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Abstract: Submerged macrophytes play a crucial role in the ecological restoration of
aquatic environments, and enclosed plot planting technology is one of the economical
and effective methods to establish submerged macrophyte communities in high-turbidity
water bodies. This study focused on Vallisneria spinulosa Yan (V. spinulosa), examining the
impact mechanism of planting density on the water restoration effectiveness of V. spinulosa
growth systems constructed within enclosed plots, based on its growth and physiological
characteristics as well as the water purification effects of its growth system. The research
results indicate that low to medium planting densities (50-100 plants/m?) favor leaf
elongation and expansion, as well as the growth of root diameter, surface area, and volume,
while high densities (150-200 plants/m?) inhibit leaf and root growth. The content of
photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids) in V. spinulosa
increased with planting density. At high densities, significant increases in superoxide
dismutase (SOD), catalase (CAT), and malondialdehyde (MDA) levels in V. spinulosa suggest
enhanced antioxidant activity. High protein content at low densities indicates stronger
metabolic activity. Medium planting density (100 plants/m?) had significant effects on
increasing dissolved oxygen (DO), regulating pH, and reducing electrical conductivity
(EC), and exhibited the optimum removal loadings for total phosphorus (TP), phosphate
(PO43~-P), total nitrogen (TN), and nitrate (NO3 ™), achieving the average value of 0.44,
0.42, 6.94, 0.83 mg m~2 d~!. The findings of this study can provide a theoretical basis
and technical support for practical ecological restoration projects involving submerged
macrophytes in aquatic environments.

Keywords: enclosed; Vallisneria spinulosa Yan; water restoration; planting density

1. Introduction

Submerged macrophytes play a crucial role in the ecological restoration of water bodies.
However, some open water areas maintain high pollutant loading and frequent hydraulic
disturbance, which increases difficulties in the construction of a submerged macrophyte
community. In addition, hydraulic disturbance caused by fish and wind waves in these
areas may lead to high concentrations of suspended solids (SSs), and consequently high
water turbidity in water bodies [1,2]. SSs in water bodies reduce underwater light intensity,
which inhibits photosynthesis of submerged macrophytes, thus exerting a significant
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inhibitory effect on their growth [3]. Furthermore, water hardness (Ca?* and Mg?*) will
affect the precipitation of SSs, further influencing underwater light intensity, which also
significantly affects the growth of submerged macrophytes. Therefore, overcoming these
unfavorable factors and effectively constructing a submerged macrophyte community is
significant for enhancing the water restoration effect of submerged macrophytes [4].

To solve these issues, ecological enclosure planting technology was applied in con-
structing a community of some submerged macrophytes (i.e., Vallisneria natans, Elodea
nuttallii, Potamogeton crispus) in real ecological projects for water restoration [5]. It can re-
duce pollutant loading from external sources and hydraulic disturbance caused by fish and
wind waves, thus enhancing effective construction of submerged macrophyte communities
and water quality of partial water areas, and finally, improving the water quality of the
entire water area [6]. Globally, approximately 35% of lake restoration projects have adopted
ecological enclosure planting technology [7]. Its core advantage lies in achieving cascading
restoration through hydraulic exchange regulation, namely “pollution isolation—habitat
optimization—biological response” [8]. In China, monitoring data from 2022 showed that
lakes using ecological enclosure planting technology had a 40-60% increase in total phos-
phorus removal load compared to traditional methods, with an average annual increase
in transparency of 0.8-1.2 m [9]. In Denmark’s Veeng Lake, the coverage of submerged
macrophytes within the enclosed area recovered from 5 to 65%, and the benthic animal
diversity index rose from 1.2 to 2.8 [10].

The construction parameters are crucial factors in establishing submerged macro-
phyte communities using ecological enclosure planting technology, as they influence the
water purification effectiveness of submerged macrophytes, water transparency, water
turbidity, and aquatic landscape effects [11]. These parameters play significant roles in the
structure and function of ecosystems, competition among species, and plant responses to
environmental changes. Among them, the planting density of submerged macrophytes is
an important parameter that affects the structure of the entire community by influencing
the growth space and resource allocation of submerged macrophytes [12]. Studies have
shown that if the initial planting density of submerged macrophytes is too low, the risk of
individual plant death increases, and the plant community lacks stability. Conversely, if
the initial density is too high, plants may be suppressed or even killed due to competition
for space and resources [13]. Additionally, this can increase construction costs and result
in resource wastage. Liu et al., through a 150-day study, established populations at two
density levels and found that populations with higher plant densities may facilitate the
restoration of submerged macrophytes in degraded wetlands [14]. Furthermore, the density
of submerged macrophytes is related to the number of plankton species. As the density of
submerged macrophytes increases, the biomass of phytoplankton decreases, and the total
number of plankton species tends to increase. When submerged macrophytes are uniformly
distributed at a density of 60%, the number of plankton species is highest, allowing for
balanced development among various plankton species [15].

