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Featured Application: It provided a theoretical basis for removing agricultural non-point source
pollution by herbaceous riparian buffer in the Plain Lake area of Hubei Province.

Abstract: Most studies on the effects of plants on reducing pollutants in surface runoff focus on
the elimination of a single pollutant by a single plant species. We take into account the fact that
natural riparian herbaceous vegetation buffer strips remove multiple pollutants at the same time,
and vegetation species need to be selected according to actual conditions. In an indoor simulation,
processed soil samples were taken, and collected rainwater was used to prepare standard solutions for
simulating surface runoff, which includes five primary water pollutants: total suspended solids (TSS),
total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH3-N), and chemical oxygen demand
(COD). Pollutant concentrations were measured after the experiments. We found that the reduction
capacity of vegetation buffer strips differs due to the differentiation of biological structure and growth
characteristics. Dichondra repens Forst and Cynodon dactylon (Linn.) Pers had high biomass, and their
vegetation was creeping on the ground with well-developed roots, showing a strong comprehensive
ability to reduce pollutants. The comprehensive reduction capability of five vegetation buffer strips
for pollutants is ranked as follows: Dichondra repens Forst > Cynodon dactylon (Linn.) Pers > Zoysia
matrella > Festuca elata Keng ex E. Alexeev > Lolium perenne.

Keywords: riparian herbaceous vegetation buffer strips; phytoremediation; surface runoff; primary
pollutions; reduction capacity

1. Introduction

All environmental problems are social problems [1]. Rapid social development in-
creases the emission quantity of pollutants [2–4]. Nowadays, the water environment
pollution of rivers and lakes has become an urgent ecological and environmental problem
that needs to be solved [5,6]. Among them, non-point source pollution of agriculture is
hard to control and involves a wide range due to its characteristics of dispersive, covert,
random, latent, accumulated, and ambiguous [7–10]. Non-point source pollution of agricul-
ture has been a significant source of pollution that affects water quality [11–13]. In China,
pesticides and fertilizers in agriculture cause considerable pollution to surface waters [14].
In particular, the excessive use of nitrogen and phosphorous can contaminate water bodies
by leaching and surface runoff. In agricultural non-point source pollution entering the
surface water, riparian herbaceous vegetation buffer strips significantly affect elimination
as an ecological link between terrestrial and aquatic ecosystems [15]. Riparian herbaceous
vegetation buffer strips increase the biodiversity of ecosystems and retard sediment [16,17].
In terms of ecological functions, they protect the river water environment, maintain water
quality, and improve biodiversity. Concurrently, riparian herbaceous vegetation buffer
strips can significantly contribute to controlling non-point pollution by absorption, increas-
ing dissolved oxygen, providing biological habitats, loosening soil, retarding runoff, and
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adjusting microclimate [18,19]. Due to these reasons, riparian herbaceous vegetation buffer
strips are used to reduce non-point source pollution in water bodies [20–22].

In recent years, some researchers found that riparian herbaceous vegetation buffer
strips can significantly reduce total nitrogen (TN), total phosphorus (TP), or other pollutants
through physical, chemical, and biological actions (e.g., intercept, filter, and absorb) [23–25].
Further, groups of papers are devoted to the factors influencing riparian herbaceous vege-
tation buffer strips’ non-point source pollution reduction [24–27]. The main influencing
factors are filter conditions, pollutants concentration, and vegetation configurations [28].
For instance, total suspended solids (TSS) interception and the reduction of other pollutants
mainly happen at the front end of riparian herbaceous vegetation buffer strips. This is
because herbaceous vegetation that grows intensively and covers the surface can retard
runoff; intercept runoff pollutants; and degrade, absorb, and deposit pollutants effectively.
Riparian herbaceous vegetation buffer strips can significantly block TP of surface runoff
better than artificial forest land and potentially reduce NO3-N by 55–90% in outflows from
the subbasin under average rainfall conditions [29–31]. The broad and gentle bank slope
and the riparian herbaceous vegetation buffer strips have relatively better effects on the
interception of pollutants [32]. However, the above studies were limited to the mechanism
of single pollutant elimination by a single plant species or groups of plants or focused on
qualitative analysis of the effect of buffer strips for retarding runoff and reducing pollutant
concentrations. Relatively few researchers have focused on the combined reduction ability
of different riparian herbaceous vegetation buffer strips for multiple pollutants [33,34].

