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A B S T R A C T   

Urban lakes are important natural assets but are exposed to multiple stressors from human activities. Submersed 
macrophytes, a key plant group that helps to maintain clear-water conditions in lakes, tend to be scarce in urban 
lakes, particularly when they are eutrophic or hypertrophic, and their loss is linked, in part, to impaired un-
derwater light climate. We tested if enhancing the underwater light conditions using light-emitting diodes (LEDs) 
could restore submersed macrophytes in urban lakes. Twelve mesocosms (1000 L each) were each planted with 
tape grass (Vallisneria natans) and monitored over three months (22 August–7 November), using a control and 
three artificial light intensity treatments (10, 50, and 100 µmol m-2 s-1). Compared with the control, the high light 
treatment (100 µmol m-2 s-1) had higher leaf number, maximum leaf length, and average leaf length (3.9, 5.8, and 
2.8 times, respectively). Shoot number, leaf number, leaf dry mass, root dry mass, and photosynthetic photon 
flux density in the high-light treatment were significantly greater than the control, but root length and phyto-
plankton chlorophyll a were not related to plant growth variables and were low in all treatments. Periphyton 
chlorophyll a increased significantly with the plant growth variables (i.e., shoot number, leaf number, and 
maximum leaf length) and was high in the light treatments but did not hamper the growth of the macrophytes. 
These results indicate that LED light supplementation enables the growth of V. natans under eutrophic condi-
tions, at least in the absence of fish as in our experiment, and that the method may have potential as a restoration 
method in urban lakes. Lake-scale studies are needed, however, to fully evaluate LED light supplementation 
under natural conditions where other stressors (e.g., fish grazing) may need to be controlled for successful 
restoration of urban lakes.   

1. Introduction 

Urban lakes play an important role as ecological and recreational 
resources, for local climate regulation and as recreational amenities 
(Henny and Meutia, 2014; Matus-Hernández et al., 2019). In contrast to 

many other lakes, urban lakes often encounter stronger stress due to 
their close proximity to, and interactions with human activities (Henny 
and Meutia, 2014; Yan et al., 2018). Most urban waters are generally 
semi-enclosed, or slow-flowing, but when used for stormwater controls, 
they may have high flushing rates and nutrient loadings during storm 
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events (Patil and Padalia, 2012; Yang et al., 2020). Because of their 
relatively small environmental capacity and limited self-purification 
ability, they tend to become eutrophic (Eckert et al., 2018; Chen et al., 
2020). Owing to rapid urbanization globally, urban lakes have been 
increasingly exposed to industrial sewage discharge (e.g. Huang et al., 
2014; Garnier et al., 2015; Jenny et al., 2016; Bai et al., 2020), leading to 
eutrophication (Paerl et al., 2016; Zhan et al., 2017; Jeppesen et al., 
2020; Yang et al., 2020). 

Submersed macrophytes play a crucial role in shallow lakes. They 
can improve water quality by absorbing nutrients from the water col-
umn (Jeppesen et al., 1998; Liu et al., 2018) and stabilizing the bottom 
sediment (Wu and Hua, 2014; Zhang et al., 2016). Additionally, they 
provide food and refuge to aquatic organisms (Blindow et al., 2014; 
Wood et al., 2017; Choudhury et al., 2019). However, due to intensifi-
cation of human activities and eutrophication, the abundance of sub-
mersed macrophytes has decreased worldwide in shallow lakes 
(Jeppesen et al., 1998; Wang et al., 2014; Yu et al., 2015). Considering 
their importance for the ecology of shallow lakes, submersed macro-
phytes have received increasing attention, and their re-establishment is 
a key step in restoration of hypertrophic urban lakes (Søndergaard et al., 
2010; Dai et al., 2012; Bakker et al., 2013; Liu et al., 2020). 