Previous studies have indicated that the planting density of submerged macrophytes
is one of the key parameters in establishing submerged macrophyte communities using
ecological enclosure planting technology. However, the mechanism through which it
affects the water restoration effectiveness of the enclosed submerged macrophyte growth
system remains unclear. Based on this, this study focused on V. spinulosa, a common
submerged macrophyte in surface water bodies, and investigated the impact of its planting
density on the water restoration effectiveness of the enclosed V. spinulosa growth system,
in terms of the growth and physiological characteristics of V. spinulosa and the water
purification effectiveness of its growth system. The aim of this study is to provide a
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theoretical basis and technical support for practical submerged macrophyte-based aquatic
ecological restoration projects.

2. Materials and Methods
2.1. Experimental Materials

V. spinulosa was collected from Honghu Lake (Hubei, China). Plants of similar length,
biomass, and growth status, which had not yet produced offspring tillers, were selected.
Firstly, the V. spinulosa plants were rinsed twice with tap water to remove any epiphytes
and snails adhering to their surfaces. Subsequently, they were domesticated and cultivated
in flowerpots for 15 days, using actual lake sediment as the planting substrate and actual
lake water for irrigation, with specific water quality details provided in Table 1.

Table 1. Influent water quality.

Index TN NH,*-N  NO;—-N TP ° Turbidity
(mg/L)  (mg/L)  (mg/lL)  (mg/L) P (NTU)
Numeric 4 4 4 0.5-0.7 04-0.6  0.07-0.14 6878  100-110
value

2.2. Experimental Design

In this experiment, five relatively independent enclosed plots (1.0 m x 1.0 m) were
constructed in an actual lake using impermeable enclosures, as shown in Figure 1. The
bottom of each enclosure was embedded in the sediment with galvanized iron chains, and
quartz sand bags were laid inside to prevent water exchange between the enclosed area and
the surrounding water body. V. spinulosa was planted in PP material flowerpots (diameter
of 19.8 cm, height of 18.5 cm), with a 12 cm thick layer of lake sediment as the planting
substrate. The planting densities of V. spinulosa were set at 50, 100, 150, and 200 plants/m?,
with a natural settlement group without V. spinulosa serving as the control (CK). A vacuum
pump was used to mix and homogenize a sediment solution (lake bottom mud sieved to
100 pum), which was then added to the water inside the enclosures to adjust the turbidity to
100 NTU. The water and plant samples were selected at three places in each enclosure as
three replicates, and the water treatment by each enclosure was conducted for six influent
cycles. The hydraulic retention time of each influent cycle in each enclosure was 7 d.

Enclosure
ecosystem

Lake water

200 plants ‘ ‘ 150 plants ‘ ‘ 100 plants ‘ ‘ 50 plants ‘ I 0 plants

7 e \ - ; " Sediment
LA 7. S 7 —

120 cm 20 cm

Figure 1. Schematic diagram of the construction of the enclosed block.

2.3. Monitoring and Analysis Methods
2.3.1. Water Quality

The pH, dissolved oxygen (DO), water temperature (WT), and oxidation-reduction
potential (ORP) of the water surrounding V. spinulosa were measured using a YSI water
quality analyzer (YSI ProQuatro, Marion, MA, USA). The concentrations of total nitrogen
(TN), ammonia nitrogen (NH**-N), nitrate (NO3~-N), nitrite (NO, ~-N), total phosphorus
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(TP), phosphate (PO43~-P), and chemical oxygen demand (COD) in the water samples
were determined using the alkaline potassium persulfate digestion-UV spectrophotometric
method, Nessler’s reagent spectrophotometric method, phenol-disulfonic acid spectropho-
tometric method, N-(1-naphthyl)-ethylenediamine spectrophotometric method, potassium
persulfate digestion-ammonium molybdate UV spectrophotometric method, ammonium
molybdate UV spectrophotometric method, and Hach COD test method, respectively.
The turbidity of the water was measured using a Hach turbidity meter (2100Q, HACH,
Loveland, CO, USA).

2.3.2. Growth Characteristics of V. spinulosa

The leaf length of V. spinulosa was measured using a 20 cm ruler. The leaf of V. spinulosa
was collected from three basins in each enclosure, and three leaves were collected from
each basin, which were used to measure the leaf length of V. spinulosa. Their average value
in each basin was calculated. The number of leaves on V. spinulosa was counted manually,
with any leaf longer than 5 cm counted as one, and the average number of leaves was taken
as the average for that group. Leaf width was analyzed using a Wanshen root analyzer.

