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Abstract 
The negative effects, caused by high light, on algae, terrestrial and marine aquatic plants are well documented; those negative effects on fresh-
water submerged plants are, however, not well known. We determined the negative effects of two common submerged species, Myriophyllum 
spicatum and Vallisneria natans, on their growth and reproduction in a shallow water experiment along an irradiance gradient. Our results high-
lighted that the plant mass, relative growth rate and shoot height of V. natans and M. spicatum, and root mass and root length:root mass of M. 
spicatum and leaf mass and shoot height:shoot mass of V. natans were significantly negatively affected in shallow water with high-light regime 
(>50 % of full light). While the ramet number of the two species was stimulated by from 20.0 to 36.4 %, and root length, root:shoot, chloro-
phyll (a:b), chlorophyll (a + b), leaf carbon, nitrogen and phosphorus contents of the two studied macrophytes were not significantly impacted 
by light. Our results indicated that the high-light inhibition of plant growth was greater on the shoots than on the roots of the plants, although 
these effects were significantly different between the two studied submerged species and among the measured traits. Accordingly, we should 
avoid negative effects caused by high light to improve the performance of submerged species when we conduct submerged aquatic vegetation 
restoration programmes in eutrophic lakes.
Keywords: Eutrophication; high-light inhibition; negative growth; photo-damage; photoinhibition; restoration; submerged species.

Introduction
Aquatic ecosystems are very important to human soci-
eties due to their valuable goods and services (Strayer and 
Dudgeon 2010; Geist 2011; Hilt et al. 2017). However, these 
ecosystems and even the organisms within them are greatly 
threatened worldwide because of many environmental and 
anthropogenic factors (Strayer and Dudgeon 2010; Geist 
2011; Liu et al. 2020). Accordingly, many aquatic plants are 
rapidly declining and even disappearing from water bodies, 
especially due to water eutrophication globally (Geist 2011; 
Zhang et al. 2017; O’Hare et al. 2018). This is largely be-
cause the growth and reproduction of submerged species are 
limited by low-light availability in eutrophic lakes (Lacoul 
and Freedman 2006; Schelske et al. 2010; Bornette and 
Puijalon 2011). Similarly, the failure of submerged aquatic 
vegetation (SAV) restoration and plantings is mainly at-
tributed to low water transparency in these eutrophic lakes 
(Chen et al. 2009; Liu et al. 2016; Brezonik et al. 2019). 
Accordingly, planting submerged macrophytes in habitats 

with shallow water by lowing water is recommended to en-
sure enough available light for their growth and convenient 
planting, especially in some ultra-eutrophic lakes (Chen et al. 
2009; Li and Wang 2013). However, some submerged macro-
phytes are negatively affected by photo-damage (especially 
of photoinhibition) even though the light is relatively low 
at 100 μmol photons m−2 s−1 (Su et al. 2004; Hussner et al. 
2010; Zefferman 2014). Thus, photo-damage or high-light 
inhibition of submerged species in shallow water should be 
considered when SAV restoration is conducted in eutrophic 
lakes.