Restoration of submersed macrophytes in urban lakes is often chal-
lenging due to various inherent constraints, such as high nutrient 
loading, artificially regulated water levels, and limited littoral areas 
(Guo, 2007; Van Geest et al., 2007; Mao et al., 2020). Furthermore, 
frequent algal blooms can impact the survival of submersed macro-
phytes (Kibria et al., 2012; Wang et al., 2021), with light deficit being 
one of the main reasons for the recession of submersed macrophytes 
(Schelske, 2010; Arthaud et al., 2012; Olsen et al., 2015; Zhang et al., 
2016). Accordingly, improvement of underwater light availability is 
crucial for the growth and reproduction of submersed macrophytes in 
urban lakes (O’Farrell et al., 2011; Paillisson and Marion, 2011; Zhang 
et al., 2016). Enhancing underwater light using artificial sources may, 
therefore, be a potentially useful approach in restoring submersed 
macrophytes in urban lakes, especially those with low abundance or 
absence of fish, where macrophyte recovery may not be hindered by fish 
grazing on the plants or fish predation on zooplankton that otherwise 
may lead to higher phytoplankton growth and thus less light availability 
for the macrophyte growth. 

Light-emitting diodes (LEDs), a high-efficiency, long-lifetime, and 
low heat-generating light source (Hölker et al., 2010; Watanabe, 2011; 
Kozai et al., 2016; Grubisic et al., 2018), have been widely used in the 
cultivation of terrestrial vegetables, medicinal herbs, and ornamental 
waterweeds (Sabzalian et al., 2014; Phansurin et al., 2017). In a previ-
ous study, Xu et al. (2019) found that LEDs promoted increased growth 
of three submersed macrophytes (Vallisneria natans, Myriophyllum spi-
catum, and Ceratophyllum demersum), and red light performed best. This 
study was performed under total phosphorus concentration (TP) (0.04 
mg L-1) similar to or lower than the suggested thresholds (0.04–0.06 mg 
L-1) for a regime shift from phytoplankton to submersed macrophyte 
dominance (Wang et al., 2014). However, it remains unclear whether 
this method may be useful in eutrophic urban lakes, where macrophytes 
might experience higher nutrient levels and stronger shading effects 
from phytoplankton and periphyton (Sand-Jensen and Madsen, 1991) 
and where growth of phytoplankton and periphyton may also be pro-
moted by LED supplementation. In addition, Xu et al. (2019) mainly 
compared the effects of different colors in promoting macrophyte 
growth, but explained less about the influence of light intensity. We 
hypothesized that LED supplementation can enable growth and recovery 
of submersed macrophytes in eutrophic urban lakes. 

In the present study, a three-month LED supplementary mesocosm 
experiment was conducted with a widely distributed submersed 
macrophyte (Vallisneria natans) under eutrophic conditions in the 
absence of fish. The objectives of our study were to test: 1) whether LED 
light supplementation could enable the growth of submersed macro-
phytes under eutrophic conditions with no fish; 2) whether the increase 

in phytoplankton and periphyton abundance would instead lead to 
shading and loss of the macrophytes. The degree of effectiveness of LEDs 
would indicate whether artificial LED lights might be effective in pro-
moting submersed macrophyte restoration in natural eutrophic urban 
lakes. 

