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Abstract

Low light intensity and high sediment organic matter (SOM) conditions coexist recurrently in 
aquatic ecosystems, which affects submerged macrophyte re-habilitation. In this greenhouse study, four 
light intensity levels (10% [natural light intensity], 30%, 60%, and 100%) and three initial SOM loads 
(11% [measured as the loss on ignition], 17%, and 25%) were applied to explore the effects of their 
interactions on the growth of Vallisneria natans (V. natans). Two-way ANOVA revealed the effects of 
interactions between light intensity and SOM load on the growth characteristics of V. natans. Multiple 
linear regression models indicate that the dry weights and root lengths exhibited a single maximum 
as the SOM load increased. The inhibitory effect of the sediment on the growth of V. natans could 
be alleviated by increasing the light intensity in a certain SOM range. However, the inhibited growth 
of V. natans was not alleviated by enhancing the light intensity at a 25% SOM load. We explored a 
potential mechanism for this phenomenon based on ammonium (NH4

+) toxicity regulation. Structural 
equation modeling indicates that enhanced light intensity could directly reduce sediment NH4

+ contents 
or reduce them indirectly by decreasing the abundances of bacterial functional genes associated with 
NH4

+ formation. Subsequently, lower sediment NH4
+ content increased the plant dry weight, thereby 

facilitating the removal of nitrogen and phosphorus from the sediment. Therefore, enhancing the 
light intensity over a wide range of SOM loads resulted in the restoration of submerged macrophytes, 
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Introduction

Eutrophication is the collective term used by 
aquatic scientists to describe a series of problems 
exhibited by nutrient-enriched lakes [1]. Some lakes 
have been observed to change from a stable clear-
water state dominated by submerged macrophytes to an 
alternate state characterized by turbid phytoplankton 
overgrowth [2], leading to a decline in aquatic 
biodiversity and impaired ecological functions [3, 4]. 
Sustained macrophytes are commonly described as 
ecological engineers and are essential for maintaining 
clear water homeostasis and biodiversity in lakes [5-7].  
In addition, submerged macrophytes can reduce sediment 
resuspension [8], absorb nutrients from the surrounding 
environment [9, 10], provide favorable habitats and food 
for aquatic animals [11, 12], and maintain the diversity 
of the lake ecosystem [5]. Therefore, submerged 
macrophyte restoration is widely used in practical 
projects to improve lake ecosystems [13, 14]. Although 
the growth of submerged macrophytes is influenced by 
various environmental factors [15, 16], the response of 
submerged macrophytes to environmental factors is not 
fully understood.

Light intensity and sediment organic matter (SOM) 
load are environmental factors that affect submerged 
macrophyte growth. Previous studies have established 
that light intensity is the primary factor that affects 
submerged macrophyte growth, as well as water depth, 
turbidity, number of epiphytes, total suspended matter, 
and chlorophyll concentration, which indirectly affect 
plant growth and distribution by influencing the light 
intensity available to the submerged macrophytes [15, 
17-19]. As in terrestrial plants with root systems, the 
growth of submerged macrophytes is undoubtedly 
influenced by the physicochemical properties of the 
sediment. At higher SOM loads, the anoxic environment 
produced by the decomposition of large amounts of 
organic matter can lead to the enrichment of potentially 
phytotoxic substances in the sediment, including 
phenols and organic acids, reduced iron and manganese, 
hydrogen sulfide, and NH4

+, which consequently inhibit 
the growth of submerged macrophytes [15, 20, 21]. 
After implementing submerged macrophyte restoration 
at West Lake (30°14’N, 120°08’E) in Hangzhou City, 
Zhejiang Province, China, ecological surveys performed 
from 2013 to 2019 found that high SOM load was a 
major environmental factor that limited submerged 
macrophyte restoration [22]. However, previous studies 
have focused on either the effect of light intensity or 
SOM load on submerged macrophyte growth, not their 
combined effects.

The environmental factors affecting submerged 
macrophyte growth are complex, and a single factor 
does not independently determine growth. Ersoy et al. 
found that higher lake water temperatures resulting from 
climatic warming promoted the growth of submerged 
macrophytes; however, under eutrophic conditions, 
growth was inhibited indirectly by the attenuation of 
underwater light intensity caused by algal growth [18]. 
Chappuis et al. showed that low light intensity (35% 
natural light intensity) did not increase mortality in 
Isoetes lacustris; however, low light intensity and high 
SOM loads collectively increased mortality [23]. These 
studies established the potential for interactions between 
multiple environmental factors to affect submerged 
macrophyte restoration. In lake environments, low light 
intensities and high SOM loads coexist recurrently. 
Furthermore, enhancing the light intensity can reduce 
the inhibition of potentially phytotoxic compounds 
in submerged macrophytes at high SOM loads [15, 
24]. Therefore, further research on the effects of the 
interactions between light intensity and SOM load on 
submerged macrophyte growth could optimize and 
guide the selection of submerged macrophyte restoration 
sites in practical projects.

