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Abstract

Submerged macrophyte restoration has been widely used to decrease phytoplankton and combat
eutrophication in many temperate shallow lakes. However, very limited studies have been done to explore
its potential in decreasing phytoplankton in subtropical shallow lakes. We hypothesize that macrophyte
restoration can also decrease phytoplankton and shift community structures in subtropical shallow lakes.
In order to test our hypothesis, we consistently investigated submerged macrophytes, nutrients, and
phytoplankton for three years in a shallow subtropical lake. Multiple analytical methods were employed
to assess the effect of macrophyte restoration on the phytoplankton community. The results showed that
the density and biomass of total phytoplankton after restoration were less compared to those before the
restoration. During the restoration, species diversity significantly increased every year, but the change in
species richness was not significant. Moreover, phytoplankton community structure also transformed greatly.
Especially cyanobacteria density gradually decreased until almost disappeared; Chlorophyta density also
significantly decreased from 4.6 x 10° cell/L to 1.9 x 10° cell/L. Although changes in the densities of other
groups were not significant, their ratios in total phytoplankton significantly increased. The changes in four
dominant species were also significant during the restoration, with Microcystis aeruginosa, M. incerta, and
Chlamydomonas sp. significantly decreasing, but Chlorella pyrenoidosa significantly increasing. Correlation
analysis between phytoplankton and environmental factors (macrophyte and water quality) showed that
macrophytes were negatively correlated with total phytoplankton, TN, and COD, but total phytoplankton
was positively correlated with TN and COD. These relations indicated that macrophyte restoration might not
only directly inhibit phytoplankton growth, but also indirectly decrease phytoplankton by both bottom-up
and top-down controls of phytoplankton. Therefore, these results basically proved our hypothesis, and more
attention should be focused on this method in future lake management.
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Introduction

Eutrophication has caused the disappearance of
diverse submerged macrophytes, a loss of biodiversity,
and regime shifts of aquatic ecosystems in lakes all
over the world [1-4]. Cyanobacteria blooms, the widely
known environmental disaster caused by eutrophication
in freshwater lakes, are annoying because of their threat
to human health and aquatic organism survival [5-6].
In China, such blooms frequently occur in freshwater
ecosystems when nutrition loading exceeds a certain
threshold. For example, the outbreak of cyanobacteria
blooms in Lake Taihu in 2007 greatly damaged
aquatic ecosystem services, seriously affecting the
lives of nearby residents and causing major economic
losses [7].

In order to mitigate the negative impacts of
eutrophication, both physico-chemical and biological
methods have been used in many lake restoration projects
[8-10]. Among them, cutting off external nutrient loads
flowing into the lake is usually considered a prerequisite
for lake restoration [11], but usually does not immediately
reduce the nutrition concentration in the water column.
Because the chemical or biological within-lake resilience
can delay the decline rate of nutrient loading and hinder
the process of the formation of clear water [12]. Therefore,
several biological restoration methods (e.g., removal of
fish to control phytoplankton, macrophyte transplan-
tation and protection, introduction of mussels) were
widely studied to strengthen the restoration and overcome

the delays [13-16]. Among the above methods, submerged
macrophyte restoration has been widely applied in
temperate lake management as submerged macrophytes
are important for maintaining clear water in shallow
lakes [17]. And their restoration and reconstruction
play important roles in lowering nutrients, suppressing
phytoplankton biomass, and developing water transpa-
rency [12, 18]. Some studies conducted in temperate
lakes found that submerged macrophytes can reduce
phytoplankton biomass, and then make a regime shift
from a turbid state dominated by phytoplankton to
a clear state dominated by macrophytes in shallow lakes
[19-21].