2. Materials and methods 

2.1. Study area and experimental system 

The experiment was performed in 12 cement tanks (1 m × 1 m × 1 
m) located in the northeast of Lake Baoan (33◦17′21′′N, 114◦43′45′′E), 
south bank of the middle Yangtze River from August 22 to November 7, 
2020. Water and sediment were introduced from Lake Nanhu 
(30◦29′10′′N, 114◦22′39′′E), a hypertrophic urban lake in Wuhan, 
China. The environmental variables in Lake Nanhu from December 2019 
to August 2020 were showed in Table 1. The sediment was mixed well 
before being added to the tanks and the depth was adjusted to approx-
imately 0.15 m. The sediment dry weight composition was measured on 
August 9, 2020, with total nitrogen (TNSed) as 5.0 mg g-1, total phos-
phorus (TPSed) as 2.7 mg g-1, and organic matter (OMSed) as 43.9 mg g-1. 
Lake water was gently introduced along the tank wall using a water pipe 
to fill the tank to a depth of 0.7 m. The water depth was maintained by 
adding distilled water during the experiment to compensate for water 
loss caused by evaporation and sampling. No fish was added to tanks and 
zooplankton was not removed from the lake water on purpose. The 
experiment began on August 22, 13 days after introducing the water and 
sediment and 6 days after the plant introductions. The initial values of 
environmental variables in the experimental tanks were showed in 
Table 1. 

2.2. Experimental treatments 

Submersed macrophytes (Vallisneria natans) were collected from a 
cultivation pond at Hubei Normal University in Huangshi, China. 
Similar-sized plants were selected and cut to a leaf length of 15 cm from 
the top prior to cultivation in plastic pots (28.5 cm in top diameter, 19 
cm in bottom diameter, 15.5 cm in height) that were filled with sedi-
ment (15 cm) taken from Lake Nanhu. Three pots with six plants in each 
were placed at a height of 0.15 m from the bottom of the tank. 

To simulate the impaired underwater light climate in urban lakes, 
the experimental tanks were placed under a porous nylon canopy to 
make sure a low light level (close to 0 µmol m-2 s-1). LED lights (white, 
380–780 nm) were provided by the Institute of Semiconductors, Chinese 
Academy of Sciences (Beijing). Four light intensity treatments 
(measured at the sediment-water interface of the pots) and three repli-
cates were established: control with no artificial light (0 µmol m-2 s-1), 
low light (LL, 10 µmol m-2 s-1), mid light (ML, 50 µmol m-2 s-1), and high 

Table 1 
The initial conditions (mean ± SD) of the experimental tanks on August 22, 2020 
and characteristics of Lake Nanhu during December 2019–August 2020.   

Experimental tanks (n = 12) Lake Nanhu (n = 9) 

ZM 0.7 ± 0.1 1.0 ± 0.4 
ZSD 0.7 ± 0.02 0.30 ± 0.35 
DO 5.6 ± 1.3 6.6 ± 5.3 
pH 7.9 ± 0.2 7.2 ± 1.1 
Turb 6.8 ± 6.1 51.1 ± 14.8 
TN 1.34 ± 0.27 5.4 ± 2.7 
TP 0.19 ± 0.04 0.7 ± 0.4 
ChlaPhyt 34.1 ± 14.9 74 ± 37 
DZoop 1.1 × 103 ± 1.0 × 103 / 

Note: ZM, water depth (m); ZSD, Secchi depth (m); DO, dissolved oxygen (mg L-1); 
Turb, turbidity (NTU); TN, total nitrogen (mg L-1); TP, total phosphorus (mg L-1); 
Chl aPhyt, phytoplankton chlorophyll a (μg L-1); DZoop, density of zooplankton 
(ind L-1); “/”, no data. 
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light (HL, 100 µmol m-2 s-1). The light intensity in control group was the 
lowest, as can be seen in the field and also the real situation in many 
hypertrophic urban lakes, such as Lake Nanhu in Wuhan (China). The 
low light of 10 µmol m-2 s-1 corresponds to the light compensation point 
of Vallisneria natans. The mid light of 50 µmol m-2 s-1 corresponds to the 
light intensity at one half of the water depth in Lake Nanhu. The high 
light of 100 µmol m-2 s-1 corresponds to light saturation point of Val-
lisneria natans. The light-on time was set as 11 h per day (7:00–18:00) to 
mimic a day/night photoperiod. 