The root length, root diameter, root surface area, and root volume of V. spinulosa were
analyzed using a Wanshen root analyzer system (LA-S, Hangzhou, China), including a
dual light source color scanner, a color imaging high-speed camera, and an ultra-thin
backlight board. The specific operation process involved selecting an appropriate amount
of V. spinulosa plants, washing their roots and leaves with distilled water, laying them flat
on a transparent imaging root tray with an appropriate amount of distilled water added,
scanning the roots and leaves using a light source scanner to obtain corresponding scan
images, and then processing the images using software. The data processing was conducted
using LA-S series plant image analysis software to obtain the corresponding data.

2.3.3. The Physiological Characteristics of V. spinulosa

Fresh leaves of V. spinulosa were collected, their surfaces wiped clean, and 0.2 g of the
leaves were weighed and their mass recorded. The leaves were then cut into small pieces
and placed in a 10 mL centrifuge tube, followed by the addition of 10 mL of 95% ethanol.
The tube was left to soak in the dark for 24 h, with shaking occurring four times during this
period. After soaking, the wavelength values at 665, 649, and 470 nm were immediately
measured using a UV spectrophotometer, avoiding the leaf veins during the measurement
process. After the measurements, the concentrations of chlorophyll and carotenoids, as
well as the content of each pigment, were calculated.

Fresh leaves of V. spinulosa were collected, and 0.1 g of leaves were precisely weighed
and their mass recorded. The leaves were appropriately cut into small pieces and placed in
a 1.8 mL freezer tube. A 0.9 mL of PBS buffer was added in a 1:9 ratio to the leaves, along
with several 2-3 mm zirconia beads. The mixture was then ground in a high-throughput
tissue homogenizer to prepare a 10% tissue homogenate. After grinding, the freezer tube
was placed in a high-speed refrigerated centrifuge and centrifuged at 4000 revolutions per
minute (rpm) for 10 min at 4 °C. The supernatant was collected for further testing. The
activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and malon-
dialdehyde (MDA) were measured using kits from Jiancheng Bioengineering Institute in
Nanjing, following the instructions provided. The soluble sugar content, soluble protein
content, and root activity of the V. spinulosa leaves were determined using the anthrone
method, Coomassie Brilliant Blue G250 staining method (the kit with CAS number of
6104-58-1, pH of 6.4, potency of >5000 mg/kg LD50, solubility of 40 g/L), and triphenylte-
trazolium chloride (TTC) method, respectively, with reference to “Experimental Techniques
in Plant Physiology” [16].
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The anthrone method was used to determine the soluble total sugar secreted by the
leaves. Firstly, 1 mL of culture solution containing V. spinulosa was collected from the
enclosure and added to a 10 mL centrifuge tube. Then, 5 mL of pre-prepared anthrone
reagent was added, and the mixture was rapidly shaken to combine. The tube was then
subjected to a boiling water bath for 10 min, followed by ice-water cooling. The absorbance
was measured at a wavelength of 620 nm, and the content of soluble total sugar was
calculated using a standard curve. Additionally, a kit was used to measure the soluble
protein secreted by the leaves.

2.4. Data Analysis

The data were analyzed using SPSS 27.0. Analysis of variance (ANOVA) was em-
ployed to assess the significance among the groups with different planting densities. The
significance threshold was set at p < 0.05, with a higher level of significance at p < 0.01. The
Kruskal-Wallis nonparametric test was used to evaluate the correction between planting
density and water restoration.

