosphorus
nutrients, and further reducing the concentrations of nitrogen
and phosphorus indicators.

There was no significant difference in the Chl-a concentration in
the two zones in most months of the entire monitoring cycle. The

dominant aquatic plants in these two zones might have different
controlling roles on phytoplankton. After harvesting of Trapa, the
biomass of aquatic plant community increased significantly, which
might improve the allelopathy (van Donk and van de Bund, 2002)
and the competitiveness of submerged macrophytes to
phytoplankton in light intensity and nutrients (Asaeda et al.,
2001), and might also indirectly restrain phytoplankton by
providing shelter for zooplankton to enhance its predation to
phytoplankton (Schriver et al., 1995). However, in the TZ, Trapa
mainly inhibits the growth of phytoplankton through the shading
effect shown by the water body and the low-oxygen environment
under water (Ji et al., 2016). In addition, attached or free-living
bacteria associated with some Trapa species have potentials to kill or
inhibit the growth of cyanobacteria (Miyashita et al., 2019), which
might cause the low Chl-a concentration.

Trapa is rich in starch and protein and has a high edible value
(Xue et al., 2017); therefore, there are large amounts of its artificial
cultivation in Erhai Lake. However, during its growing season, the
rapid increase of nitrogen and phosphorus concentration and the
decrease of dissolved oxygen in water have significant negative
effects on the biological groups in local ecosystem. Previous
studies have shown that the low-oxygen environment in areas
covered by Trapa has a significant negative effect on some
sensitive species (Hummel and Findlay, 2006), such as certain
fish and invertebrates (Caraco and Cole, 2002). In addition, the

FIGURE 4 | Changing of biomass and biodiversity of macrophyte community in two zones (NTZ, non-Trapa zone; TZ, Trapa zone; number of replicates: 12). (A)
biomass of macrophyte community; (B) Shannon–Weiner index; (C) Pielou’s evenness index; (D) Simpson’s diversity index.
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growth of Trapa is more dependent on sediments than water (Xie
et al., 2007), and absorbs a large amount of nitrogen and phosphorus
nutrients from sediments (Li et al., 2010; Watanabe et al., 2010), and
these nutrients are released into the water body after Trapa dies,
causing a serious endogenous load. Therefore, from the perspective
of improving local water quality, we believe that harvesting
management of Trapa is necessary.

Biodiversity in the Recovered Community
Before harvesting, the structure and biomass of aquatic plant
communities in the two zones were similar. After the removal of
Trapa, biomass of aquatic plant community was significantly
promoted, but its species diversity indicators declined to a certain
extent. By the end of the experiment, P. maackianus and C.
demersum in the aquatic plant community in the NTZ had
absolute advantages, and the proportion of C. demersum had a
tendency to further expand in the growing season. Harvesting Trapa
can improve the habitats of the aquatic plant community (Carpenter
and Gasith, 1978; Madsen et al., 1988) and provide growth
opportunities for the propagule and/or dormant buds (Best, 1994;
Xu et al., 2014). As canopy submerged macrophytes, P. maackianus
and C. demersum might have obtained more growth space through
different adaptationmethods. P. maackianus is a common perennial
canopy submerged plant in eutrophic water (Wang et al., 2003) and

has a wide range of light adaptation (Song et al., 2014), and C.
demersum is a non-root submerged plant adapting to a relatively
wide range of nutrient concentration, and multiplies rapidly in
summer and inhibits the growth of other species (He et al.,
2015). Due to the advantageous growth capacity and adaptability,
they often form monodominant or polydominant communities in
most bays of Erhai Lake (Ni, 2001; Ye et al., 2018). Their overgrowth
might crowd out the living space of other species, and even result in
the extinction of some sensitive species, for example, H. verticillata,
thus leading to a significant decline in the number of species and
biodiversity in the community.

They play a decisive role in the structure and function of aquatic
plant communities in the shallow waters of Erhai Lake, and often
cause a simple and unstable community structure in eutrophic
waters. In addition, the biomass of C. demersum fluctuates
greatly during the year (He et al., 2015), and it declines in
autumn (Dong et al., 2019) and then causes dramatic fluctuations
in the community structure and composition, weakening the
ecological function of the community (Sayer et al., 2010; Moore
et al., 2020). Relevant studies have shown that it is reasonable to
maintain a low coverage of C. demersum in eutrophic water bodies
(Dai et al., 2012). Therefore, it is necessary to pay attention to the
biomass change of C. demersum in the later stage and take timely
management measures.

FIGURE 5 | Proportion of biomass of each species in aquatic plant community of two zones ((A) for non-Trapa zone, (B) for Trapa zone, number of replicates: 12).
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CONCLUSION

Manual removal of Trapa can significantly improve the local
water quality of the coastal water ecosystem in the northern
bay of Erhai Lake, especially in the season of vigorous
growth of aquatic plants. The removal of Trapa
significantly increased the biomass of the aquatic plant
community in summer and autumn, but it also had a
negative impact on the internal composition of the
submerged plant community, such as the decline in
species diversity. In addition, C. demersum and P.
maackianus became absolute dominant species. They
played a leading role in the community structure in the
later stage and may cause some negative effects in the long
run, which require further attention and research.
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