Ammonium (NH4
+) toxicity is a global ecological 

problem [25]. NH4
+ is a nitrogen source for amino 

acid biosynthesis in plant cells; however, its excessive 
accumulation in cells can lead to carbon-nitrogen 
imbalances and chloroplast ultrastructure destruction, 
consequently inhibiting plant growth [26, 27]. Previous 
studies have reported that SOM enrichment could 
increase NH4

+ contents, thereby causing NH4
+ toxicity in 

plants [23, 25]. Plants’ NH4
+ tolerance can be increased 

by high irradiance, which increases the carbon pool and 
improves NH4

+ assimilation [24, 26]. However, studies 
regarding the involvement of NH4

+ toxicity regulation 
in the effect of interactions between light intensity 
and SOM load on submerged macrophyte growth are 
unavailable. Nitrogen metabolism by microorganisms 
also directly affects NH4

+ formation and consumption 
in sediment [28]. In this study, we aimed to explore the 
effect of the interactions between light intensity and 
SOM load on submerged macrophyte growth from the 
perspective of NH4

+ toxicity regulation. 
We performed a greenhouse study, which aimed to: 

(1) assess the effect of the interactions between light 
intensity and SOM load on the growth characteristics of 
Vallisneria natans (V. natans); (2) explore the potential 
associations between light intensity and SOM load in 
regulating NH4

+ toxicity to V. natans; and (3) evaluate 
nitrogen (N) and phosphorus (P) removal from the 
sediment by V. natans under different environmental 
conditions.

whereas reducing SOM loads could be performed in high SOM conditions to improve the restoration of 
submerged macrophytes.
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Materials and Methods

Sediment and Plant Sources

A continuous multi-year ecological survey was 
performed in two regions of West Lake (Maojiabu 
and Xilihu) in Zhejiang Province, China. The SOM 
load in Maojiabu (7.383±5.860%) was low, and high 
submerged macrophyte coverage (31.3±21.4%) was 
maintained after submerged macrophyte restoration 
measures were implemented at July 2013. Xilihu had a 
higher SOM load (17.525±7.171%) and maintained lower 
submerged macrophyte coverage (10.4±4.2%) [22, 29]. 
Therefore, these regions contain suitable sediments 
for examining the effects of SOM load on submerged 
macrophyte restoration under natural conditions. In 
this study, in order to closely simulate the natural 
environment, sediments with a lower SOM load (SOM1) 
were collected from the location with higher submerged 
macrophyte coverage in Maojiabu, and sediments with 
higher SOM load (SOM3) were collected from the 
location with lower submerged macrophyte coverage in 
Xilihu. Sediment samples were collected using Peterson 
dredge. The impurities in the sediment were removed 
using a standard 4-mesh screen. Sediments from 
Maojiabu and Xilihu were mixed 1:1 by mass to obtain 
sediments with medium SOM load (SOM2).

V. natans is a common freshwater macrophyte 
species in the Eastern Plain region of China [6, 30] 
and has been widely used as an ecological engineering 
species in aquatic ecosystem restoration, owing to its 
strong adaptability and rapid growth characteristics 
[22, 31]. V. natans was purchased from a market in May 
2021. Healthy plants with similar appearances were 
selected and pruned to a uniform standard (leaf and 
root lengths of 10.00 cm and 4.00 cm, respectively) [32].  
The dry weights of a randomly selected subset of the 
plants (n = 10) were also measured. The plants were 
dried at 85ºC for 36 h to a constant weight and weighed 
using an electronic balance (absolute accuracy of  
0.1 mg) (OHAUS, EX224, USA) to obtain the dry 
weights. The mean dry weight was 0.16±0.03 g 
(mean±SD).

Experimental Design

The experiments were conducted in a greenhouse. 
Four light intensity levels (LI1, LI2, LI3, and LI4) were 
established using shade nets at 10%, 30%, 60%, and 
100% natural light intensity, respectively, based on field 
measurements and the photosynthetic compensation 
point of V. natans [33]. Before the experiment, sediment 
sub-samples were collected to characterize the initial 
sediment conditions (Table 1). Three SOM loads 
(SOM1, SOM2, and SOM3) were established, with 
initial SOM loads of 11%, 17%, and 25%, respectively. 
Twelve treatment groups were set up in this study. Each 
treatment was conducted with three replicates. For each 
experimental group, 6 plastic pots (5.6 cm in diameter 

and 13.6 cm in height) were placed evenly in a plastic 
case (61 cm in length, 42.5 cm in width, and 35 cm in 
height). The pots were filled with 7 cm of sediment and 
then placed slowly into the plastic case, which was filled 
with tap water. Water was then slowly added to a height 
of 33 cm above the bottom of the case. After the sediment 
settled, four plants were transplanted randomly into each 
pot, stabilized for a week, and covered with a sunshade 
net to ensure that the light intensity reaching the water 
surface was the required intensity. The experiments 
were conducted at room temperature (25-30ºC) for  
70 days (sufficient to develop treatment-related growth 
differences with minimal tissue degradation associated 
with senescence) between June and September 2021. The 
evaporated overlying water was replenished weekly to 
ensure that the appropriate water depth was maintained 
for V. natans growth. For each treatment, three plant 
pots were removed randomly from three parallel plastic 
cases after 20, 40, and 70 days. Six plants were then 
selected randomly from the three pots to measure their 
growth characteristics [34, 35]. The temperature and 
pH of the water column were also recorded after each 
sample collection (Table S1). The growth characteristics 
included dry weight, root length, and shoot height. After 
70 days, the sediment in each pot was homogenized and 
divided for physicochemical and microbiome analyses 
(stored at -80ºC until analysis).