3. Results and Discussion

3.1. The Growth Characteristics of V. spinulosa
3.1.1. Leaf

As shown in Figure 2a,b, at the initial stage of the experiment, the leaf length of V.
spinulosa decreased overall with increasing planting density, a trend consistent with the
dynamic changes in average leaf length, indicating that high density had a certain inhibitory
effect on leaf elongation during this early phase. As the experiment progressed, the leaf
length growth rates of the D50 and D100 groups were significantly higher than those of the
D150 and D200 groups, exhibiting similar upward trends, suggesting that lower densities
were more conducive to sustained leaf growth. By the end of the experiment, compared
to their initial states, the leaf lengths of each treatment group increased by 67.33 & 0.23%,
7817 £ 0.21%, 54.42 £ 0.22%, and 43.17 £ 0.19%, respectively, further confirming that
planting density had a significant impact on the dynamic changes in V. spinulosa leaf growth.
Additionally, as shown in Figure 2¢, there were significant differences in leaf width among
the treatment groups at the end of the experiment, specifically D100 (0.51 % 0.07 cm) >
D150 (0.50 4+ 0.04 cm) > D50 (0.41 £ 0.02 cm) > D200 (0.33 + 0.06 cm), with the difference
between the D100 and D200 groups reaching statistical significance. This indicated that
an appropriate density could promote the lateral expansion of V. spinulosa leaves, while
a high-density environment might inhibit the normal development of leaf width. As
shown in Figure 2d, the number of V. spinulosa leaves decreased with increasing planting
density, with the D50 group having the highest average number of leaves at 18.26. This
suggested that plants in low-density environments enhanced their light-capturing ability
by increasing the number of leaves. Combined with the leaf length trends, it was evident
that V. spinulosa exhibited a certain degree of morphological plasticity under different
density conditions, optimizing resource acquisition strategies by adjusting leaf number
and size traits. In low-density environments, V. spinulosa tended to increase light-capturing
efficiency by increasing leaf number and promoting leaf elongation. However, under high-
density conditions, limited by competition for resources such as light, nutrients, and space,
plant leaf length growth was restricted, leaf width narrowed, and leaf number decreased,
indicating that its morphological adjustment ability was suppressed. These results revealed
the ecological strategy of V. spinulosa to adapt to different planting densities by adjusting
leaf morphology, thereby optimizing photosynthetic efficiency and resource use efficiency.
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Figure 2. The variation in leaf morphology of V. spinulosa under different planting densities: (a) leaf
length, (b) average leaf length, (c) leaf width, (d) number of leaves. (* represents p < 0.05).

The planting density has significant species-specific effects on the growth of sub-
merged macrophytes [17]. Previous studies have shown that submerged macrophytes
can adapt to different environmental conditions through morphological variations, and
their morphological characteristics usually reflect their resource acquisition and allocation
strategies [18]. For instance, research has indicated that when the planting density of
V. spinulosa increases from 10 plants per square meter to 50 plants, growth parameters such
as leaf length, leaf width, maximum root length, and total root length show a positive
response; however, when the density exceeds 60 plants per square meter, resource com-
petition among individuals intensifies and growth is restricted, leading to a decline in
various morphological indicators [19]. Under high densities, the light transmittance de-
creases, particularly affecting the photosynthetic efficiency of lower leaves, thereby limiting
leaf growth. At the same time, nutrient competition results in limited root development,
manifested as shortened maximum root length and total root length [20]. Additionally,
studies have suggested that high-density conditions may also inhibit the development
of the aerenchyma in V. spinulosa, weakening its gas exchange capacity with the water
body and further affecting the overall physiological state of the plant [21]. In response to
high-density environments, Vallisneria natans adopts a vertical expansion strategy, that is,
increasing plant height to access light resources while reducing horizontal expansion [22].
However, in this study, it was observed that as density increased, both the leaf length and
leaf number of V. spinulosa decreased, indicating that it may differ from other submerged
macrophytes in its density response strategy. Even under the high-density treatment of
200 plants per square meter, some individuals of V. spinulosa survived, suggesting that it
possesses a certain degree of individual adaptability and can maintain growth through
physiological or morphological adjustment mechanisms in resource-limited environments.

3.1.2. Root Characteristics

After the experiment, four key root parameters of V. spinulosa, namely total root
length, root diameter, root surface area, and root volume, were measured. As shown in
Figure 3a,c,d, with the increase in planting density, the root diameter, root volume, and root



Water 2025, 17, 1603

7 of 17

surface area generally exhibited a trend of first increasing and then decreasing, reaching
their maximum values in the D100 group, which were 1.19 &+ 0.11 mm, 4.46 £ 0.37 cm?,
and 49.55 4 1.49 cm?, respectively. Further analysis revealed that there was a significant
positive correlation between total root length and root surface area with planting density
(p < 0.05), indicating that density has an important impact on the plastic regulation of root
structure. As shown in Figure 3b, the total root length of V. spinulosa gradually increased
with the increase in planting density, reaching a peak of 208.67 & 12.96 cm in the D200
group, suggesting that under high-density conditions, V. spinulosa may enhance its nutrient
and water acquisition ability by increasing root elongation.
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Figure 3. The variation in root morphology of V. spinulosa under different planting densities: (a) root
diameter, (b) total root length, (c) root volume, (d) root surface area (a, b, c and d respectively indicates
p <0.05).