2.3. Sampling and analysis 

During the experiment, environmental variables were measured two 
or three times each month. Water temperature (WT), dissolved oxygen 
(DO), conductivity (Cond), and pH were measured in situ at one half of 
the water depth using a YSI Pro Plus (Yellow Spring Inc, USA). Turbidity 
was measured at the same depth using a turbidimeter (2100 Q, HACH, 
Loveland, CO, USA). Light intensity was measured using an illumin-
ometer (LI-192SA, LI-COR, Lincoln, NE, USA) at the sediment-water 
interface of the pots. Water was collected in the middle of the tanks 
with a 5-L polymethyl methacrylate water sampler for chemical anal-
ysis. An alkaline potassium persulfate digestion-UV spectrophotometric 
method was used to determine TN (PERSEE, TU-1810, Beijing, China) 
and TP was determined using an ammonium molybdate-UV spectro-
photometric method (Huang et al., 1999). Phytoplankton chlorophyll a 
(Chl aPhyt) was extracted using 90% acetone (at 4 ◦C for 24 h) after 
filtering through GF/C filters (Whatman, GE Healthcare UK Limited, 
Buckinghamshire, UK), and the absorbance was measured at 665 nm 
and 750 nm using a spectrophotometer, both before and after acidifi-
cation with 10% HCl. The Chl a concentration was estimated as 
described by Huang et al. (1999). 

Twice a month during the experiment, three leaves were chosen 
randomly from each pot to determine the average leaf length (ALLeaf). 
After the experiment, all plants were removed from the pots and washed 
with pure water to measure the shoot number (NShoot), leaf number 
(NLeaf), leaf length (LLeaf), maximum leaf length (MLLeaf), average leaf 
length (ALLeaf), root length (LRoot), maximum root length (MLRoot), and 
average root length (ALRoot). Individual leaf dry mass (DMLeaf) and in-
dividual root dry mass (DMRoot) were measured after drying the plant 
material to a constant mass at 80 ◦C (Yu et al., 2015). TDMLeaf was the 
total dry mass of all the leaves and TDMRoot was the total dry mass of all 
the roots. 

We used artificial substrates to monitor the growth of periphyton. 
Three transparent polypropylene sheets (2 cm × 15 cm, with a slightly 
textured surface) were inserted into the sediment near the plants in each 
pot. The periphyton growing on the artificial substrates was collected 
every two weeks with a soft brush and flushing with 60 mL pure water, 
and subsequently assessed for its chlorophyll a concentration via 
acetone extraction. The artificial substrate was replaced at this time. 

We collected zooplankton samples with a 5-L polymethyl methac-
rylate water sampler at one-half of the water depth in each tank once a 
month. Zooplankton was sieved through a plankton net with mesh size 
of 64 micrometers. Zooplankton was counted under 400 × and 100 ×
magnification in a 1-mL counting chamber, and the process was 
repeated at least five times. Samples were identified to species level 
following by Han and Shu (1995). 

2.4. Data processing and statistical analyses 

Microsoft Excel 2016 and R 4.0.5 were used to process and analyze 
the data. Spearman rank correlations were used to test for relationships 
between environmental variables and growth variables of macrophytes. 
Regression analyses were used to test the effect of photosynthetic photon 
flux density (PPFD) on the macrophyte growth variables. As growth 
variables of plants were not normally distributed (Kolmogorov-Smirnov 
test), non-parametric Kruskal-Wallis test was used to compare the dif-
ference among treatments. The significance level was set at p < 0.05. 

3. Results 

3.1. Growing conditions of Vallisneria natans 

During the experiment, PPFD was, as expected, highest in the high- 
light (HL) treatment (104 ± 21 µmol m-2 s-1), followed by the ML 
group (64 ± 18 µmol m-2 s-1) and the LL group (21 ± 18 µmol m-2 s-1), 
while PPFD was lowest in the control group (4.8 ± 3.26 µmol m-2 s-1) 
(Table 2). 