Determination of Growth Characteristics 
of V. natans 

The plants were washed gently to remove any 
residual sediment. The longest root and leaf of each 
plant were then measured to determine the root length 
and shoot height, respectively. The plants were dried at 
85ºC for 36 h to a constant weight and weighed using 
an electronic balance (absolute accuracy of 0.1 mg) to 
obtain the dry weights. The experimental groups each 
consisted of six replicates.

Sediment Analysis

The sediment was freeze-dried, crushed, sieved 
through a standard 80-mesh screen, and stored 
in a desiccator for physicochemical analysis. The 
organic content was measured as the loss on ignition 
(5 h at 550ºC). Total phosphorus (TP), inorganic 
phosphorus (IP), iron and aluminum phosphorus (Fe/
Al-P), and calcium-phosphorus (Ca-P) were measured 
using molybdenum blue spectrophotometry with an 
ultraviolet spectrophotometer (SHIMADZU, UV-
1800, Japan) according to the SMT protocol [36]. Total 
nitrogen (TN) was measured using alkaline potassium 
persulfate digestion ultraviolet spectrophotometry 
[37]. NH4

+, nitrate (NO3
-), and nitrite (NO2

-) were 
measured using potassium chloride solution extraction 
spectrophotometry [38]. 

We measured the potential for N and P nutrient 
releases from the Maojiabu and Xilihu sediment in 
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pre-experiments. The TN content of the water column 
was measured using alkaline potassium persulfate 
digestion ultraviolet spectrophotometry [39]. The 
TP content of the water column was determined 
using ammonium molybdate spectrophotometry [40].  
After the sediment had completely settled, we measured 
the TP and TN contents in the overlying water every  
five days. During a period of 30 days, TP was not 
detected in the overlying water (minimum detection 
of 0.01 mg L-1), the TN concentration did not change 
significantly over time, and no significant differences 
were observed in the TN concentrations of the overlying 
water between containers with different SOM loads 
(univariate ANOVA with LSD post hoc test; p>0.05). 
Therefore, in this experimental system, nutrient releases 
from the sediment were considered to be negligible 
in the short term. The decreases in sediment N and 
P contents were calculated by subtracting the mass 
concentrations of N and P on day 70 from the initial 
values. The percentage decreases in the sediment N and 
P contents were defined as the ratios of the decreases 
in N and P contents to the original mass concentrations 
(%).

The bacterial community in the sediment was 
analyzed using 16S rRNA gene high-throughput 
sequencing (Shanghai Meiji Biomedical Technology 
Co., Ltd). Detailed descriptions of the methods 
are provided in the Supplementary Materials. The 
standardized operational taxonomic units (OTUs) 
were input into the Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved 
States (PICRUSt2) database to predict the functional 
abundances of microbiota in the sediment based 
on the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [41]. The nitrogen metabolism pathways and 
functional genes are available on the KEGG website 
(https://www.genome.jp/pathway/map00910). Pathways 
associated with NH4

+ formation include nitrogen 

fixation, dissimilatory nitrate reduction, and organic 
nitrogen conversion to NH4

+. Pathways related to NH4
+ 

consumption include nitrification, complete nitrification, 
and NH4

+ transformation to organic nitrogen (Fig. 3a). 
The 16S rRNA gene high-throughput raw sequence data 
were uploaded to the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive (SRA) 
database under accession number PRJNA901230.  
The raw sequence data are publicly accessible  
at https://www.ncbi.nlm.nih.gov/.

Data Analysis

Statistical analyses were performed using the 
R software package (R Project, version 4.1.3). Data 
were assessed for normality and homogeneity prior 
to analysis. One-way analysis of variance (ANOVA) 
with an LSD post-hoc test was performed to evaluate 
any significant differences in the initial properties of 
sediment with different SOM loads, as well as significant 
differences in NH4

+ contents and abundances of bacterial 
functional genes associated with NH4

+ formation and 
consumption under the respective environmental 
conditions. Maximum and minimum values were 
removed from the growth characteristic measurements 
of V. natans. A two-way ANOVA was performed to 
demonstrate the independent and interactive effects of 
light intensity and SOM load on the growth of V. natans. 
Multiple regression analysis was used to assess the 
impacts of light intensity and SOM load on V. natans 
and NH4

+ content. The results obtained from the above 
experiments showed that both linear trend and single 
maximum in response to changes in LI were clear for 
the growth characteristics of V. natans and sediment 
NH4

+ contents when the SOM load is fixed. This was 
also true when LI was fixed (Figs S1-S4), and the 
interaction of LI and SOM load had a significant effect 
on the growth characteristics of V. natans and sediment 

Table 1. Properties of sediment with different SOM loads. SOM1 indicates sediment obtained from Maojiabu; SOM3 indicates sediment 
obtained from Xilihu; SOM2 indicates mixed SOM1 and SOM3 (1:1 by mass).