Photoinhibition or photoinhibition-dependent responses 
are the most evident photo-damage or high-light inhibition 
effects when plants are suffered high-light stress, though 
other physiological damages, genetic expression and mor-
phological responses (photo-acclimation) occur simultan-
eously (Szymańska et al. 2017; Vialet-Chabrand et al. 2017; 
Patil et al. 2020). Photoinhibition occurs when an organism 
cannot mitigate photoinactivation due to the failure of 
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photoprotection because the photorepair of photosystem (PS) 
II lags behind the damage of reaction centre proteins (Hanelt 
et al. 2006). Due to rapid light attenuation with water depth 
(Schelske et al. 2010), most research has concentrated on 
the impact of low light on the growth and photosynthesis of 
aquatic plants, and the impacts of high light are very scarce 
(Aguilera et al. 2008; Schubert et al. 2015). In addition, an 
apparent photoinhibition and a decline in photosynthetic cap-
acity are frequently observed in higher irradiance investiga-
tions (Su et al. 2004; Hussner et al. 2010; Petrou et al. 2013). 
In these studies, photoinhibition of organisms across terres-
trial plants (Míguez et al. 2015), algae (Zhang et al. 2019) 
and marine aquatic plants (Petrou et al. 2013; Schubert et 
al. 2015) is frequently investigated, while photoinhibition of 
freshwater submerged macrophytes is not well documented 
(Su et al. 2004; Hussner et al. 2010; Zefferman 2014). 
This might be because light sources in experimental studies 
are mostly from artificial light (Zefferman 2014). Artificial 
light, e.g. ultraviolet radiation (UVR), is often used to de-
termine photoinhibition effects on aquatic plants, as photo-
synthetically active radiation (PAR) and UVR show similar 
effects of photoinhibition on all types of aquatic plants 
(Larkum and Wood 1993). Nevertheless, the mechanisms of 
photoinhibition between PAR and UVR are significantly dif-
ferent (Hanelt et al. 2006). Photoinhibition of PAR is directly 
correlated with a surplus of photosynthetic pigment absorp-
tion of radiation, resulting in a loss of active PS II reaction 
centres (Osmond 1994). However, photoinhibition of UVR 
is related to the spectral absorption of DNA and proteins ra-
ther than the absorption of photosynthetic pigments, causing 
direct molecular damage (Hanelt et al. 2006). Accordingly, 
the photoinhibition of submerged macrophytes studied by 
the use of artificial light (including UVR) rather than PAR 
cannot well demonstrate the actual photoinhibition of sub-
merged macrophytes in nature (Su et al. 2004; Hussner et al. 
2010; Zefferman 2014). Furthermore, photoinhibition effects 
on submerged macrophytes are focused on their photosyn-
thetic responses, while photoinhibition effects on the growth 
and reproduction of submerged macrophytes are greatly 
neglected (Su et al. 2004; Zefferman 2014), possibly due to 
short experimental periods (Hanelt et al. 2006; Hussner et 
al. 2010). Moreover, photoinhibition of submerged macro-
phytes is not easy to observe in the field, as macrophytes can 
rapidly recover from photoinhibition through their effective 
photoprotective mechanisms (Hanelt et al. 2006; Hussner et 
al. 2010). To address this research gap, it is a need to account 
for photo-damage (which may include photoinhibition) 
or negative effects on the growth and reproduction of sub-
merged macrophytes caused by high-light PAR.

In this study, we selected Myriophyllum spicatum and 
Vallisneria natans as our study plants, as Liu et al. (2020) 
noted that they could be used to restore submerged macro-
phytes in shallow eutrophic lakes in the Yangtze floodplain. 
We conducted a controlled experiment to determine the 
morphological, physiological and propagation responses of 
the two submerged species to a light gradient from May to 
July in 2018. Accordingly, plant mass, relative growth rate 
(RGR), shoot height, root length, leaf mass, stem mass, root 
mass, root:shoot, root length:root mass, shoot height:shoot 
mass, ramet number, chlorophyll (a:b), chlorophyll (a + b), 
leaf carbon (C) contents, nitrogen (N) contents and phos-
phorus (P) contents along the light gradient were measured. 

We hypothesized that (i) the first 13 indices for both species 
would be negatively affected by high-light conditions because 
of photo-damage in both the long and short term; (ii) plant 
chemical composition (C, N, P contents) will be significantly 
impacted by light conditions during growth; (iii) aquatic 
plants would accelerate clonal growth in high-light regimes.

Materials and Methods
Pot experiment
This experiment was conducted at the Yunyuan Experiment 
Station (28.11°N, 113.04°E) of Hunan Agricultural 
University, Changsha, Hunan Province, China, where the 
temperature ranged from 19 to 37 °C during the experimental 
period. Two common submerged macrophytes (V. natans and 
M. spicatum) were collected from our aquaculture pond. All 
collected submerged macrophytes were washed and brushed 
softly with enough distilled water, and then, robust apical un-
branched shoots (15 cm in length and similar in morphology; 
clonal ramet with three leaves for V. natans) were cut for 
planting. Before planting, six individuals of each species were 
weighed to obtain their initial fresh mass for each individual 
(W0). In every pot, four individuals of the same plant spe-
cies were planted 5 cm deep. Every pot had a circular area of 
490 cm2 (soil surface), a 15-cm depth and preweighted 5.0 kg 
of sediment from a local pond (organic matter: 9.2–10.3 g 
kg−1; total N: 0.68–0.82 g kg−1, total P: 0.16–0.22 g kg−1 and 
pH: 6.85–7.12, ~18-cm-thick soil layer). Every pot was put 
in a plastic cylinder with a height of 1.0 m and a volume 
of 1000 L of water from a nearby pond, and a total of six 
pots were evenly put in every plastic cylinder. The pH, total 
N concentration, NO3-N concentration, NH4-N concentra-
tion, total P concentration and PO4