However, despite the continuous increase in root length under high-density conditions,
the root volume and root surface area showed a downward trend after exceeding the
D100 group. This may be due to intensified competition for soil nutrients and spatial
resources among individuals under high-density conditions, which inhibits root expansion.
Additionally, studies have shown that roots are active organs for absorption and synthesis,
and their growth status and activity levels directly affect the nutrient supply to the aerial
parts and overall growth [23]. Previous research has indicated that V. spinulosa can adapt to
density changes by adjusting its root growth pattern. Within the range of 10 to 60 plants
per square meter, the root mass, root diameter, root length, root area, and root volume of
V. spinulosa all decrease as density increases [24]. In this experiment, the root diameter, root
volume, and root surface area of V. spinulosa also decreased with increasing density. This
may be because, under high-density environments, intensified competition for nutrients
and space among individuals forces plants to allocate more resources to aerial growth to
enhance light competitiveness, thereby reducing investment in root growth. This results in
changes in root growth patterns and limits root expansion.

Overall, V. spinulosa exhibited significant root growth plasticity under different plant-
ing densities (p < 0.01). Under low to medium densities, the root structure developed
optimally, showing larger root diameter, volume, and surface area, which enhanced water
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and nutrient absorption efficiency. In high-density conditions, although the plant adapted
to resource competition by increasing root length, restricted space and nutrient availability
prevented a proportional increase in root volume and surface area. These findings indicate
that V. spinulosa adjusted its root architecture in response to planting density, optimizing
resource acquisition strategies to adapt to varying growth environments.

3.2. The Physiological Characteristics of V. spinulosa
3.2.1. Photosynthesis in Leaves

To cope with adverse conditions caused by density variations, submerged macro-
phytes typically possess self-regulatory capabilities to mitigate environmental stress [25].
Beyond morphological responses, plants can adapt to harsh environments through physio-
logical changes such as chlorophyll content, antioxidant enzyme activity, and root vigor [26].
Chlorophyll serves as a key physiological indicator of photosynthetic capacity, indirectly re-
flecting photosynthetic efficiency and demonstrating plant adaptation strategies to varying
light conditions. Under different planting densities, the chlorophyll content in V. spinulosa
leaves showed a significant positive correlation with density. As illustrated in Figure 4a—c,
chlorophyll a, chlorophyll b, and total chlorophyll (a + b) exhibited similar trends, all increas-
ing with planting density and peaking at 200 plants/m?. This phenomenon may be closely
linked to photosynthetic regulation mechanisms. In high-density environments, canopy
shading significantly reduced underwater light intensity, subjecting plants to prolonged
low-light stress. To compensate for the adverse effects of low light on photosynthesis,
V. spinulosa likely increased chlorophyll content to enhance light capture efficiency [23].
However, sustained low-light conditions still inhibited the formation and function of
photosynthetic organs, ultimately reducing overall photosynthetic capacity.
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Figure 4. The influence of planting density on the chlorophyll a (a), chlorophyll b (b), chlorophyll
(a +b) (), and carotenoid content (d) in V. spinulosa. (* represents p < 0.05, ** represents p < 0.01).

Carotenoids play a crucial role in photosynthesis by absorbing light energy from
spectral regions that chlorophyll cannot utilize and transferring it to chlorophyll, thereby
improving light utilization efficiency. Additionally, they reduce damage to the photosyn-
thetic apparatus caused by excessive light through photoprotection mechanisms. As shown
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in Figure 4d, planting density significantly affected the carotenoid content, with a trend
similar to that of chlorophyll a, showing an increase with increasing density. This suggests
that under high-density conditions, V. spinulosa may enhance its light energy utilization
capacity and alleviate oxidative stress by increasing carotenoid synthesis in order to adapt
to fluctuations in the light environment resulting from density changes [27].

3.2.2. Antioxidant Enzyme Activity in Leaves

Submerged plants demonstrate physiological and ecological adaptability through the
synergistic action of antioxidant enzyme activities at different planting densities [28]. As
shown in Figure 5a, the SOD activity in the leaves of V. spinulosa exhibited a significant
upward trend with increasing planting density, with the SOD activity in the D150 and
D200 groups reaching 159.4 + 12.8 and 165.5 + 15.6 U g’l, respectively, which were
significantly higher than those in the low-density group (p < 0.05). This phenomenon
may be related to the accumulation of reactive oxygen species (ROS) within V. spinulosa
cells under high-density conditions [29]. At higher densities, the ROS levels remained
within the clearance capacity of SOD, so V. spinulosa effectively scavenged excess ROS by
short-term enhancement of SOD activity to maintain cellular homeostasis and membrane
system stability. Additionally, as shown in Figure 5b, there was no significant difference
in POD activity under different planting densities. However, during the experiment, the
POD activity in all density groups showed a trend of first increasing and then decreasing,
which may be related to the oxidative stress induced by density stress [30]. In the early
stages of density stress, V. spinulosa activated POD to participate in ROS scavenging to
enhance antioxidant defense capabilities. However, as the density further increased or the
stress persisted in the later stages, the antioxidant system became overloaded, leading to a
decrease in POD activity. This trend differs from previous research findings, indicating that
the antioxidant enzyme activity in V. spinulosa has a protective effect within a certain range
of stress intensities, but beyond this range, the defense system function may fail.