SOM1 SOM2 SOM3 ANOVA

OM (%) 11.289±0.093 c 17.478±0.025 b 25.027±0.250 a ***

TN (mg g−1) 1.533±0.093 c 2.089±0.020 b 2.226±0.150 a ***

NO3-N (mg g−1) 0.016 ±0.000 c 0.022± 0.001 b 0.026±0.000 a ***

NO2-N (mg kg−1) 0.019± 0.011 c 0.041 ±0.019 b 0.095 ±0.011 a **

NH4
+-N (mg g−1) 0.103 ±0.004 c 0.143 ±0.003 a 0.112±0.003 b ***

TP (mg g−1) 1.535±0.018 a 1.450±0.099 a 1.464±0.004 a ns

IP (mg g−1) 0.911±0.017 a 0.811±0.021 b 0.766±0.125 c ***

Fe/Al-P(mg g−1) 0.615±0.016 a 0.564±0.012 b 0.197±0.003 c ***

Ca-P(mg g−1) 0.283±0.009 c 0.398±0.011 b 0.489±0.013 a ***

One-way analysis of variance (ANOVA) was used to test for differences among the sediment types (n = 3), as indicated by ** 
p≤0.01, *** p≤0.001, ns: ≥0.05. Different letters indicate statistically significant differences.
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Results

Interactions between Light Intensity 
and SOM Load on the Growth of V. natans

The plant characteristics after 20, 40, and 70 days 
are shown in Figs. S1-S3. The results of the two-
way ANOVA indicate that both the independent and 
combined effects of light intensity and SOM load on 
the growth characteristics of V. natans were significant 
(p<0.05) after 20, 40, and 70 days (Table 2). 

The hierarchical partitioning indicates that the 
variable that explained the largest part of the dry 
weight variability after 70 days was light intensity 
(R2 = 0.324), followed by SOM load (R2 = 0.139) and 
the interactions between light intensity and SOM load 
(R2 = 0.076) (Fig. 1c4). The variable that explained 
the largest part of the variability in shoot height 
was light intensity (R2 = 0.659), followed by SOM 
load (R2 = 0.104) and the interactions between light 
intensity and SOM load (R2 = 0.036) (Fig. 1c6). 
The importances of each explanatory variable and 
group of variables on the variability in root length 
were consistent with those of the dry weight (Fig. 
1c5).After 20 and 40 days, the importances of 
each explanatory variable and group of variables 
on the growth characteristics of V. natans were 
essentially the same as those after 70 days (Fig. 1a4-6, 
Fig. 1b4-6). However, the growth characteristics 
of V. natans exhibited different tendencies in response 
to the various light intensities and SOM loads.

The multiple linear regression modeling results 
indicate that after 70 days, as the SOM load increased, 
the dry weights and root lengths of V. natans increased 
then decreased, exhibiting a single maximum. When 
the SOM load was 11% or 17%, an increase in light 
intensity increased the dry weights and root lengths of 
V. natans; however, increasing the light intensity at a 

NH4
+ contents (Table 3). After assessing the fit of the 

models by the coefficient of determination (Radj
2), we 

selected the best model to explain the variation of the 
growth characteristics of V. natans and sediment NH4

+ 
contents with LI and SOM load. The linear model is 
described as follows:

where Y is the growth characteristics of V. natans or 
the sediment NH4

+ content, LI indicates light intensity, 
LI × SOM indicates the interactions between light 
intensity and SOM load, a is the partial coefficient of 
the relationship with LI, b is the partial coefficient of the 
relationship with SOM, c is the partial coefficient of the 
relationship with LI2, d is the partial coefficient of the 
relationship with SOM2, and e is the partial coefficient 
of the relationship with LI × SOM. Hierarchical 
partitioning was used to estimate the importance of 
each explanatory variable and group of variables, as 
well as how well they explained the variabilities of the 
growth characteristics of V. natans and NH4

+ content. 
Hierarchical partitioning was performed using the R 
package “rdacca.hp” [42, 43]. A correlation analysis 
of the growth characteristics of V. natans with NH4

+ 
contents and decreases in sediment N and P contents 
was conducted using linear regression. When the 
residuals did not achieve normality or homogeneity 
in the linear regression, p values were obtained using 
the lmorigin function and permutation tests [44, 45]. 
Structural equation modeling was performed using the 
“piecewiseSEM” package in R to examine the direct 
and indirect effects of light intensity and SOM load 
on the sediment NH4

+ content, growth characteristics 
of V. natans, and N and P removal from the sediment 
[46]. The significance level for all tests was set as 
p<0.05.

Table 2. Two-way ANOVA results for the growth characteristics of V. natans and sediment NH4
+ contents (n = 4).

Light intensity SOM load Interaction

F P F p F p

20 days

Dry weight 439.580 <0.001 119.190 <0.001 75.040 <0.001

Shoot height 76.145 <0.001 4.143 0.024 15.092 <0.001

Root length 49.145 <0.001 4.728 0.015 6.494 <0.001

40 days

Dry weight 51.919 <0.001 8.516 <0.001 5.949 <0.001

Shoot height 41.682 <0.001 9.559 <0.001 3.430 0.009

Root length 103.403 <0.001 31.800 <0.001 8.915 <0.001

70 days

Dry weight 41.600 <0.001 21.160 <0.001 12.160 <0.001

Shoot height 224.320 <0.001 60.300 <0.001 21.410 <0.001

Root length 18.080 <0.001 10.760 <0.001 14.220 <0.001

NH4
+ 263.89 <0.001 354.58 <0.001 31.650 <0.001
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25% SOM load failed to increase the dry weights and 
root lengths further (Fig. 1c1, c2). The shoot heights of 
V. natans varied negligibly with increasing SOM loads, 
but exhibited a single maximum with increasing light 
intensity. The shoot height reached a maximum at a 60% 
light intensity and 17% SOM load (Fig. 1c3). After 20 
and 40 days, the responses of the growth characteristics 
of V. natans to changes in light intensity and SOM load 
were the same as those after 70 days (Fig. 1a1-3, b1-3).