3-P concentration of the 
water were 7.2, 0.414 mg L−1, 0.075 mg L−1, 0.037 mg L−1, 
0.028 mg L−1 and 0.009 mg L−1 at 25 °C, respectively. Both 
the total N and P concentrations in water indicated that the 
cultural water was eutrophic based on the lake trophic status 
by chemical analyses, especially of total N and P concentra-
tions (Carlson 1977). Additionally, the sediment was col-
lected from a local eutrophic pond and the N and P were 
very rich for the growth and development of macrophytes. 
Furthermore, the two studied submerged species take up nu-
trients mainly from the sediments although they can also gain 
N and P from the water (Carignan and Kalff 1980; Carignan 
1982). Accordingly, we thought that the two macophytes 
were not nutrient-limited in our experiment. The pots were 
randomly treated with one of five levels of light using or not 
using black polyethylene shade cloth to maintain 100 (CK), 
75, 50, 30 and 15 % of the full light. The actual amount of 
light of the 75, 50, 30 and 15 % light treatments, measured 
with a digital illuminometer ST-101 (SINTEK, China) in full 
sun, reached their incident PAR at an average of 75, 53, 30 
and 17 % of the full light, respectively. Moreover, the PAR at 
the water surface in different weather conditions was shown 
in Supporting Information—Table S1. Each species for each 
light treatment was replicated six times (pots). In this experi-
ment, we used two species, five light treatments and six rep-
licates, resulting in a total of 60 pots (10 plastic cylinders).

Plants were harvested 10 weeks later when roots were sep-
arated from soil by soaking the pot in water for 40 min and 
softly washing the soil away. The fresh mass (W1) of each 
individual was weighed after rinsing off all sediment and 
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removing the excess water. Then, every plant was separated 
into roots, stems (only for M. spicatum as the stem of V. 
natans is not easily separated) and leaves after its shoot height 
and root length were determined. Then, the root mass, stem 
mass and leaf mass of the plant were determined. The total 
mass of the plant (W1) was the sum of the root, stem and leaf 
mass. The root:shoot ratio of a plant was calculated as the 
root mass divided by the weight of the stem and leaf mass. 
The RGR of the species was calculated using the formula 
RGR = (lnW1 − lnW0)/t, where W0 and W1 are the initial mass 
and final mass of the plants in this experiment, respectively, 
and t is the experimental period (days). The mean value of the 
four individuals within a pot was considered the value of the 
pot. Then, the root, stem and leaf were dried at 105 °C for 
30 min, oven-dried at 70 °C for 72 h and weighed.

Before drying, the pigments of 0.2  g fresh leaf for each 
pot were extracted by 80 % aqueous alcohol after grinding. 
Contents of chlorophyll a and chlorophyll b were measured 
at 645 and 663 nm after filtration, respectively (Lichtenthaler 
and Wellburn 1983). Then, all four individuals within a pot 
were mixed together, and ground to a fine powder with a 
mortar and pestle. The leaf N and P contents of each powered 
sample were analysed using the colorimetric method with 
a TU-1901 spectrophotometer (Beijing Purkinje General 
Instrument Co., Ltd, China) after being digested in H2SO4 and 
H2O2. The leaf C content of the plant was measured by the 
dichromate oxidation method of Walkey and Black (Nelson 
and Sommers 1982).