During the entire experimental period, TN was significantly lower in 
the HL and ML groups than in the control group (n = 8, p < 0.05) 
(Table 2; Appendix Table A1), and TP was significantly lower in the HL 
group than in the control group (n = 8, p < 0.05) (Table 2; Appendix 
Table A1). Phytoplankton Chl a concentration was overall low, but 
highest in HL among the four treatments, and the differences in levels 
between HL and the other two light treatments were significant (n = 8, p 
< 0.05) (Table 2; Appendix Table A1). Chl aPeri in HL and ML were 
significantly higher than that in LL and the control (n = 5, p < 0.05) 
(Table 2; Appendix Table A1). 

Spearman rank correlations indicated a significant positive rela-
tionship between PPFD and Chl aPeri (R2 = 0.71, p < 0.01) and signifi-
cant negative relationships between PPFD and TN (R2 = 0.37, p = 0.04) 
and PPFD and TP (R2 = 0.78, p < 0.01) (Appendix Table A2; Fig. 1). 
Periphyton Chl a was negatively correlated with TP (R2 = 0.35, p = 0.04, 
Fig. 1), while TN was positively correlated with TP (R2 = 0.46, p = 0.02; 
Fig. 1). 

3.2. Growth of Vallisneria natans and PPFD 

At the end of the experiment, most growth variables (LLeaf, DMLeaf, 

Table 2 
Environmental conditions (mean ± SD) for the various treatments.  

Treatment PPFD Chl aPeri Chl aPhyt TN TP 

Control 1 6.0 ± 3.8 0.5 ± 0.2 10.7 ± 8.3 1.66 ± 0.29 0.10 ± 0.07 
Control 2 4.5 ± 3.3 0.9 ± 1.5 9.4 ± 6.8 1.66 ± 0.40 0.10 ± 0.05 
Control 3 4.0 ± 2.2 0.3 ± 0.1 10.7 ± 11.2 1.55 ± 0.18 0.11 ± 0.07 
LL 1 19.0 ± 15.4 0.4 ± 0.2 13.4 ± 16.5 1.86 ± 0.31 0.13 ± 0.10 
LL2 20.3 ± 15.5 0.4 ± 0.4 12.1 ± 10.2 2.08 ± 0.34 0.12 ± 0.07 
LL 3 22.8 ± 21.9 0.7 ± 0.3 8.9 ± 5.6 1.73 ± 0.24 0.13 ± 0.12 
ML 1 63.2 ± 25.0 0.9 ± 0.4 7.2 ± 5.2 1.45 ± 0.32 0.10 ± 0.06 
ML 2 63.0 ± 12.4 1.4 ± 0.5 11.5 ± 11.7 1.44 ± 0.28 0.09 ± 0.04 
ML 3 65.8 ± 14.6 1.9 ± 1.8 12.9 ± 16.6 1.58 ± 0.45 0.10 ± 0.05 
HL 1 93.2 ± 23.3 3.7 ± 0.9 6.2 ± 6.0 1.47 ± 0.33 0.09 ± 0.05 
HL 2 111.6 ± 21.6 3.9 ± 2.1 7.7 ± 6.9 1.60 ± 0.34 0.09 ± 0.04 
HL 3 108.0 ± 18.0 1.5 ± 1.0 11.7 ± 15.4 1.42 ± 0.39 0.09 ± 0.07 

Note: PPFD, photosynthetic photon flux density (µmol m-2 s-1); Chl aPeri, periphyton chlorophyll a (mg m-2); LL, low light group; ML, middle light group, and HL, high 
light group. Refer to Table 1 for explanation on the other variables. 
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LLeaf/LRoot, and DMLeaf/DMRoot) in the HL group were significantly 
higher than those in the control and LL groups (Fig. 2; Appendix 
Fig. A1). The differences among the treatments for ALRoot and MLRoot 
were not significant. Most growth variables (NShoot, NLeaf, MLLeaf, ALLeaf, 
MLRoot, and TDMLeaf) exceeded the initial values in HL and ML at the end 
of the experiment, in contrast to the results in LL and the control (Ap-
pendix Fig. A1). 