Variability in NH4
+ Contents and Bacterial 

Functional Gene Abundances 

The sediment NH4
+ contents after 70 days are shown 

in Fig. S4. Based on hierarchical partitioning, the 
variable that explained most of the variability in NH4

+ 
content was the SOM load (R2 = 0.435), followed by 
light intensity (R2 = 0.323) and the interactions between 
light intensity and SOM load (R2 = 0.126) (Fig. 2b). 
The response of the NH4

+ content to changes in 
light intensity and SOM load was approximately 
opposite of those of the dry weights and root lengths  
(Fig. 2a). As the SOM load increased, the NH4

+ content 
increased significantly (p<0.001); however, when the 
light intensity increased, the NH4

+ content decreased 
significantly (p<0.001) (Fig. 2c, d). Furthermore, the 
linear regression analysis indicates that dry weight and 
root length were negatively correlated with NH4

+ content 
(R2 = 0.243–0.426, p<0.001) (Fig. 2e, f).

The one-way ANOVA showed that the abundances 
of bacterial functional genes associated with NH4

+ 
formation in sediment did not differ significantly 
among the LI2, LI3, and LI4 groups (p>0.05), but were 
significantly lower than that of the LI1 group (p<0.05) 
(Fig. 3b). The abundances of bacterial functional genes 
associated with NH4

+ consumption in the sediment 
of the different LI groups did not differ significantly 
(p>0.05) (Fig. 3c) There were no significant differences 
between the abundances of functional genes associated 
with NH4

+ formation among the different SOM loads 
(p>0.05) (Fig. 3d). In addition, no significant differences 
were observed in the abundances of functional genes 
associated with NH4

+ consumption between the SOM2 
and SOM3 groups (p>0.05); however, the abundances 
were lower than those in the SOM1 group (p<0.05) 
(Fig. 3e).

Relationship between the Growth Characteristics of 
V. natans and Decreases in Sediment N 

and P Contents

Submerged macrophytes have the ecological function 
of removing N and P from the sediment. After 70 days 
of growth, the sediment TN contents decreased by  
0.22-20.58% (Fig. 4a) and the Fe/Al-P contents  
decreased by 5.08-51.86% (Fig. 4c). The linear 
regression results indicate that the decrease in sediment 
TN content was positively correlated with shoot height 
(Radj

2 = 0.272, p<0.001) (Fig. 4b), and that the decrease 

in Fe/Al-P content was positively correlated with dry 
weight (Radj

2 = 0.112, p = 0.015) (Fig. 4d).

Synthetic Effects Illustrated by Structural 
Equation Modeling

According to the structural equation modeling 
results, light intensity and SOM load could affect 
the NH4

+ content of the sediment both directly and 
indirectly, which affected the growth characteristics 
of V. natans, as well as N and P removal from the 
sediment (Fig. 5). For the direct effects, light intensity 
and NH4

+ content were negatively correlated (standard 
path coefficient = -0.418, p<0.001), whereas the SOM 
load was positively correlated with NH4

+ content 
(standard path coefficient = 0.581, p<0.001). Indirectly, 
the light intensity and SOM load altered the abundances 
of functional genes associated with NH4

+ formation 
(standard path coefficient = -0.575, p<0.001) and 
NH4

+ consumption (standard path coefficient = -0.630, 
p<0.001). The abundance of functional genes associated 
with NH4

+ formation was positively correlated with 
NH4

+ content (standard path coefficient 0.354, p<0.001). 
NH4

+ content was negatively correlated with dry weight 
(standard path coefficient = -0.662, p<0.001) and shoot 
height (standard path coefficient = -0.180, p>0.05). 
Dry weight and shoot height were positively correlated 
with the removal of sediment Fe/Al-P (standard path 
coefficient = 0.320, p<0.05) and TN (standard path 
coefficient = 0.508, p<0.001), respectively.

Discussion

Understanding the responses of submerged 
macrophytes to environmental factors is essential 
for their successful restoration. However, previous 
studies have insufficiently revealed the effects of the 
interactions between multiple environmental factors [15, 
17-21]. In this study, we investigated the interactions 
and the mechanisms by which light intensity and SOM 
load affect submerged macrophyte growth. The results 
indicate that light intensity and SOM load significantly 
affected the growth of V. natans. Enhanced light 
intensity decreased the sediment NH4

+ content, thereby 
alleviating the NH4

+ toxicity to V. natans and improving 
its growth and N and P removal from the sediment.

Interactions between Light Intensity 
and SOM Load Affected V. natans Growth

In this study, we collected sediment from West Lake 
to closely simulate the natural environment. The results 
indicate that the dry weight of V. natans exhibited 
a single maximum with increasing SOM loads. 
Both low and high SOM loads were unfavorable for  
V. natans growth. Silveira and Thomaz  observed 
a single maximum in the growth characteristics of 
Hydrilla verticillatas with increasing SOM loads [21], 
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Fig. 1. Effects of the interactions between light intensity and sediment organic matter (SOM) load on the growth characteristics of V. 
natans, including dry weight (a1, b1, c1), root length (a2, b2, c2), and shoot height (a3, b3, c3) at different times (n = 4). The importance 
of each explanatory variable and group of variables for the dry weight (a4, b4, c4), root length (a5, b5, c5), and shoot height (a6, b6, c6) 
variabilities at different times are also shown. (LI: light intensity; LI × SOM: interactions between light intensity and SOM load. LIs 
include LI and LI2; SOMs include SOM and SOM2.).
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which is consistent with the results of the present 
study. The inhibitory effect of SOM on the growth of 
V. natans could be alleviated by increasing the light 
intensity under a certain SOM range; however, when 
the SOM load reached 25%, the inhibition could not be 

alleviated effectively by enhancing the light intensity. 
Under low light intensity and high SOM load conditions  
(e.g., LI1_SOM3), decreasing the SOM load was more 
effective than increasing the light intensity. Therefore, 
enhancing the light intensity ensured submerged 

Fig. 2. Relationships between sediment NH4
+ content and light intensity, SOM load, and growth characteristics of V. natans (n = 4). a. 