Data analysis
To assess the effects of light and species identity on the 15 
measured characteristics (excluding stem mass due to no 
data for V. natans), two-way analysis of variance (ANOVA) 
was used, and the Tukey’s Honestly Significant Difference 
test (Tukey’s HSD) was used when the raw data were log-
transformed. The 15 measured characteristics were cat-
egorized as dependent variables, and species and light were 
categorized as fixed factors when the two-way ANOVA was 
conducted. Similarly, the differences among the effects of the 
light treatment on the 16 or 15 measured indices for the two 
studied macrophytes were determined by one-way ANOVA, 
and post hoc Tukey’s test for light treatments was conducted 
at the same time. The ANOVA was analysed at the 95 % con-
fidence level, and homogeneity of variances was tested by 
Levene’s test. Based on the sum of squares (SS) of the two-way 
ANOVA, variance partitioning can imply the contribution of 
each source to the variance in the studied indices (Güsewell 
and Koerselman 2002). The total SS of the ANOVA was equal 
to the sum of the SS of each factor: SStotal = SSspecies + SSlight + 
SSspecies × light + SSerror. Then, the variance contribution of each 
source was expressed as a percentage of the total SS. All stat-
istical analyses were conducted using the software package R 
3.5.2 (R Core Team 2018).

Results
Light effects on V. natans
Our results showed no differences among the effects of the five 
light treatments on the root length, root weight, root:shoot, 
chlorophyll (a:b), chlorophyll (a + b), root length:root mass, 
C contents, N contents and P contents of V. natans (Fig. 1, 

P > 0.05). However, the effects on plant mass, RGR, shoot 
height, leaf mass, shoot height:shoot mass and ramet number 
of V. natans showed significant differences among the five 
light treatments, although the patterns of these six meas-
ured indices were not consistent (Fig. 1, P < 0.05). Namely, 
the first five indices initially increased with the reduction in 
light and then decreased, although the decreases between the 
30 and 15  % treatments were not significant (Fig. 1). The 
ramet number initially decreased with the reduction in light 
and then increased at lower light levels, although the ramet 
number between 30 and 15  % irradiance was not signifi-
cantly different (Fig. 1F).

Light effects on M. spicatum
Our results indicated no differences among the effects of the 
five light treatments on the root length, leaf mass, stem mass, 
RGR, root:shoot, chlorophyll (a:b), shoot height:shoot mass, 
C contents, N contents and P contents of M. spicatum (Fig. 
2, P > 0.05). However, the effects on plant mass, root mass, 
shoot height, root length:root mass, chlorophyll (a + b) and 
ramet number of M. spicatum showed significant differences 
among the five light treatments, although the trends of the six 
measured characteristics were not identical (Fig. 2, P < 0.05). 
Namely, the plant mass and root mass initially increased with 
the reduction in light and then decreased at low-light levels 
while shoot height, and chlorophyll (a + b) increased with 
the reduction in light (Fig. 2). Similar to that of V. natans, 
the ramet number of M. spicatum also decreased across the 
light gradient (Fig. 2I). The maximum values of plant mass 
and root mass for M. spicatum occurred in the 50 % light 
treatment and those of plant mass, RGR, shoot height and 
leaf mass for V. natans occurred in the 30 % light treatment 
(Figs 1 and 2).

Two-way ANOVA
The differences in plant mass, leaf mass and RGR were sig-
nificantly different between the two species and among the 
five different light treatments (Table 1, P < 0.05), and no 
significant interactions between species and light treatment 
were observed (Table 1, P > 0.05), with species and light 
treatment explaining >58  % of the total variance. The dif-
ferences in chlorophyll (a:b), shoot height and ramet number 
were significantly different between the two studied species 
and among the five different light treatments (except chloro-
phyll (a:b), Table 1, P < 0.05), and significant interactions be-
tween species and light treatment were observed (Table 1, P 
< 0.05), with species and light treatment explaining >96 % of 
the total variance. Root mass showed no significant difference 
between the two studied species (Table 1, P > 0.05), while sig-
nificant difference between light treatments, and interactions 
between species and light treatment occurred (Table 1, P < 
0.05), with light treatment and interactions between species 
and light treatment explaining >40 % of the total variance. In 
terms of root length, root:shoot, root length:root mass, shoot 
height:shoot mass, chlorophyll (a + b), C contents, N contents 
and P contents, differences were only significantly different 
between the two studied species (Table 1, P < 0.05), and no 
significant difference among the five different light treatments 
and interactions between species and light treatment were ob-
served (Table 1, P > 0.05), with species explaining >60 % of 
the total variance except for the indices of shoot height:shoot 
mass (37.25%), C content (27.98%) and N content (7.33%).
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Discussion
The measured characteristics of the two studied plants 
showed different responses along an increasing light gradient. 
These can be described as negative (possibly due to photo-
damage including photoinhibition or to shade adaptation), 
neutral (no significant differences across the gradient) and 
positive effects where the measured indices were highest in 
the highest light. Accordingly, we discuss these three response 
patterns separately below.