However, compared with the detailed studies in
temperate lakes, research about the effects of macrophyte
restoration on the phytoplankton community are limited
in subtropical and tropical lakes. The role of submerged
macrophytes in the phytoplankton community is not
clear in these lakes [22-23]. For example, Bachmann
et al. [24] found that no significant correlations exist
between the abundance of submerged macrophyte
and phytoplankton biomas in a set of lakes in southern
Florida in the United States. Moreover, studies in the
Mediterranean and subtropical South American lakes, in
contrast, found a significant negative relationship between
submerged macrophyte and phytoplankton biomass [25-
27]. Therefore, more studies and field experiments should
be conducted to explore the interactions between
macrophyte and phytoplankton communities in
subtropical/tropical lakes.

Table 1. Pearson’s correlation analysis of environmental factors and phytoplankton community parameters during macrophyte restoration
in Maojiabu Lake (N = 27). Abbreviations of these factors and parameters: MB, macrophyte biomass; MC, macrophyte coverage; COD,
chemical oxygen demand; TP, total phosphorus; TN, total nitrogen; NH,", ammonia nitrogen; NO,’, nitrate nitrogen; PD, phytoplankton
density; SR, species richness; CD, cyanobacteria density; ChD, chlorophyta density.

PD Chl-a SR | Diversity | CD ChD MC MB | COD TP TN | NH,” | NO; T,;,I;I,/

PD 1

Chl-a | 0.9%* 1

Richnes | 0.31 0.22 1

Diversity | 0.17 -0.06 | 0.35 1

CyD 0.92%* | 0.8%* | 0.31 0.19 1

ChD | 0.64%* | 0.7** | -0.01 | -0.18 0.35 1

MC | -0.62%* | -0.68** | 0.12 0.19  |-0.54%*| -0.6%* 1

MB | -0.53%*|-0.66** | 0.23 | 0.43* | -0.5%* | -0.57%* | 0 g7** 1

COD 0.48% | 0.64** | -0.21 | -0.35 | 0.54** | 0.24 |.0.57%*|-0.69%*| 1

TP 0.19 0.08 | 0.07 0.36 -0.06 0.36 -0.16 0.09 |-0.15 1

N 0.46* | 0.6%* |-023| -0.31 0.26 | 0.81** |_0.78**|-0.77** [ 0.43* | 0.19 1

NH,* 0.33 0.21 0.12 -0.23 0.33 0.19 -0.34 -0.35 | 0.15 -0.3 0.36 1

NO, 0.23 0.38*% | -0.38 | -0.44* 0.02 | 0.75%* |_0.54%*|-0.63** | 0.28 | 0.11 |[0.9**| 0.38 1

TN/TP | -0.07 0.09 |-0.14 | -0.6%* 0.03 0.07 -0.18 | -0.39* | 0.19 |-0.77**| 0.31 | 0.58** | 0.38 | 1

In Bold: *P<0.05, **P<0.01
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Fig. 1. The location and enlarged view of Maojiabu Lake in West
Lake. The 14 sites for submerged macrophyte and three black-
filled circles for phytoplankton and water quality parameters
were surveyed from 2010 to 2012.

For this paper, we hypothesise that reconstructed
macrophytes can also decrease phytoplankton and shift
the community structure in subtropical, shallow lakes, and
thus we have performed a full investigation on submerged
macrophytes, nutrients, and phytoplankton during a
macrophyte restoration over a period of three years. Our
goal was to evaluate the role of macrophyte restoration
in decreasing phytoplankton, and explore the possible
mechanisms causing changes in the phytoplankton
community in a shallow, subtropical lake.

Materials and Methods
Study Site

West Lake (30°15'N, 120°09'E), with an area of
6.5 km?, a mean depth of 2.27 m, and a water volume
of 1.4x107 m?, is a typical shallow lake located west of
Hangzhou in Zhejiang province, China. This lake is
subject to a subtropical monsoon climate, and surrounded
by the eastern Hangzhou downtown and the western
small hills. Since the 1950s, the outbreak of algae blooms
and ecosystem degradation caused by huge exogenous
nutrients often occurred in West Lake [28]. Thus, the
industrial or domestic wastewater into West Lake was
cut off by lake managers many years ago, and the
release of endogenous nutrition and exogenous sources
(such as the effluent of rivulets, atmospheric precipitation,
and runoff), are the main sources of water nutrient in West
Lake.