—@— D50 —@— D100 —@— D150 —@— D200

210
'en180
Qo
150
wn

120

120

100
80
60

CAT (Ug™h

40
20

(@) Kok 2107 (b)
| 1 180
T
$ o
o . o 150
° ° e © <=
° Q120
L] S -—o 2
; . 90
ole 60
D50 D100 D150 D200 4 8 12 16 20 24 28
Experiment (d)
D50 D100 D150 D200
© EJos Cdpio o0 J@
= ~— °
— ‘OD L]
S
40 I
£ L -
1] L 7
b 20 c.. R ° g
° o
7 14 21 28 L D50 D100 D150 D200

Experiment (d)

Figure 5. The effect of planting density on the antioxidant enzyme activity of V. spinulosa leaves:
(a) SOD activity, (b) POD activity, (c) CAT activity, (d) MDA activity. (** represents p < 0.01).
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As shown in Figure 5¢, CAT activity exhibited a significant trend of first increasing and
then slowly decreasing as planting density increased. On the 14th day of the experiment, the
CAT activity in the D200 group reached a peak of 96.9 + 6.8 U g1, significantly higher than
that in other density groups (p < 0.01). In the initial stages of high-density environments,
V. spinulosa induced an antioxidant response to alleviate oxidative stress caused by ROS
accumulation. However, in the later stages of the experiment, under long-term high-
density stress, the antioxidant defense capacity of V. spinulosa gradually decreased, leading
to cumulative oxidative damage to the plant. Additionally, the CAT activity in the low-
density (D50) and medium-to-low-density treatment groups (D100) remained stable at
around 50.4 & 3.7 U g~! with no significant changes during the experiment, indicating
that V. spinulosa can maintain stable antioxidant capacity and adapt to environmental
stress within the range of medium-to-low densities [28]. In this study, the degree of
membrane lipid peroxidation in V. spinulosa leaves was also measured. As shown in
Figure 5d, the MDA content in the D200 group was significantly higher than that in other
treatment groups. MDA content is an important indicator of membrane lipid peroxidation.
Under high-density conditions, competition among plant individuals intensifies, leading
to increased ROS accumulation and subsequently elevated membrane lipid peroxidation
levels, suggesting that the plant is unable to effectively mitigate high-intensity oxidative
stress, ultimately inhibiting its growth, development, and ecological adaptability [31].

Previous studies have indicated that under high-density stress conditions, the activities
of antioxidant enzymes such as SOD, POD, and CAT in plant leaves generally increase
gradually with increasing density to maintain ROS balance [30]. The results of this study
partially support this view, but the POD activity of V. spinulosa showed a decreasing
trend in the later stages, suggesting that the defensive function of the antioxidant enzyme
system may malfunction under severe stress conditions, leading to increased membrane
lipid peroxidation, manifested as a significant increase in MDA content [31]. Overall,
under high-density stress conditions, V. spinulosa responds to oxidative stress by increasing
antioxidant enzyme activity. However, when the stress intensity exceeds its tolerance
range, the function of the plant’s antioxidant system is impaired, limiting the ecological
adaptability and growth performance of V. spinulosa.

3.2.3. Leaf Secretions

Soluble sugars serve as an important energy source for plant growth and are funda-
mental to plant metabolism. Changes in their content can reflect a plant’s resistance under
stressful conditions. Research by Zhang Jing et al. showed that within a planting density
range of 15 to 75 plants per square meter, the soluble sugar content of V. spinulosa peaked
at 30 to 45 plants per square meter [32]. However, in this experiment, the soluble sugar
content of V. spinulosa showed a gradual increase with increasing planting density and
reached its highest value in the D200 group, as shown in Figure 6a. This may be related to
the reduction in photosynthetic carbon assimilation caused by the canopy shading effect,
prompting plants to quickly release soluble sugars by degrading starch to maintain osmotic
balance [33]. Additionally, plants exhibit different metabolic responses to density stress
under different experimental conditions. Under high-density conditions, plant metabolism
accelerates to meet energy demands and initiate stress responses, accompanied by enhanced
protein degradation and significant consumption of soluble sugars.