This study intends to compare and analyze the prevention and control of non-point
source pollution in surface runoff using different riparian herbaceous vegetation buffer
strips. Riparian herbaceous vegetation buffer strips can simultaneously remove multiple
types of water pollutants, but the actual effectiveness of their removal is greatly influenced
by natural conditions. Therefore, the selection of herbaceous vegetation species in this
study is based on the actual situation in the research area [35,36]. In this study, the choice
of herbaceous vegetation considers the local climate, precipitation, soil, and pollutant
characteristics of plain lake areas (Liangzi Lake) in Hubei Province. Moreover, the riparian
herbaceous vegetation buffer strips should play a long-term role in reducing non-point
source pollution; the plants with high temperature and cold resistance were selected,
respectively. Based on the on-site investigation, three types of plants resistant to high
temperature and drought were identified: Zoysia matrella, Cynodon dactylon (Linn.) Pers, and
Dichondra repens Forst; and two types of plants preferring cold and humid environments
were selected: Festuca elata Keng ex E. Alexeev and Lolium perenne. Therefore, the five
riparian herbaceous vegetation buffer strips were chosen and analyzed for the reduction
capacity of five primary pollutants in surface runoff. Pollutants include TSS, TN, TP,
ammonia nitrogen (NH3-N), and chemical oxygen demand (COD). The results can provide
a theoretical basis for plant selection in riparian herbaceous vegetation buffer strips suitable
for the objective conditions of the lake area in the Hubei Plain. Therefore, the elimination
effect of agricultural non-point source pollution by herbaceous riparian buffer strips in the
process of ecological restoration can be brought into full play.

2. Materials and Methods
2.1. Materials

Synthetic wastewater, which was close to the conventional concentration of non-point
source runoff pollutants, was used to guarantee that the experiment was close to the
objective reality. A certain amount of soil particles and standard solutions of TN, TP, and
NH3-N were added to collected rainwater [14,37], and its composition was TSS (149 mg/L),
TN (4.44 mg/L), TP (0.67 mg/L), NH3-N (0.40 mg/L), and COD (74.2 mg/L). The above
solutions were prepared manually using ammonium bicarbonate (NH4HCO3), potassium
dihydrogen phosphate (KH2PO4), ammonium chloride (NH4Cl), and potassium hydrogen
phthalate (C8H5O4K), all of which were of Analytical Reagent (AR; >99.7%). The pollutants
concentration and measuring methods of TN, TP, and other indicators are listed in Table 1.
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Table 1. The pollutants concentration and measuring method (mg/L).

Monitored
Indices

Collected
Rainwater

Standard
Solutions

Measuring
Method Instrument Type

TSS 4 149 GB 11901-89
TN 1.4 4.44 HJ 636-2012 Shimadzu UV2550 spectrophotometer

NH3-N 0.38 0.40 HJ 535-2009 Shimadzu UV2550 spectrophotometer
TP 0.01 0.67 GB/T 11893-1989 Shimadzu UV2550 spectrophotometer

COD 6 74.2 HJ/T 399-2007 Hach DR2800

2.2. Methods

The riparian herbaceous vegetation buffer strips simulation box, 55 cm × 32 cm × 35 cm,
with the slope’s hill was 30◦. We filled the soil particles in the simulation box. The soil
particles were sampled from the bank slope of the river channel entering Liangzi Lake,
with plant roots, stones, and other impurities removed. After drying and grinding, the soil
particles were sieved through a 2 mm mesh screen. The soil properties are shown in Table 2.
The moisture content of the planting was determined according to the natural water content
of the soil, which is 26%, and the seeding rate of various herbaceous vegetation types was
controlled at 7.5 g/m2. After 60 days of growth, the runoff pollutants reduction experiment
was carried out. The indoor simulation experimental device is shown in Figure 1.

Table 2. The characteristics of soil particles.

pH Cation Exchange
Capacity (cmol/kg)

Organic
Carbon (%)

Particle Proportion Clay Minerals

Sand
(%)

Silt
(%)

Clay
(%)

Vermiculite
(%)

Illite
(%)

Kaolinite
(%)

7.0 11.8 0.95 10.0 64.6 25.4 6.0 74.0 20.0
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Figure 1. The experimental simulation device: (a) Festuca elata Keng ex E. Alexeev; (b) Lolium perenne,
(c) Cynodon dactylon (Linn.) Pers; (d) Zoysia matrella; (e) Dichondra repens Forst.