As one of the most famous lakes in China, West
Lake was officially added to the World Heritage List
from 2011 because of its beautiful natural landscape and
profound historical and cultural heritage. Many tourists
from all over the world are attracted to Hangzhou every
year, creating huge economic benefits. Accordingly,
the Hangzhou government invests a lot of manpower
and financial sources every year to protect the West

Lake aquatic environment, especially with respect to
eutrophication. Numerous methods, including sediment
dredging about once every decade, water transfer, etc.,
have been employed to improve the lake’s ecosystem.
Although these measures could alleviate eutrophication
and increase transparency in the water column to a
certain extent, they have a very limited role in
strengthening biological control and stabilizing the
sediment. Thus, the lake manager also has put forward
some other methods to further improve the aquatic
ecosystem. As one of these methods, submerged
macrophyte restoration was adopted to reconstruct
the macrophyte community and improve the aquatic
ecosystem in some sub-lakes.

This study was performed in Maojiabu Lake, which
has an area of 0.27 km? and a mean depth of 1.3 m and is
located west of West Lake (Fig. 1). This arca was formerly
a farmland, but was excavated artificially in 2003 to
expand the basin area of West Lake. Before 2010, this lake
was almost in a turbid state with low transparency and
a high Chlorophyll a (Chl-a) concentration, and almost no
submerged macrophytes were distributed in the lake.

Submerged Macrophyte Restoration

To restore the lake ecosystem, an attempt was made
to reestablish the submerged macrophyte community from
November in 2010, and turions of Potamogeton crispus
(about 500 kg) were planted in most parts of the lakes (ca.
80% overall area). Next February, seeds of Vallisneria
spiralis (about 300 kg) were planted in zones shallower
than 0.5 m. One month later, about 10 tons of adult
macrophytes (V. spiralis, Ceratophyllum demersum, and
Myriophyllum verticillatum) were transplanted into zones
deeper than 0.5 m, except for some area in the lake center.
However, V. spiralis in the zones shallower than 0.5 m
unfortunately grew poorly from March to October 2011.
Thus macrophyte reestablishment was performed again
in the shallow zones in November 2011. This time, about
3 tons of adult V. spiralis instead of their seed were planted
in the shallow zones, and macrophyte restoration finally
achieved success in 2012.

Sampling and Treatment

During the restoration, tracking surveys on submerged
macrophytes were conducted in spring (April), summer
(July), and autumn (October) from 2010 to 2012. Fourteen
sample sites distributed evenly within the lake were
selected to measure the biomass and macrophyte coverage
(Fig. 1). At each sampling site, macrophytes were collected
in triplicate by a grass sickle with a sample of 0.18 m?.
Macrophyte fresh weight was obtained after washing
by tap water and being weighed by a PuChun electronic
scale (6 kg/0.2 g) in the laboratory later, and converted to
gram per square meter. Moreover, macrophyte species and
coverage were also recorded in the field sampling.

Water quality was also monitored seasonally as with
macrophytes, and three sampling sites (6, 12, and 14)
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Fig. 2. Interannual mean changes (+SE) in environmental factors during the restoration (N = 27). Bars with identical lowercase letters
indicate no significant differences (P>0.05), while bars with different letters indicate significant differences (P<0.05).

were chosen from the 14 sites for monitoring water quality
(Fig. 1). The samples for water quality were obtained by
collecting 1 L water from the 0.5 m depth into a 1.5-L
polyethylene pot for later hydrochemical analyses in a
laboratory. Chemical oxygen demand (COD), TN, nitrate
nitrogen (NO,), ammonium nitrogen (NH,"), TP, and
Chl-a were analyzed according to the standard methods
[29].