Effects of the interactions between light intensity and SOM on NH4
+ content. b. Importance of each explanatory variable and group of 

variables on the variability in NH4
+ content. c, d. NH4

+ contents under various light intensity levels and SOM loads. e, f. Relationships 
between NH4

+ content and the growth characteristics of V. natans. (LI: light intensity; LI × SOM: interactions between light intensity and 
SOM load. LIs include LI and LI2; SOMs include SOM and SOM2. LI1, LI2, LI3, and LI4 indicate 10%, 30%, 60%, and 100% natural 
light intensities, respectively. SOM1, SOM2, and SOM3 had initial SOM loads of 11%, 17%, and 25%, respectively.).
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macrophyte restoration over a wide range of SOM 
loads; however, improving both the SOM load and light 
intensity were necessary at a 25% SOM load. Decreasing 
the SOM load is a cost-efficient option. Under low SOM 
load and low light intensity conditions, submerged 
macrophytes could not obtain sufficient nutrients; 
consequently, their growth was impaired. Enhancing 
the light intensity improved the photosynthetic capacity 
of the plants, resulting in the production of more 
carbohydrates. A SOM load of 25% produced an anoxic 
environment, which can enrich potentially phytotoxic 
substances in the sediment, including phenols and 
organic acids, reduced iron and manganese, hydrogen 
sulfide, and NH4

+, and inhibit plant growth [15, 20, 
21]. In this study, the inhibition of V. natans growth by 
high SOM loads was alleviated by enhancing the light 
intensity. A potential explanation for this phenomenon is 
that the enhanced light intensity promotes photosynthesis 
in the plants, thereby promoting the release of oxygen 
outwards from the root system, ensuring aerobic plant 
metabolism in low-oxygen sediment, and counteracting 
phytotoxins [47].

Enhanced Light Intensity Alleviated NH4
+ 

Toxicity in V. natans

Previous studies of the effects of NH4
+ on submerged 

macrophytes have primarily investigated NH4
+ in the 

water column [25, 27]. Sediment serves as the basis 
for submerged macrophyte root systems, subsequently 
influencing their growth. However, few studies 
have investigated the effects of NH4

+ in sediment on 
submerged macrophytes. The sediment NH4

+ content 

was negatively correlated with the dry weight of 
V. natans in the present study (Fig. 2e). By adding 
ammonium carbonate to the sediment, Zhang et al. 
observed that the limiting NH4

+ content in the initial 
sediment was 0.01 mg g-1 [48]. Higher NH4

+ contents 
resulted in increased growth inhibition. In this study, 
the initial NH4

+ contents were 0.103–0.143 mg g-1 
(Table 1), which is sufficient to inhibit the growth of 
V. natans. After 70 days, the NH4

+ contents were only 
0.005-0.026 mg g-1 (Fig. 2a), which is still capable of 
inhibiting growth. This observed inhibitory effect is due 
to increased NH4

+ absorption by plants at rates higher 
than the conversion of NH4

+ into amino acids and amides 
at high sediment NH4

+ contents. NH4
+ accumulates in 

plant tissues, causing C–N imbalances and damage to 
the chloroplast ultrastructure [26, 27].

The NH4
+ content increased significantly with 

increasing SOM loads after 70 days, but decreased with 
enhanced light intensities. SOM enrichment results in 
higher NH4

+ contents, which causes NH4
+ toxicity in 

plants [23, 25]. The results of this study indicate that 
the abundances of functional genes associated with 
NH4

+ consumption in the SOM2 and SOM3 groups 
were significantly lower than those in the SOM1 group 
(Fig. 3e). Therefore, the sediment NH4

+ enrichment 
phenomenon observed at high SOM loads may be due 
to the inhibition of bacterial nitrification reactions 
in the anaerobic environment. Further experimental 
verification is required to verify this hypothesis. Higher 
tricarboxylic acid cycle activity after enhancing the 
light intensity supports the production of more amino 
acids and proteins by plants, which can improve NH4

+ 
assimilation by plants and decrease the sediment NH4

+ 

Fig. 3. Abundances of bacterial functional genes associated with NH4
+ formation and consumption at different light intensity levels 

(n = 3) and SOM loads (n = 4). (LI1, LI2, LI3, and LI4: 10%, 30%, 60%, and 100% natural light intensity, respectively. SOM1, SOM2, 
and SOM3 had initial SOM loads of 11%, 17%, and 25%, respectively.).
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Fig. 4. Percent decreases in sediment total nitrogen (TN) and iron and aluminum phosphorus (Fe/Al-P) contents under different 
environmental conditions after 70 days and the relationships between TN and Fe/Al-P removal and the growth characteristics of V. natans 
(n = 4). (LI1, LI2, LI3, and LI4: 10%, 30%, 60%, and 100% natural light intensity, respectively. SOM1, SOM2, and SOM3 had initial 
SOM loads of 11%, 17%, and 25%, respectively.).