Negative responses in high light
Consistent with our first hypothesis, our results highlighted 
that both submerged macrophytes were negatively affected 
at high light for some measured indices, which were dif-
ferent between the species. For both species, the plant mass, 
RGR and shoot height were reduced in high-light condi-
tions (Figs 1 and 2) consistent with photo-damage (including 

photoinhibition) or high-light inhibition. Similarly, Zefferman 
(2014) found that the biomass (equal to plant mass in our 
study), RGR and length:biomass ratio of Elodea nuttallii 
were also photoinhibited at full light. These results indicate 
that the plant mass, RGR and shoot height of submerged 
plants might be relatively more sensitive to photo-damage 
than the other measured parameters. The root mass of M. 
spicatum rather than that of V. natans was inhibited by high 
light, which could be because of their different lifeforms. As a 
rosette-forming species, the effects of currents and waves on 
V. natans (Owens et al. 2008) are not as strong as those on 
a canopy-forming species, M. spicatum (Strand and Weisner 
2001; Lu et al. 2013). Accordingly, M. spicatum must invest 
more resources to its root to anchor the plant avoiding up-
rooting or serious damage due to its larger canopy (Strand 
and Weisner 2001; Zhu et al. 2012; Lu et al. 2013). Thus, we 
can presume that the root mass of M. spicatum is indirectly 
affected by high-light inhibition based on our experiment. In 

Figure 1. The photo-damage effects on the growth and reproduction of V. natans along the light gradient (only the significant traits are shown).

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/14/2/plac009/6542720 by Institute of Subtropical Agriculture, C

AS user on 27 February 2023



5Yuan et al. – High-light inhibition of submerged macrophytes

contrast to the root mass, the leaf mass of V. natans rather 
than that of M. spicatum was affected by high-light inhib-
ition (Figs 1 and 2). This might be because that leaf mass con-
stitutes only a very small percentage of the whole shoot mass 
of M. spicatum, whose negative responses of photo-damage 
(especially of photoinhibition) are mainly through branching 
and shoot elongating (Zefferman 2014). In contrast, the leaf 
mass constitutes a great part of the whole shoot mass of V. 
natans, of which the leaf growth is greatly photo-damaged, 
as observed in our study (Fig. 1D). Additionally, based on 
the measured indices impacted by high light, it is very likely 
that the photo-damage effects of submerged macrophytes 
are mainly on the shoot of the species. It is very possible 
that photosynthesis occurs almost entirely in the shoot of 
the plant. However, we do not think that the lower values 
of chlorophyll (a:b) and chlorophyll (a + b) of M. spicatum 
under high light were caused by photo-damage (Fig. 2). This 
scenario possibly occurred because a plant should not invest 
more energy to chlorophyll to improve the effectiveness of 
its photosynthesis when the ambient light is sufficient, but it 
must increase its concentration of chlorophyll to enhance its 
photosynthesis efficiency when the ambient light is limited 

(Lu et al. 2013; Chen et al. 2016; He et al. 2019), as ob-
served in our experiment (Fig. 2). Nevertheless, the contents 
of chlorophyll (a:b) and chlorophyll (a + b) of V. natans 
were not significantly affected by the light gradient, which 
was likely possible because the light compensation point of 
V. natans is much lower than that of M. spicatum (Lu et al. 
2013; Chen et al. 2016; He et al. 2019). Furthermore, the 
maximum values of plant mass, RGR, stem mass and root 
mass of M. spicatum at the percentage of light treatment 
(50%) were higher than those of plant mass, RGR, shoot 
height and leaf mass of V. natans at the percentage of light 
treatment (30%), which also suggests that the light com-
pensation point of V. natans is much lower than that of M. 
spicatum (Lu et al. 2013; Chen et al. 2016; He et al. 2019).