A phytoplankton sample was also collected seaso-
nally from 2010 to 2012 in the same sites as for
water quality, and obtained by injecting 1 L water into
a 1.5-L polyethylene pot in triplicate in each site
(Fig. 1). The sample was fixed with about 10 mL Lugol’s
iodine solution (2% final conc.) and sedimented for
48 h. The supernatant in the sample was removed by a
siphon, and the remaining sample was concentrated into
30 mL. Cell density was measured by absorbing 0.1 mL

sub-sample in a Sedgwick-Rafter counting chamber under
microscope at 200-400xmagnification. Phytoplankton
species were identified according to Hu and Wei [30].

Statistical Analyses

Levene’s test was used to assess equality of variances.
The changes in the phytoplankton community, nutrients,
and submerged macrophytes during the restoration were
tested using ANOVA for repeated measures. Significant
differences between means were determined using
Duncan’s honest significant difference test at a 0.05
significance level. Pearson’s correlation coefficients
were also used to assess the relationship between
phytoplankton and environmental factors. All the analysis
was conducted with SPSS 21 for Windows. Data are
reported as mean + standard error.
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Fig. 3. Interannual mean changes (+SE) in phytoplankton density a), Chl-a b), species richness c), and Shannon diversity index d) during

the restoration (N = 27).

Results

Interannual Variations of Environmental
Factors

Three surveys conducted in 2010 prior to macrophyte
reestablishment showed that almost no submerged
macrophytes were found in the lake. However, after the
first restoration trial in November 2010 and February
2011, the tracking surveys in 2011 showed that annual
mean biomass and coverage of macrophytes significantly
increased compared to those in 2010 (P<0.05, Figs
2(a-b), which were 113+12 g'm? and 11+4%, respec-
tively. The dominant species (V. spiralis, P. crispus, C.
demersum, and M. Verticillatum) were mainly distributed
in the deep zones. However, both the germination rate of
V. Spiralis seeds and the survival rate of seedlings were
at a very low level in the shallow zones. After the second
restoration trial in the shallow zones in November 2011,
the surveys conducted in 2012 exhibited that the annual
mean biomass and coverage of macrophytes increased
significantly to 637+239 g'm?and 27+8%, respectively
(P<0.05, Figs 2(a-b), and the dominant species were
V. spiralis, Najas marina, and M. verticillatum. The N.
marina was probably brought into the lake with other
macrophytes during two restoration attempts.

The ANOVA water quality results indicated that the
interannual variations of various parameters except for
TP basically presented significant differences during the
restoration (P<0.05, Figs 2(c-h). The changes in TN,
NO;, and COD were especially insignificant from 2010

to 2011 until a drastic decreases in 2012 (P<0.05). The
change in NH," was only significant between 2010 and
2012, and the change in TP was insignificant during the
restoration. The ratio of TN to TP significantly increased
in 2011 compared to 2010, but decreased again in 2012.

Interannual Variations of the Phytoplankton
Community

The surveys about phytoplankton during macrophyte
restoration showed that total phytoplankton densities
after two restoration trials in 2011 and 2012 significantly
decreased compared to those in 2010 prior to the
restoration (P<0.05), but the difference between 2011 and
2012 was not significant (Fig. 3a). Total phytoplankton
biomass (represented by Chl-a concentration) significantly
decreased yearly (P<0.05, Fig. 3b). Although the change in
species richness was not significant during the restoration
(Fig. 3¢), Shannon diversity index significantly increased
yearly (P<0.05, Fig. 3d).

In addition, phytoplankton community structure
also exhibited great changes during the restoration.
Cyanobacteria and chlorophyta especially dominated the
phytoplankton community in 2010, and their densities
were 4.1+£0.5x10° cell/L and 4.6+0.5x10° cell/L, occupying
42% and 47% of phytoplankton density, respectively
(Figs 4(a-d). After the first trial in 2011, the density
and percentage of cyanobacteria in the phytoplankton
community significantly decreased to 4.6+£2.7x10° cell/L
and 11%, respectively. Chlorophyta density also decreased
to 3.2+£0.5x10° cell/L, but the percentage significantly
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Fig. 4. Interannual changes in the densities of three groups (cyanobacteria a), chlorophyta c), and others ¢)) and the ratios of these groups

to phytoplankton (b, d, and f) during the restoration (N = 27).

increased to 77%. After the second trial in 2012, however,
cyanobacteria basically vanished, and the density and
percentage of chlorophyta also decreased to 1.9+2.7x10?
cell/L and 60%. Although the changes in the densities of
other groups were insignificant during the restoration, and
their ratios in the phytoplankton community in 2012 were
greater than those in 2010 and 2011 (Figs 4(e-f)).