Fig. 5. Structural equation modeling representing the relationship between light intensity, SOM load, abundances of bacteria functional 
genes associated with NH4

+ formation and consumption, growth characteristics of V. natans, and decreases in sediment TN and 
Fe/Al-P contents. Solid lines indicate significant paths (n = 4; N = 48; * p<0.05; ** p<0.01; *** p<0.001). Dashed lines indicate 
non-significant paths (p>0.05). Red and blue colors indicate positive and negative path intensities, respectively. Numbers on the arrows 
are the normalized path coefficients, which indicate the strength of the influence of one factor on another. Arrow widths are proportional 
to the standard path coefficients denoted by the adjacent numbers.
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content [24, 26]. Collectively, the findings of previous 
studies are consistent with the results of this study. 
Evidently, SOM enrichment could subject submerged 
macrophytes to NH4

+ toxicity, but enhancing the light 
intensity alleviated the resulting toxicity.

The abundances of functional genes associated with 
NH4

+ formation in the sediment of the LI2–LI4 groups 
were significantly lower than those in the LI1 group 
(Fig. 3a). Enhanced light intensity resulted in higher 
photosynthetic capacity of the plants, which supports 
the release of more oxygen from the roots [15, 47]. Allen 
et al. found that oxygen released by wetland plants is the 
main oxygen supply to the root zone, contributing up to 
90% of the total [49]. Increased oxygen release shifted 
the sediment toward a more oxidizing environment, 
which led to the inhibition of denitrifying bacterial 
growth and a lower NH4

+ formation rate [25, 50]. 
Therefore, light intensity enhancement can mitigate 
NH4

+ toxicity to V. natans in two ways: by improving 
NH4

+ assimilation and reducing the bacterial NH4
+ 

formation process.

Growth Characteristics of V. natans Directly 
Affected its N and P Removal Capacity

Sediment plays a critical role as both a sink and 
source in the N and P dynamics of lakes [51, 52]. 
Therefore, in addition to reducing exogenous pollution 
inputs, controlling lake eutrophication by reducing 
N and P loads in sediment is considered an important 
ecological restoration method. The results of this study 
indicate that after 70 days of V. natans growth, the 
TN and Fe/Al-P contents of the sediment decreased 
by 0.22–20.58% and 5.08–51.86%, respectively.  
The observed decreases were also positively correlated 
with the dry weight and shoot height of V. natans. 
Previous studies have indicated that the absorption of 
N and P from sediment by submerged macrophytes is 
necessary to reduce endogenous pollution in lakes [53-
55]. The absorption capacity observed in V. natans 
was higher than that in other submerged macrophytes, 
owing to its highly developed root tissues [54]. In this 
study, the growth characteristics of V. natans were 
positively correlated with Fe/Al-P removal, but not with 
TP removal. A potential reason for this is that TP also 
contains organic phosphorus (OP) and Ca-P, which 
plants cannot utilize directly. Compared with other 
forms of phosphorus, Fe/Al-P is more bioavailable, and 
can be absorbed and used by plants [31]. Furthermore, 
previous studies have determined that Fe/Al-P removal 
by V. natans is higher than its OP and Ca-P removal 
[54, 55]. Therefore, it is crucial to ensure the growth 
of appropriate submerged macrophytes to maintain the 
ecological function of sediment N and P removal.

One limitation of this study is that we focused on the 
effects of the interactions between SOM load and light 
intensity on submerged macrophyte growth, and did 
not consider the effects of nutrients released from the 
sediment into the overlying water column. However, this 

does not exclude the problem of endogenous pollution 
caused by long-term releases of nutrient salts from 
the sediment to the overlying water column in lake 
ecosystems.

Conclusions

In this study, we determined the effects of the 
interactions between light intensity and SOM load on the 
growth of V. natans. The growth of V. natans exhibited 
a single maximum with increasing SOM loads. Within 
a certain range of SOM loads, enhancing the light 
intensity could alleviate stress caused by the sediment 
on the growth of V. natans; however, this stress persisted 
with increasing light intensities at a 25% SOM load. 
Enhanced light intensity may alleviate NH4

+ toxicity to 
V. natans by increasing its NH4

+ assimilation capacity 
and decreasing the bacterial functions related to NH4

+ 
formation, thereby promoting plant growth and sediment 
N and P removal by V. natans. In the future, long-term in 
situ ecological enclosure experiments should be designed 
to consider the combined effects of more environmental 
factors on submerged macrophyte growth. In addition, 
quantitative real-time polymerase chain reaction and 
metabolomic analyses should be applied to analyze the 
responses of microbial functional genes and metabolites 
associated with N and P metabolism. The results of 
this study indicate that enhancing the light intensity 
could achieve submerged macrophyte restoration and 
sediment N and P removal over a broad range of SOM 
loads. However, under low light intensity and high SOM 
load conditions, submerged macrophyte restoration is 
dependent on improving the environmental factors (i.e., 
reducing the SOM load, which is more cost-efficient). 
This study contributes to the optimization of submerged 
macrophyte restoration measures in lakes.
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Materials and Methods