There may be, of course, other mechanisms for the reduced 
growth of the two studied macophytes in high light (Figs 1 
and 2); our results suggest that photoinhibition effects par-
tially result in their reduction of growth as photoinhibition 
or photoinhibition-dependent responses are the most evident 
photo-damage effects when plants are suffered high-light stress 
(Szymańska et al. 2017; Vialet-Chabrand et al. 2017; Patil 
et al. 2020). Actually, submerged macrophytes are intended 

Figure 2. The photo-damage effects on the growth and reproduction of M. spicatum along the light gradient (only the significant traits are shown).
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to be planted in shallow water by lowing water for enough 
available light and convenient planting (Chen et al. 2009; Li 
and Wang 2013), although significant wave action occurs in 
shallow water on shorelines. Thus, these macrophytes may 
be more likely to suffer the effects of photo-damage (espe-
cially of photoinhibition) rather than wave action as observed 
in our experiment, where no wave action was involved. 
Accordingly, we should avoid high-light inhibition of aquatic 
plants when restoration of SAV is conducted, as submerged 
macrophytes may be impacted by photo-damage (especially 

of photoinhibition) or high-light inhibition by strong light in 
shallow water. Thus, we should plant only those species that 
can grow optimally in shallow water (high light) rather than 
species that respond negatively to high light.

Neutral response to the light gradient
Consistent with our second hypothesis, the leaf C, N and P 
concentrations of the two species were not significantly in-
fluenced by the light gradient (Figs 1 and 2; Table 1). Similar 

Table 1. ANOVA table and percentage (%) of explained variance based on two-way ANOVA for the 15 indices of the two study submerged species in 
response to the light gradient.