The interannual changes in densities of dominant
species were also significant during the restoration
(Fig. 5). The density of Chlamydomonas sp. significantly
decreased yearly from 3.5£0.7x10° in 2010 to
1.1£0.8x10¢ cell/L in 2012 (P<0.05; Fig. 5a). The
density of Chlorella pyrenoidosa in 2012 significantly
increased compared to values in 2010 and 2011 (P<0.05,
Fig. 5b), but no significant difference existed between
2010 and 2011. However, Microcystis aeruginosa and M.
incerta in 2012 significantly decreased compared to 2010
(P<0.05; Figs 5(c-d), and were finally at a low level or
basically vanished.

Correlation Analysis of Phytoplankton
and Environmental Factors

Pearson’s correlation analysis of phytoplankton and
environmental factors during the restoration showed
that the density and biomass of total phytoplankton were
positively correlated with TN (r, . = 0.46, P<0.05;
Tiomass — 0-6, P<0.01) and COD (r,, . = 0.48, P<0.05;
Lo = 0.64, P<0.01), but negatively correlated with
macrophyte coverage (r qensiy — “0-02, P<0.0L;r,  =-0.68,
P<0.01) and biomass (r, . =-0.53,P<0.01;r,  =-0.66,
P<0.01) (Table 1). The diversity index was positively
affected by macrophyte biomass (r = 0.43, P < 0.05), but
negatively correlated with TN/TP (r = -0.6, P<0.01). The
densities of the two dominant groups (cyanobacteria and
chlorophyta) had negative correlations with macrophyte
coverage (r, = -0.54, P<0.01; r,, = -0.5, P<0.01) and
biomass (rCya =-0.6, P<0.01;r, =-0.57, P<0.01), but the
positive relations only occurred between cyanobacteria
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Fig. 5. Interannual mean changes (+SE) in phytoplankton-dominant species (Chlamydomonas sp., Chlorella pyrenoidosa, Microcystis

incerta, and Microcystis aeruginosa) during the restoration (N = 27).

and COD (r = 0.54, P<0.01), and chlorophyta and TN
(r = 0.81, P<0.01), respectively. However, there were
no significant relations between species richness and all
environmental factors during the restoration.

Some significant relations also occurred between
environmental factors (Table 1). Macrophyte coverage
and biomass were negatively correlated with COD
(rye = -0.57, P<0.01; r,, = -0.69, P<0.01) and TN
(rye = -0.78, P<0.01; r,,, = -0.77, P<0.01), but TN was
positively correlated with COD (r = 0.43, P<0.05).

Discussion

Effects of Macrophyte Restoration
on Phytoplankton Communities

In the present study, the density and biomass of
total phytoplankton after macrophyte restoration in
2012 was less than those before the restoration in 2010.
Combined with the positive correlations between total
phytoplankton and nutrients (COD and TN), it might
be inferred that nutrients were the main limiting factor
of phytoplankton growth. Moreover, the significantly
negative correlation between macrophytes and nutrients
showed that macrophyte restoration might decrease the
limiting nutrients for phytoplankton growth, and indirectly
inhibit phytoplankton. This inference was also basically
consistent with the conclusions of some studies [31-32].

A very important mechanism is that macrophytes can
decrease nutrient loading in a water column by stabilizing
substrate to decrease the release of nutrients in sediment.