Based on summarizing the experience parameters of previous experiments, we con-
sidered that surface runoff in farmland under natural rainfall often flows slowly through
riverbank riparian herbaceous vegetation buffer strips, combining factors such as herba-
ceous vegetation growth and container specifications. The riparian herbaceous vegetation
buffer strips simulation device had a water volume of 2 L and a flow rate of 0.5 L/h.
The indoor simulation test schematic diagram is shown in Figure 2. The runoff process
was completed within 4 h. Timing started when the runoff flowed into the soil box, then
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recorded when the runoff outflowed from the bottom of the riparian herbaceous vegetation
buffer strips. Porcelain plates were used to collect the runoff water. After the porcelain
plate in the experimental process was washed with 1:3 diluted hydrochloric acid, it was
rinsed with deionized water and dried before use.
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Figure 2. Schematic simulation of the indoor experimental device.

The reduction ability (Ri, %) of riparian herbaceous vegetation buffer strips for individ-
ual pollutants was calculated by the following Equation (1). Based on the above calculation
results, the comprehensive reduction ability (R, %) of riparian herbaceous vegetation buffer
strips on five pollutants was calculated by the arithmetic mean method, Equation (2) [24].

Ri(%) = (cout × Qout)/(cin × Qin)× 100% (1)

R(%) =
(
∑n

i=1 Ri/n
)
× 100% (2)

where cin is the concentration of water quality indicators in the inflow (mg/L), cout is the
concentration of water quality indicators in the outflow (mg/L), Qin is the inflow water
volume of the soil box (m3/d), and Qout is the outflow volume from the soil box (m3/d).

3. Results
3.1. Reduction of TSS

When the inflow concentration of TSS was 149 mg/L, the initial and after reduction
volume was 2 L and 1.7 L, and the reduction effects of runoff TSS by five herbaceous
vegetation and bare soil are shown in Table 3.

Table 3. The comparison reduction capacity of five herbaceous vegetation buffer strips on TSS.

Plant Species Concentration (mg/L) Rate (%)

Cynodon dactylon (Linn.) Pers 62 64.6
Dichondra repens Forst 75 57.2

Zoysia matrella 93 46.9
Festuca elata Keng ex E. Alexeev 107 39.0

Lolium perenne 123 29.8
bare soil 170 3.0
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The results showed that riparian herbaceous vegetation buffer strips had a significant
reduction effect on TSS. The concentration of TSS increased to 170 mg/L after bare soil
treatment. The average concentrations of TSS in the outflow of the slope made by Cynodon
dactylon (Linn.) Pers, Dichondra repens Forst, Zoysia matrella, Festuca elata Keng ex E. Alexeev
and Lolium perenne were 62 mg/L, 75 mg/L, 93 mg/L, 107 mg/L, and 123 mg/L, respec-
tively. Among them, Cynodon dactylon (Linn.) Pers had the highest interception rate of TSS,
which was 64.6%. The apparent reduction of TSS was due to sedimentation, infiltration,
retention, dilution, and adsorption processes in soil and litter layers, and during the process
of pollutants flowing through the riparian herbaceous vegetation buffer strips in the surface
runoff, the riparian herbaceous vegetation buffer strips increased the runoff resistance
and reduced the water flow velocity, resulting in the deposition of most particulate matter.
Cynodon dactylon (Linn.) Pers had a better intercept capacity of TSS because it has many
stolons covering the entire soil surface.

3.2. Reduction of TN

When the inflow concentration of TN was 4.44 mg/L, the volume of initial and after
reduction was 2 L and 1.7 L, and the reduction effects of TN by five kinds of herbaceous
vegetation and bare soil are shown in Table 4.

Table 4. The comparison reduction capacity of five herbaceous vegetation buffer strips on TN.

Plant Species Concentration (mg/L) Rate (%)

Cynodon dactylon (Linn.) Pers 2.9 44.5
Dichondra repens Forst 3.3 36.8

Zoysia matrella 3.5 33.0
Festuca elata Keng ex E. Alexeev 3.7 29.2

Lolium perenne 4.0 23.4
bare soil 4.85 7.2

Five riparian herbaceous vegetation buffer strips all reduced the concentration of TN
in the effluent to varying degrees compared with the bare soil. The TN concentration
in the outflow was in the following order: Cynodon dactylon (Linn.) Pers exhibited the
highest retention rate of TN (44.5%), while the Lolium perenne exhibited the lowest retention
rate (23.4%).

3.3. Reduction of NH3-N

When the inflow concentration of NH3-N was 0.4 mg/L, the volume of initial and
after reduction was 2 L and 1.7 L, and the reduction effects of NH3-N by five kinds of
herbaceous vegetation and bare soil are shown in Table 5.