Factor Percentage (%) F P Factor Percentage (%) F P 

Plant mass RGR

Species (S) 49.25 70.94 0.004 Species (S) 54.48 83.26 0.000

Light (L) 9.21 3.32 0.017 Light (L) 7.21 2.76 0.038

S × L 6.83 2.46 0.057 S × L 5.62 2.16 0.088

Error 34.71 Error 32.69

Shoot height Root length

Species (S) 90.00 1732.73 0.000 Species (S) 87.35 414.89 0.000

Light (L) 6.59 31.72 0.000 Light (L) 0.63 0.75 0.565

S × L 0.82 3.94 0.007 S × L 1.49 1.77 0.149

Error 2.60 Error 10.53

Ramet number Root mass

Species (S) 95.40 403.92 0.000 Species (S) 0.70 0.59 0.446

Light (L) 1.55 8.83 0.000 Light (L) 25.60 5.40 0.001

S × L 1.41 2.75 0.038 S × L 14.42 3.04 0.025

Error 1.64 Error 59.28

Shoot mass Root:shoot

Species (S) 85.10 402.02 0.000 Species (S) 63.73 106.81 0.000

Light (L) 2.60 3.07 0.025 Light (L) 3.75 1.57 0.197

S × L 1.72 2.04 0.104 S × L 2.71 1.14 0.351

Error 10.58 Error 29.81

Chlorophyll (a + b) Carbon content

Species (S) 80.41 106.81 0.000 Species (S) 27.98 218.22 0.000

Light (L) 0.30 1.57 0.197 Light (L) 5.33 0.202 0.936

S × L 0.86 1.14 0.351 S × L 5.76 0.583 0.676

Error 18.43 Error 60.93

Nitrogen content Phosphorus content

Species (S) 7.33 4.38 0.042 Species (S) 80.41 22.96 0.000

Light (L) 5.14 0.77 0.552 Light (L) 0.30 1.09 0.370

S × L 3.81 0.57 0.686 S × L 0.86 1.18 0.331

Error 83.73 Error 18.43

Chlorophyll (a:b) Root length:root mass

Species (S) 95.83 128.00 0.000 Species (S) 80.05 215.91 0.000

Light (L) 0.39 0.55 0.697 Light (L) 0.85 0.60 0.664

S × L 3.01 3.97 0.007 S × L 0.61 0.42 0.797

Error 0.77 Error 18.49

Shoot length:shoot mass

Species (S) 37.25 36.28 0.000

Light (L) 4.64 1.15 0.346

S × L 6.65 1.63 0.183

Error 51.47

Boldfaced values are significant at the P = 0.05 level. For all response variables, DF = 4 for light treatment level and light treatment × species, DF = 50 for 
error and DF = 1 for species.
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results were observed for some submerged macrophytes at 
different water depths (Li et al. 2013) as submerged plants 
respond similarly to sheltered environments as to deep water 
depths (Strand and Weisner 2001). This result indicates that 
the stoichiomestry of submerged species is very conservative 
(Li et al. 2013). As stated above, the contents of chlorophyll 
(a:b) and chlorophyll (a + b) of V. natans showed no signifi-
cant differences among the light treatments, possibly because 
the minimum treatment light was far greater than its light 
compensation point (Morris et al. 2004; Lu et al. 2013; Chen 
et al. 2016; He et al. 2019). Furthermore, root length, root 
mass and root length:root mass (except for M. spicatum) and 
root:shoot of the studied species were not significantly dif-
ferent over the light gradient, which also suggests that the 
roots of submerged plants are not as susceptive to light as 
their shoots, which might be because the roots are under-
ground and cannot directly obtain light.

Positive responses in high light
In contrast to high-light inhibition, the high-light treatment 
resulted in increased numbers of ramets in the two species 
(Figs 1 and 2). However, we do not think that clonal propa-
gation of the studied macrophytes is promoted by high-light 
availability, as plants can allocate more resources to reproduc-
tion when they are exposed to stress (Bonser 2013; Yuan et al. 
2016). Usually, submerged species can trade-off between their 
growth and reproduction under adverse conditions (Yuan et 
al. 2016), as observed in our experiment. Our results indicate 
that the asexual propagation of V. natans and M. spicatum is 
stimulated when their growth is inhibited by high light, which 
is a common strategy for submerged macrophytes to cope 
with harsh environments (Roff 1992; Bonser 2013; Yuan et 
al. 2016). Accordingly, our results suggest that the two sub-
merged macrophytes trade-off between their growth and re-
production when they are negatively affected by high-light 
conditions, which is consistent with our third hypothesis.

Generally, our experiment indicated that the two studied 
species responded differently to light, and even the different 
determined characteristics of the same species showed dif-
ferent responses to light (Figs 1 and 2; Table 1). The results 
are in good agreement with the results of many former ex-
periments due to the differences between species and the 
index specificity within a species (Rae et al. 2001; Hanelt et 
al. 2006; Wu et al. 2018, 2020; Qi et al. 2021). Our results 
highlighted that the plant mass, RGR, shoot height, ramet 
number (result because of trade-off between growth and re-
production) and leaf mass were significantly affected by high 
light although plant species explained most (>49 %) of the 
total variance in the above five measured indices (Table 1). 
Furthermore, the effects of high light on plant growth were 
mainly on the shoots of the plants, as stated above (Table 1). 
Moreover, we demonstrated that the effects of high light on 
growth and reproduction of submerged macrophytes could 
occur in shallow water even though the experimental period 
is relative long, as observed by Zefferman (2014).

In conclusion, our results highlighted that the plant mass, 
RGR and shoot height of V. natans and M. spicatum; root mass 
of M. spicatum; and leaf mass and shoot height:shoot mass of 
V. natans were significantly negatively affected by high light in 
shallow water. While the ramet number of the two species was 
stimulated, root length, root:shoot, chlorophyll (a:b), chloro-
phyll (a + b), leaf carbon, N and P contents of the two studied 

macrophytes were not significantly impacted by light. Our re-
sults indicated that the high-light inhibition of plant growth 
was mainly on the shoots rather than on the roots of the plants, 
although these effects were significantly different between the 
two studied submerged species and among the measured char-
acteristics. Accordingly, we should avoid high-light inhibition 
effects to improve the performance of submerged species when 
we conduct SAV restoration programmes in eutrophic lakes.

Supporting Information
The following additional information is available in the on-
line version of this article—

Table S1. The photosynthetically active radiation (PAR) at 
the water surface in different weather conditions.
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