The growth variables (NShoot, NLeaf, MLLeaf, ALLeaf, TDMLeaf, and 
TDMRoot) were positively correlated with PPFD using Spearman rank 
correlation (Appendix Table A2). The scatterplots in Fig. 3 also indicated 
that these growth variables increased with increasing PPFD (p < 0.01). 

3.3. Growth of Vallisneria natans, phytoplankton and periphyton 

No significant correlations were observed between any of the growth 
variables (NShoot, NLeaf, MLLeaf, ALLeaf, MLRoot, ALRoot, TDMLeaf, and 
TDMRoot) of V. natans and Chl aPhyt using Spearman rank correlation 
(Appendix Table A2). Regression analysis showed similar results 
(Fig. 4). 

Positive correlations were observed of NShoot, NLeaf, MLLeaf, and 
TDMLeaf with Chl aPeri from the Spearman rank correlation analyses 
(Appendix Table A2). As for regression analysis, NShoot, NLeaf, and MLLeaf 
increased significantly with increasing Chl aPeri (p < 0.05, Fig. 4). 

3.4. Growth of Vallisneria natans, phosphorus and nitrogen 

NShoot, NLeaf, MLLeaf, TDMLeaf, and TDMRoot were negatively corre-
lated with TN in the Spearman rank correlation analyses (Appendix 
Table A2). In the scatterplots in Fig. 4, most growth indices of plants 
(NShoot, NLeaf, MLLeaf, MLRoot, TDMLeaf, and TDMRoot) showed declining 
trends with the increase of TN (p < 0.05). The Spearman rank correla-
tion produced slightly different results for TP, where NShoot, NLeaf, 
MLLeaf, ALLeaf, and TDMLeaf were negatively correlated with TP (Ap-
pendix Table A2). All plant growth variables except for ALRoot declined 
significantly with the increasing TP in regression analysis (p < 0.05, 
Fig. 4). 

4. Discussion 

Our three-month mesocosm experiment demonstrated that the 
addition of light from LEDs can enable the growth of V. natans under 
eutrophic conditions in the absence of fish. At the end of the experiment, 
most growth variables (NShoot, NLeaf, MLLeaf, ALLeaf, TDMLeaf, and 
TDMRoot) in HL were 1.6–11.1 times greater than those in the control, 
except for MLRoot and ALRoot (Appendix Fig. A2). In addition, all leaf 
variables increased significantly with increasing PPFD (Fig. 3). 

Phytoplankton abundance usually increases under eutrophic condi-
tions due to high nutrient levels (Amorim and Moura, 2020; Zhang et al., 

Fig. 1. Linear regression (lower triangle) between PPFD, photosynthetic photon flux density (µmol m-2 s-1); Chl aPeri, periphyton chlorophyll a (mg m-2); Chl aPhyt, 
phytoplankton chlorophyll a (μg L-1); TN, total nitrogen (mg L-1), and TP, total phosphorus (mg L-1) at the end of the experiment. All data are log transformed. 
(n = 12). Spearman rank correlations (upper triangle) among these environmental variables (red: positive correlation; blue: negative correlation; color shade and 
circle size represent the value of the correlation coefficient. Frequency distributions of the environmental variables are presented along the diagonal from left to right. 
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2021), negatively impacting the growth of submersed macrophytes due 
to high rates of light absorption (Kemp et al., 2004; Schelske et al., 2010; 
Song et al., 2021). However, in our study, Chl aPhyt remained low 
throughout the experiment in all treatments with the mean treatment 
values ranging between 6.2 and 13.4 μg L-1, and no apparent relation-
ship between Chl aPhyt and the growth variables of V. natans were found 
(Fig. 4), suggesting that phytoplankton had little influence on the 
growth of V. natans. There were no fish in the experimental tanks. High 
grazing pressure from zooplankton might be one of the main reasons for 
relatively low phytoplankton (Figs. A3, A4). Even though the 