In West Lake, which is often affected annually by typhoons
from the East China Sea, sediment disturbance caused
by wind wave accelerates nutrient release. Moreover,
boats ferrying across the lake every day can also make
the sediment unstable, and promote the release effect. Yet
reconstructed macrophytes could effectively reduce wave
energies, protect the sediment away from erosion and
resuspension, promote sediment sedimentation [33-34],
and then decrease the release effect. Therefore, macrophyte
restoration might indirectly inhibit phytoplankton growth
through the bottom-top control of phytoplankton by
decreasing the limiting nutrients.

Moreover, the increasing top-down predation
pressure of predators (such as large zooplankton, etc.)
on phytoplankton caused by restored macrophytes might
also play a crucial role in decreasing phytoplankton in
this lake. Many studies in temperate lakes found that
submerged macrophytes could provide great refuges for
large zooplankton against fish predation [35-36], and
then decrease phytoplankton by the top-down control of
phytoplankton by large zooplankton [37]. For example,
Cazzanelli et al. [38] stated that dense macrophytes in the
littoral with a low predation risk might enhance crustacean
survival. Burks et al. [39] also suggested that crustaceans
could take full advantage of the barrier function of
macrophytes in the littoral to escape predation when a
high risk of predation existed in the open water during
the daytime. Moreover, a survey about fish in March 2012
showed that the fish community was dominated by large
carnivorous and omnivorous species (such as Channa
argus, Mylopharyngodon piceus, Cyprinus carpio, etc.)
[Zeng, unpublished data]. The lack of zooplanktivorous
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fish probablly caused by piscivorous fish might also
decrease the predation pressure on large zooplankton, and
then strengthen the top-down control of phytoplankton
by large zooplankton [40].

In addition, macrophytes might also directly
inhibit phytoplankton by the allelopathy of submerged
macrophytes [41]. However, allelopathic inhibition of
submerged macrophytes on phytoplankton is controversial
from the in-situ study point of view, and very little
research has reported the existence of in-situ allelopathy
of macrophytes [42]. Even so, these direct allelopathic
inhibitions from macrophytes might also exist in this
study. Because the restored species (V. spiralis, P. crispus,
C. demersum, and M. verticillatum) in our study showed
their own strong inhibitions on phytoplankton, according
to the range of allelopathy of submerged macrophytes
reported by Mulderij [43]. Together with extremely high
macrophyte biomass and coverage after the restoration,
direct inhibition of macrophytes on phytoplankton growth
was very likely to be an important cause in decreasing
phytoplankton in our study.

Effects of Macrophyte Restoration
on Community Structure

In this study, the phytoplankton community structure
exhibited a great change during the restoration. The
significantly positive relationships between COD and
cyanobacteria, and chlorophyta and TN indicated that
decreased nutrients might be the main cause for the changes
in the phytoplankton community structure. Combined
with the significantly negative correlations between
macrophytes and nutrients (COD and TN ), it might be
inferred that restored macrophytes could indirectly shift
the phytoplankton community structure by decreasing the
nutrients.

Moreover, the effects of biotic factors on phytoplankton
community structure, such as interspecies competition and
aquatic macrophytes, are also remarkable [44]. Numerous
studies have shown that cyanobacteria could directly
affect other species growth by releasing allelopathic
substances [45-46]. In this study, the significant reduction
in cyanobacteria during the restoration might relieve
the interspecies competition between cyanobacteria and
other species, and promote their growth to some extent,
and thus the ratio of other species in phytoplankton
could significantly increase after restoration. In addition,
restored macrophytes in this study were very likely to
exhibit direct allelopathic inhibitions on cyanobacteria
and chlorophyta, and then shift phytoplankton community
structure. This inference has also been confirmed by
numerous studies. For example, Svanys [47] reported that
cyanobacteria and chlorophyta were significantly inhibited
by the allelochemicals released from M. spicatum.
Wang [48] also found that volatile organic compounds
as major allelochemicals from Potamogeton cristatus,
P maackianus, P. lucens, V. spinulosa, Ceratophyllum
demersum, and Hydrilla verticillata exhibited a significant
anti-cyanobacterial activity.