16S rRNA Gene High Throughput 
Sequencing Technique

Briefly, the V3–V4 hypervariable regions of bacteria 
16S rRNA gene were amplified with primers 338F 
(5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’) [1]. Polymerase 
chain reaction was performed using the following setup: 
3 min of denaturation at 95ºC, 27 cycles of 30 s at 95ºC, 
30 s for annealing at 55ºC, and 45 s for elongation  
at 72ºC, and a final extension at 72ºC for 10 min. 
The raw sequenced reads of the 16S rRNA gene were 
quality-filtered by fastp version 0.20.0 [2] and merged 
by FLASH version 1.2.7 [3] with the following criteria: 
(i) the 300 bp reads were truncated at any site receiving 
an average quality score of <20 over a 50 bp sliding 

window, and the truncated reads shorter than 50 bp were 
discarded, reads containing ambiguous characters were 
also discarded; (ii) only overlapping sequences longer 
than 10 bp were assembled according to their overlapped 
sequence. The maximum mismatch ratio of the overlap 
region is 0.2. Reads that could not be assembled were 
discarded; (iii) Samples were distinguished according 
to the barcode and primers, and the sequence direction 
was adjusted to exact barcode matching and two 
nucleotide mismatch in primer matching. UPARSE 
(version 7.1 http://drive5.com/uparse/) was used to 
cluster operational taxonomic units (OTUs) with 97% 
similarity [4, 5]. The resampled OTU table was used for 
subsequent community analysis. The taxonomy of each 
OTU representative sequence was analyzed by RDP 
Classifier version 2.2 against the 16S rRNA database 
(Silva v138) using confidence threshold of 0.7 [6]. All of 
the OTUs belonged to bacteria.

Supplementary Material

Table S1. Temperature and pH of the overlying water at 20, 40 and 70 days (mean ± SD, n = 3). LI1, LI2, LI3, and LI4 indicate 10%, 
30%, 60%, and 100% natural light intensity, respectively. SOM1, SOM2, and SOM3 had initial SOM loads of 11%, 17%, and 25%, 
respectively.

T (ºC) pH

20 days

LI1_SOM1 22.30±0.10 8.00±0.05

LI1_SOM2 22.27±0.12 7.90±0.08

LI1_SOM3 22.23±0.06 7.85±0.04

LI2_SOM1 22.27±0.38 7.90±0.01

LI2_SOM2 22.03±0.06 7.87±0.02

LI2_SOM3 22.13±0.06 8.02±0.05

LI3_SOM1 22.19±0.11 8.12±0.08

LI3_SOM2 22.10±0.09 8.15±0.07

LI3_SOM3 22.30±0.15 8.07±0.04

LI4_SOM1 22.32±0.06 8.13±0.04

LI4_SOM2 22.40±0.16 8.05±0.09

LI4_SOM3 22.32±0.12 8.10±0.05

40 days

LI1_SOM1 23.30±0.06 8.13±0.04

LI1_SOM2 23.27±0.08 8.15±0.02

LI1_SOM3 23.23±0.10 8.12±0.08

LI2_SOM1 23.27±0.06 8.15±0.06

LI2_SOM2 23.03±0.09 8.26±0.04

LI2_SOM3 23.13±0.10 8.14±0.01

40 days

LI3_SOM1 23.19±0.11 8.23±0.01

LI3_SOM2 23.10±0.12 8.20±0.03

LI3_SOM3 23.30±0.12 8.19±0.05

LI4_SOM1 23.32±0.15 8.27±0.10

LI4_SOM2 23.40±0.16 8.24±0.04

LI4_SOM3 23.32±0.38 8.15±0.04

70 days

LI1_SOM1 24.30±0.08 8.51±0.05

LI1_SOM2 24.27±0.16 8.42±0.09

LI1_SOM3 24.23±0.15 8.56±0.03

LI2_SOM1 24.27±0.09 8.4±0.06

LI2_SOM2 24.03±0.12 8.41±0.12

LI2_SOM3 24.13±0.11 8.42±0.01

LI3_SOM1 24.19±0.10 8.5±0.03

LI3_SOM2 24.10±0.09 8.64±0.14

LI3_SOM3 24.30±0.11 8.57±0.09

LI4_SOM1 24.32±0.06 8.54±0.04

LI4_SOM2 24.40±0.08 8.49±0.05

LI4_SOM3 24.32±0.06 8.57±0.17
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Fig. S1. The dry weight of V. natans after 20, 40 and 70 days (n = 4). (LI1, LI2, LI3, and LI4 indicate 10%, 30%, 60%, and 100% natural 
light intensity, respectively. SOM1, SOM2, and SOM3 had initial SOM loads of 11%, 17%, and 25%, respectively.)

Fig. S2. The root lenght of V. natans after 20, 40 and 70 days (n = 4). (LI1, LI2, LI3, and LI4 indicate 10%, 30%, 60%, and 100% natural 
light intensity, respectively. SOM1, SOM2, and SOM3 had initial SOM loads of 11%, 17%, and 25%, respectively.)

Fig. S3. The shoot height of V. natans after 20, 40 and 70 days (n = 4). (LI1, LI2, LI3, and LI4 indicate 10%, 30%, 60%, and 100% natural 
light intensity, respectively. SOM1, SOM2, and SOM3 had initial SOM loads of 11%, 17%, and 25%, respectively.)
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