Soluble proteins play a crucial role in the growth, reproduction, and metabolism of
V. spinulosa, serving as an important indicator of its developmental processes and stress
response mechanisms. As shown in Figure 6b, the soluble protein content of V. spinulosa
exhibited a significant decrease with increasing planting density, and the impact of density
on its content reached a significant level. Among them, the D50 group had the highest
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soluble protein content, at 8.6 + 1.3 mg g, indicating that a low-density environment can
enhance the metabolism of V. spinulosa, which is more conducive to the synthesis of soluble
proteins for adapting to environmental changes.
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Figure 6. Planting density on the influence of soluble sugar (a) and soluble protein (b) in V. spinulosa
(* represents p < 0.05).

3.3. The Water Restoration Effectiveness of the System
3.3.1. The Physicochemical Environment of the Water Body

As shown in Figure 7a, the water temperature remained stable between 31 and 36.5 °C
during the experimental period. According to Figure 7b,c, as the density of V. spinulosa
increased, both DO (p < 0.01) and pH values (p < 0.05) showed a significant increasing trend.
There were significant differences in DO among different planting densities, which was
consistent with the trend in photosynthesis changes in V. spinulosa leaves. This indicated
that high-density planting intensified competition for light resources, leading to increased
canopy shading among plants, reduced photosynthetic efficiency of leaves, decreased oxy-
gen release flux, and simultaneously increased oxygen consumption due to root respiration,
further exacerbating DO consumption [34]. Under high-density planting conditions, the
photosynthesis intensity of V. spinulosa significantly increased, resulting in the absorption
of a large amount of CO; and thus enhancing the alkalinity of the water body. As shown in
Figure 7d, electrical conductivity (EC) significantly decreased with increasing density of
V. spinulosa (p < 0.05). This may be due to increased nutrient absorption by V. spinulosa in
high-density environments and enhanced decomposition of organics, which reduced the
concentration of dissolved ions in the water body. This result suggests that high-density
planting has a significant impact on the chemical environment of the water body and helps
improve water quality.

3.3.2. Phosphorus Removal from Water Bodies

Research by Li et al. indicated that planting density has a significant impact on the
efficiency of total phosphorus removal by V. spinulosa from water bodies [35]. At lower
planting densities, the limited number of plants results in a lower overall biomass, which
restricts the phosphorus absorption capacity and leads to a lower total phosphorus removal
rate. As planting density increases, the biomass of V. spinulosa significantly improves,
enhancing its phosphorus absorption and immobilization, thereby significantly increasing
the total phosphorus removal load. However, when planting density further increases,
removal efficiency tends to plateau due to limitations in light exposure, competition among
root secretions, and the self-purification capacity of the water body. The results of this
experiment are consistent with the aforementioned research conclusions, showing that
as planting density increases, the removal load of total phosphorus and phosphate first
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rises and then stabilizes, as illustrated in Figure 8. In the low-density groups, the limited
number of plants results in a lower overall biomass and limited phosphorus removal
capacity, leading to a lower total phosphorus removal load. When the planting density
is increased to the range of 100-200 plants per square meter, the plant biomass increases,
enhancing phosphorus absorption and immobilization, and significantly increasing the
total phosphorus removal load. Among them, the D100 group had the highest total
phosphorus and phosphate removal loads, which may be related to optimal plant growth
conditions, suitable hydrodynamic conditions, and higher biomass. Additionally, higher
planting densities can increase the dissolved oxygen content and redox potential of the
water body, promoting phosphorus settlement, adsorption, and chemical precipitation,
thereby enhancing the effective removal efficiency of phosphorus in the water body [36].
Meanwhile, the abundance of cyanobacteria in the experimental system was high, utilizing
dissolved inorganic phosphorus and organic phosphorus in the water as nutrients for
growth, further reducing phosphorus concentrations in the water and synergistically
promoting the purification effect of the water body [37].
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Figure 7. Differences of WT (a), DO (b), pH (c) and EC (d) among different planting density groups.
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3.3.3. Nitrogen Removal from Water Bodies