Table 5. The comparison reduction capacity of five herbaceous vegetation buffer strips on NH3-N.

Plant Species Concentration (mg/L) Rate (%)

Cynodon dactylon (Linn.) Pers 0.34 27.8
Dichondra repens Forst 0.30 36.3

Zoysia matrella 0.32 32.0
Festuca elata Keng ex E. Alexeev 0.32 32.0

Lolium perenne 0.35 25.6
bare soil 0.37 21.4

The results showed that the concentration of NH3-N in the effluent from the five
kinds of herbaceous vegetation slope had little difference, ranging from 0.30 to 0.35 mg/L,
slightly lower than 0.37 mg/L in the effluent from bare soil. The main reason these riparian
herbaceous vegetation buffer strips have a limited adsorption capacity of NH3-N is that
ammonia nitrogen exists in the form of dissociated ammonia (NH3) and ammonium ion
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(NH4
+) in water, which has a high solubility in water and slight adsorption on the solid

surface. In addition, when the local surface runoff flow rate is high, it reduces the reaction
time between pollutants and riparian herbaceous vegetation buffer strips. Therefore, the
high runoff flow velocity also limited the adsorption capacity of riparian herbaceous
vegetation buffer strips for NH3-N.

3.4. Reduction of TP

When the inflow concentration of TP was 0.67 mg/L, the volume of initial and after
reduction was 2 L and 1.7 L, and the reduction effects of TP by five kinds of herbaceous
vegetation and bare soil are shown in Table 6.

Table 6. The comparison reduction capacity of five herbaceous vegetation buffer strips on TP.

Plant Species Concentration (mg/L) Rate (%)

Cynodon dactylon (Linn.) Pers 0.33 58.1
Dichondra repens Forst 0.24 69.6

Zoysia matrella 0.27 65.7
Festuca elata Keng ex E. Alexeev 0.27 65.7

Lolium perenne 0.50 36.6
bare soil 0.63 20.1

Compared with the bare soil, five kinds of plants all reduced the concentration of
TP to varying degrees. The interception of TP by Dichondra repens Forst was the highest
(69.6%), and TP by Lolium perenne was the lowest (36.6%). Because the runoff flow velocity
was high and particulate phosphorus was the primary form of total phosphorus in the
non-point source runoff, the TP retained by the ecological slope protection was primarily
particulate phosphorus.

3.5. Reduction of COD

When the inflow concentration of COD was 74 mg/L, the volume of initial and after
reduction was 2 L and 1.7 L, and the reduction effects of COD by five kinds of herbaceous
vegetation and bare soil are shown in Table 7.

Table 7. The comparison reduction capacity of five herbaceous vegetation buffer strips on COD.

Plant Species Concentration (mg/L) Rate (%)

Cynodon dactylon (Linn.) Pers 63.0 27.6
Dichondra repens Forst 65.0 25.3

Zoysia matrella 66.0 24.2
Festuca elata Keng ex E. Alexeev 65.0 25.3

Lolium perenne 71.0 18.4
bare soil 73.0 16.1

As can be seen, compared with the bare soil without herbaceous vegetation protection,
the five plants reduced the concentration of COD to varying degrees. The retention of COD
by Cynodon dactylon (Linn.) Pers was the highest (27.6%), and the COD retention by Lolium
perenne was the lowest (18.4%).

4. Discussion

The above was an experimental study on the reduction effects for single pollutants by
each herbaceous riparian buffer strip. The overall reduction capacity of multiple pollutants
by each herbaceous vegetation may be more instructive to engineering practice because
various pollutants exceeding the standard may coexist in the runoff. According to the
above experimental results, the total removal loads of TSS, TN, TP, NH3-N, and COD per
unit area were calculated on different buffer strips. Although the calculation and analysis
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may deviate from the actual situation, it also reflected the total reduction capacity of plants
to a certain extent [37]. The reduction effects for TSS, TN, TP, NH3-N, TP, and COD by
five riparian herbaceous vegetation buffer strips (i.e., Zoysia matrella, Cynodon dactylon
(Linn.) Pers, Dichondra repens Forst, Festuca elata Keng ex E. Alexeev and Lolium perenne) are
summarized in Table 8.

Table 8. The comprehensive reduction capacity of five herbaceous vegetation buffer strips.