zooplankton biomass decreased about 35 days later, the grazing pres-
sure on phytoplankton was still high as indicated by the zooplankton: 
phytoplankton biomass ratio (Fig. A4). Low levels of turbulence in the 
mesocosms may also lead to lower populations of negatively buoyant 
phytoplankton. Similarly, increased sedimentation of particulate 
organic matter in the quiescent water of the mesocosm tanks may not 
only lead to less nutrient recycling but also improved underwater light 
climate (Ostrom et al., 1998; Reynolds, 2006). Lastly, allelopathy from 
V. natans may also inhibit the growth of phytoplankton (Xian et al., 
2006; Wang et al., 2011; Jiang et al., 2019). 

Fig. 2. Raincloud plots of (a) leaf length (LLeaf, cm), (b) root length (LRoot, cm), (c) leaf dry mass (DMLeaf, g), (d) root dry mass (DMRoot, g), (e) LLeaf/LRoot, and (f) 
DMLeaf/DMRoot among different treatments at the end of the experiment. Control, control group; LL, low light group; ML, mid light group; HL, high light group. 
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Periphyton may compete with macrophytes as they absorb nutrients 
and light (Hill and Dimick, 2002; Phillips et al., 2016) and their effect on 
macrophytes may be greater than that of phytoplankton (Sand-Jensen 
and Søndergaard, 1981; Cao et al., 2014). In our study, periphyton 
showed a significant positive relationship with PPFD and increased in 
the HL group, indicating that high light supplementation not only 
enabled the growth of V. natans but also increased the periphyton 
attached to the leaves. However, no relationships were observed 

between the growth variables of macrophytes and Chl aPeri, except for 
the positive relationships between NShoot-Chl aPeri, NLeaf-Chl aPeri, and 
MLLeaf-Chl aPeri., suggesting little negative effect of periphyton on 
macrophyte growth. The rapid growth of V. natans leaves may present 
large areas for periphyton accumulation, thus the growth of macro-
phytes was not restrained (Sand-Jensen, 1977; Vandijk, 1993). 

The concentrations of nitrogen and phosphorus declined signifi-
cantly with increasing light intensity and were significantly negatively 

Fig. 3. Linear regression between shoot number (NShoot), leaf number (NLeaf), maximum leaf length (MLLeaf, cm), average leaf length (ALLeaf, cm), maximum root 
length (MLRoot, cm), average root length (ALRoot, cm), the sum of leaf dry mass (TDMLeaf, g), the sum of root dry mass (TDMRoot, g), and photosynthetic flux density 
(PPFD, µmol m-2 s-1) (n = 12) at the end of the experiment. 
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Fig. 4. Linear regression between shoot 
number (NShoot), leaf number (NLeaf), 
maximum leaf length (MLLeaf, cm), 
average leaf length (ALLeaf, cm), maximum 
root length (MLRoot, cm), average root 
length (ALRoot, cm), the sum of leaf dry 
mass (TDMLeaf, g), the sum of root dry 
mass (TDMRoot, g), and total nitrogen (TN, 
mg L-1), total phosphorus (TP, mg L-1), 
phytoplankton chlorophyll a (Chl aPhyt, 
μg L-1), and periphyton chlorophyll a (Chl 
aPeri, mg m-2). (n = 12) at the end of the 
experiment. All the variables are log10- 
transformed.   
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related to the growth variables of V. natans. Large populations of mac-
rophytes and their associated periphyton population absorb substantial 
nutrients from the water column (Jeppesen et al., 1998; Gao et al., 
2009). 