According to Figure 9a,b, there were significant differences in total nitrogen removal
loads among different planting density groups, and as planting density increased, the
removal loads of total nitrogen, nitrate nitrogen, and ammonia nitrogen all exhibited a
trend of first increasing and then decreasing. Among them, the D100 group had the highest
total nitrogen removal load, possibly due to the enhanced photosynthesis of V. spinulosa at
an optimal planting density, which improved the plant’s absorption and utilization capacity
for nitrogen nutrients in the water body, thereby promoting the removal of total nitrogen
and nitrate nitrogen. This result is consistent with research by Mo et al., who found that
the higher the planting density of V. spinulosa, the higher the removal efficiency of total
nitrogen, mainly attributed to the direct absorption of nutrient nitrogen by submerged
plants, microbial nitrification-denitrification, and substrate adsorption and precipitation.
However, when planting density was further increased, the removal loads of total nitrogen
and nitrate nitrogen decreased instead. This may be due to excessive algae growth caused
by excessively high plant density. The proliferation of algae may affect the nitrogen
cycle and biodegradation processes in the water body, thereby reducing nitrogen removal
efficiency. Further analysis revealed that the nitrate nitrogen removal load was significantly
positively correlated with growth parameters such as leaf length, root length, root surface
area, and underground biomass of V. spinulosa, indicating that nitrate nitrogen removal
is mainly influenced by the combined effects of plant absorption and assimilation and
denitrification by rhizosphere microorganisms. V. spinulosa with developed roots can not
only directly absorb nitrate nitrogen but also promote the conversion and removal of
nitrate nitrogen through nitrification—-denitrification by rhizosphere microorganisms. As
ammonia nitrogen is the most easily absorbed and utilized form of nitrogen by plants and
microorganisms, its removal is greatly influenced by plant growth status and rhizosphere
microbial activity. As shown in Figure 9¢, different planting densities had no significant
impact on ammonia nitrogen removal loads, with the mean ammonia nitrogen removal
load stabilizing between 5.95 + 1.28 x 1073 and 7.48 + 1.73 x 1073 g-m~2.d~! for all
experimental groups. This may be due to the high utilization rate of ammonia nitrogen by
rhizosphere microorganisms and the plants themselves during the growth of V. spinulosa,
which kept the ammonia nitrogen removal load at a consistently high level, and there was
no significant difference among different planting densities.

3.3.4. Correlation Between Planting Density and Water Restoration Efficiency

As shown in Figure 10, it is worth noting that there is a positive correlation between
plant density and TN, NO3~-N, NH;*-N, TP, PO43~-P and turbidity removal loads. The
analysis suggests that the increase in plant density can enhance nitrogen, phosphorus, and
SS removal. The significant positive correlation between TN removal load and NO3;™-N,
NH,;"-N removal loads reveals that the enhancement of nitrogen removal by the increase
in plant density is derived from both NO3;~-N and NH4*-N removal. Similarly, the en-
hancement of phosphorus removal by the increase in plant density is mainly derived from
PO43~-P removal. In addition, there is a significant positive correlation between plant
density and DO and pH, suggesting that the increase in plant density can elevate DO
levels and pH values by the enhancement of plant photosynthesis. The significant negative
correlation between plant density and EC indicates the increase in ion removal by plants.
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Figure 10. Correlation between planting density and water restoration.

4. Conclusions and Prospect

This study investigated the growth and physiological characteristics of V. spinulosa
planted in enclosed plots at different planting densities, as well as the purification effects of
its growth system on water bodies. The main conclusions obtained are as follows:

(1) In terms of growth characteristics, V. spinulosa exhibited significant density-
responsive features. Low densities (D50 and D100 groups) favored leaf elongation and
expansion, demonstrating stronger light resource acquisition ability and morphological
plasticity. However, under high densities (D150 and D200 groups), leaf growth was re-
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stricted, indicating suppression due to resource stress. In terms of root structure, medium
to low densities (D100 group) promoted the growth of root diameter, surface area, and vol-
ume, enhancing nutrient absorption efficiency, while high-density environments inhibited
root development.

(2) Regarding physiological characteristics, the content of photosynthetic pigments
(Chl-a, Chl-b, Car) increased with density, indicating a certain level of light adaptation
and regulation ability. At high densities, the activities of SOD and CAT increased, helping
to alleviate oxidative stress. However, POD activity decreased in the later stages, and
MDA increased significantly, reflecting the functional limits of the antioxidant system. The
increase in soluble sugar content demonstrated a stress-response energy storage mechanism,
while high protein content at low densities indicated stronger metabolic activity.

(3) In terms of water purification, an appropriate density (D100 group) had significant
effects on increasing DO, regulating pH, and reducing EC, enhancing the redox and ion
balance of the water body. In terms of nutrients, the D100 group performed optimally in the
removal of TP, PO43~, TN, and NOj3 ~, while the efficiency of high-density groups tended
to saturate.

Based on this study, the construction of a submerged plant community by an enclosure
system in water bodies with high water turbidity is feasible. It is suggested to conduct
relevant studies to determine the optimum conditions for these systems before application,
including plant density, size and area of enclosure size, influent cycle, etc. In addition, only
V. spinulosa and one kind of water body were studied, and future works should focus on
more kinds of submerged plants and water bodies with different water quality.
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