Although restored macrophytes could significantly
decrease chlorophyta density, it was still at a high level
compared to cyanobacteria after the restoration in 2012,
indicatingthatthetolerance ofchlorophytaontheinhibitions
from macrophytes was stronger than cyanobacteria. Some
studies also supported this conclusion [49]. For example,
Jiang [32] found that H. verticillata might inhibit the
growth of cyanobacteria while showing little effect on the
growth of chlorophyta. Svanys [47] also observed that the
presence of M. spicatum could only exhibit short-term
inhibitions on chlorophyta compared to the long-term
inhibitions on cyanobacteria biomass. However, Petechata
and Pelechaty [50] also reported that there was no clear
effect of C. demersum stand on cyanobacteria, whereas
the decreases in the quantity of cryptophyta, dinophyta,
chlorophyta, and chrysophyceae were noted. Therefore,
different macrophyte species might exhibit various
effects on different phytoplankton groups. In this study, a
compound macrophyte community including V. spiralis,
N. marina, and M. Verticillatum, might show stronger
inhibitions on cyanobacteria compared to chlorophyta.

Effects of Macrophyte Restoration
on Dominant Species

In this study, significant negative correlations between
macrophyte and cyanobacteria density and the significant
decreases in densities of two dominant species (M.
aeruginosa and M. incerta) during the restoration indicated
that restored macrophytes might inhibit M. sp growth, and
then decrease the risk of cyanobacteria blooms. Numerous
studies also demonstrated that many macrophytes could
significantly suppress some cyanobacteria species [49].
For example, M. aeruginosa, as one of the widely known
harmful species [51], was found to be inhibited by H.
verticillata [32]. Dong [52] also reported that the existence
of C. demersum could lower the growth of M. aeruginosa.

Although restored macrophytes also significantly
decreased chlorophyta density, two dominant species
(Chlamydomonas sp. and C. pyrenoidosa) exhibited
different sensitivities to the inhibitions from macrophytes.
That is, C. sp. was significantly inhibited, whereas C.
pyrenoidosa was promoted to some extent. The inhibitions
on C. sp. might be caused by many factors, such as
direct allelopathic effects, indirect control of nutrients,
etc. However, increased C. pyrenoidosa was very likely
to be related to the decreased interspecies competition
between C. pyrenoidosa and other dominant species such
as M. aeruginosa and M. incerta. Some studies found
that cyanobacteria could inhibit the growths of some
chlorophyta by releasing the allelochemicals [53-54]. The
growth of C. pyrenoidosa significantly decreased under
the allelopathical effects of linoleic and linolenic acids
from M. aeruginosa [55]. Thus, the significant decrease or
even disappearance of cyanobacteria after the restoration
might decrease the interspecies competition between
cyanobacteria and C. pyrenoidosa, and then indirectly
promoted the growth of C. pyrenoidosa.



How Submerged Macrophyte Restoration...

1371

Conclusions

In this study, our hypothesis that macrophyte restoration
can also significantly decrease phytoplankton and cause
changes in community structure in a subtropical eutrophic
shallow lake was verified. During the restoration, the
density and biomass of total phytoplankton significantly
decreased, and both cyanobacteria and chlorophyta
were also significantly inhibited, but the tolerances of
chlorophyta on the inhibitions from macrophytes were
stronger than cyanobacteria. Moreover, the changes in
four dominant species were also different. Specifically,
Microcystis aeruginosa, M. incerta, and Chlamydomonas
sp. decreased, but Chlorella pyrenoidosa increased.
In addition, the significant correlations between
phytoplankton and environmental factors (macrophyte
and nutrients) indicated that macrophyte restoration might
not only directly inhibit phytoplankton growth, but also
indirectly decrease phytoplankton through a bottom-
up control of phytoplankton by decreasing the limiting
nutrients and a top-down control by strengthening
predator predation. Therefore, macrophyte restoration,
as a potential and useful method to inhibit phytoplankton
growth and decrease alga blooms, deserves a wider range
of research and attention in future lake management.
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