The current results differed from our previous experiment conducted 
under mesotrophic conditions (Xu et al., 2019). Most growth variables 
(NShoot, ALShoot, MLShoot, and DMShoot) of V. natans attained higher 
values in the current study run under eutrophic conditions compared to 
the results from the previous study, even at lower light intensity. NShoot 
was 2.7 times greater in HL (104.25 µmol m-2 s-1), than in the previous 
white light treatment (215 µmol m-2 s-1) (3.1 times for MLShoot, 2.2 for 
ALShoot, and 3.9 for DMShoot) of Xu et al. (2019). The previous experi-
ment was conducted from June to September, corresponding to 
high-growth conditions in summer in the northern hemisphere sub-
tropical zone. The higher nutrient values under eutrophic conditions 
likely reflect the more fertile sediment and higher water nutrient 
availability. For example, PO4-P in eutrophic Lake Nanhu (TP of 
0.5 mg L-1) was 0.03 mg L-1, about three times greater than that in 
mesotrophic Lake Baoan (TP of 0.1 mg L-1). Other studies have reported 
faster growth of V. natans in terms of leaf length and shoot height and 
more shoots for plants in nutrient-rich clay sediment than in 
nutrient-deficient sand (Lu et al., 2013). Moreover, Myriophyllum spi-
catum had a higher biomass in muddy sediments than in a mixture of 
mud and sandy loam sediment at the same light intensity (80 µmol m-2 

s-1) (Xie et al., 2007). 
We found the growth of macrophytes to differ among the light 

treatments. In HL, NLeaf was 1.4, 5.4, and 5.8 times greater than that in 
ML, LL, and the control, respectively. In addition, DMLeaf/ALLeaf in HL 
was 0.34 cm g-1, which was 1.3 times greater than that in ML (5.9 and 
4.8 cm g-1 in LL and the control, respectively). The results indicate that 
the high light mainly enabled the budding of V. natans due to a signif-
icant increase in shoot and leaf number. In contrast, the macrophytes in 
LL and the control were more inclined to increase leaf length than leaf 
number, likely to exploit light which was attenuated more rapidly 
through the water column. Other studies have also shown that sub-
mersed macrophytes in low light climates reduce their resource invest-
ment in ramet production and prioritize vertical growth and elongation 
of leaves, conferring greater uptake of light (Li et al., 2017). Similar 
results have been reported for Vallisneria spiralis L., which allocates more 
biomass for leaf elongation in low-light climates (Zhao et al., 2013). 

In HL and ML, most growth variables (NShoot, NLeaf, MLLeaf, and 
MLRoot) were higher than the initial levels, while in the control and LL 
most growth variables were lower than the initial level, except for 
MLRoot and ALRoot. These results suggest that the light intensity in LL 
(21 ± 17 µmol m-2 s-1) was under the light compensation point of V. 
natans, which may be between those in LL and ML. Studies have reported 
that the light compensation point of V. americana is 26 µmol m-2 s-1 

(Blanch et al., 1998) and 9.4 µmol m-2 s-1 for V. gantean (Su et al., 2004). 
Our results suggest that LED light supplementation enabled the 

growth of V. natans under eutrophic conditions in the absence of fish, 
and that the method has potential as a restoration method in urban 
lakes. However, our study has some limitations as the mesocosms are 
different from urban lakes from at least the following three aspects: 1) 
lack of turbulence; 2) increased sedimentation; 3) no fish grazing/pre-
dation and disturbance. The soft sediments in urban lakes may be 
disturbed by waves, and fish can directly and indirectly hamper 
macrophyte re-establishment. Moreover, most urban lakes have fish, 
often including planktivorous fish to predate on zooplankton, prevent-
ing them from controlling phytoplankton. Herbivorous fish could also 
feed directly on macrophytes and thus cause damage to plants directly. 
Therefore, more light may be needed in natural urban lakes to offset the 
loss of macrophyte biomass caused by predation. Lake-scale studies are 
needed to fully evaluate LED light supplementation under natural con-
ditions where other stressors may need to be controlled for successful 
urban lakes restoration. 
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