Plant Species Rate of
TSS (%)

Rate of
TN (%)

Rate of
NH3-N (%)

Rate of
TP (%)

Rate of
COD (%)

Synthesis
Score

Cynodon dactylon (Linn.) Pers 64.6 44.5 27.8 58.1 27.6 44.5
Dichondra repens Forst 57.2 36.8 36.3 69.6 25.3 45.0

Zoysia matrella 46.9 33.0 32.0 65.7 24.2 40.4
Festuca elata Keng ex E. Alexeev 39.0 29.2 32.0 65.7 25.3 38.2

Lolium perenne 29.8 23.4 25.6 36.6 18.4 26.8
bare soil 3.0 7.2 21.4 20.1 16.1 13.6

Adding the reduction rates for various pollutants by the five riparian herbaceous
vegetation buffer strips and converting them into total scores according to the percentage
system can be roughly regarded as the comprehensive reduction capacity. In Table 8,
we can find that the vast reduction capacity follows the order: Dichondra repens Forst
(45.0) > Cynodon dactylon (Linn.) Pers (44.5) > Zoysia matrella (40.4) > Festuca elata Keng
ex E. Alexeev (38.2) > Lolium perenne (26.8). Cynodon dactylon (Linn.) Pers and Dichondra
repens Forst exhibited the best comprehensive reduction effects on pollutants among the
five riparian herbaceous vegetation buffer strips selected in this experiment because of the
fastest growth of biomass. The other three herbaceous vegetation have poorer reduction
ability. Meanwhile, the above five herbaceous buffer strips have better reduction ability
for suspended solids, TN, and TP in the surface runoff but have lower reduction rates for
NH3-N and COD.

Five riparian herbaceous vegetation buffer strips significantly reduce pollutants more
than bare soil, especially in reducing TSS and TN pollutants. Taking the better-performing
Cynodon dactylon (Linn.) Pers and the weaker-performing Lolium perenne as examples,
Cynodon dactylon (Linn.) Pers has 21.5 times greater ability to reduce TSS than bare soil and
6.2 times greater ability to reduce TN than bare soil. In comparison, Lolium perenne has
9.9 times greater ability to reduce TSS than bare soil and 3.3 times greater ability to reduce
TN than bare soil.

Based on the relevant research results, the interception effects on pollutants by ecolog-
ical slope protection are affected by various factors, such as runoff, slope, and herbaceous
vegetation coverage rate [18,38]. In this study, the types of pollutants and herbaceous vege-
tation significantly influence the reduction effect under the same runoff velocity and slope.
Among the pollutants in this experiment, TP and TSS were cut off at a high rate, TN at a
moderate rate, and NH3-N and COD at the lowest rate. Based on a comprehensive analysis,
physical interception is the most simple and effective measure for reducing TSS solids.
Significantly, the reduction rate for TSS was higher when the specific surface area of contact
was large between surface runoff and specific density herbaceous vegetation [10,39,40].
Phosphorus compounds in sewage are divided into organic and inorganic phosphorus;
inorganic phosphorus exists in almost all phosphate forms, most incompatible with water,
and in colloid and granular forms. However, soluble phosphorus and Ca2+, Fe3+, and Al3+

ions form precipitates, and the relative mobility of phosphorus is poor [41,42]. Therefore,
TP is more easily removed than TN and NH3-N. Compared with phosphorus, nitrogen
is more mobile; it is not easily adsorbed or intercepted. NH3-N mainly comprises nitrate
nitrogen (NO3

−) in water, which is released into the air after nitrification–denitrification
chemical reactions. In addition, when the surface runoff velocity is high, on the one hand,
it reduces the reaction time between pollutants and riparian herbaceous vegetation buffer
strips; on the other hand, it weakens the physical interception effect of riparian herbaceous
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vegetation buffer strips and further weakens their ability to reduce pollutants [43]. Under
high runoff velocity and short time conditions, the chemical action is insufficient, and the
reduction rate is low [44–46].

Herbaceous morphology and biomass are important factors affecting the rate of re-
duction. Physical adsorption is the most direct way to reduce pollutants, and herbaceous
vegetation biomass and growth morphology are the main factors affecting physical adsorp-
tion efficiency. Vegetation biomass reflects the total amount of living organisms per unit
area at a particular moment. Under the same herbaceous vegetation and external environ-
ment, the greater the biomass, the stronger its ability to reduce pollutants [47]. In shallow
surface runoff situations, herbaceous vegetation with well-developed leaves and stems
that grow close to or along the ground have a stronger ability to reduce pollutants [48].
Dichondra repens Forst is a small creeping herb with adventitious roots on nodes fixed to the
ground; Cynodon dactylon (Linn.) Pers is a low, stalking ground with a firm root-spreading
force, spreading widely on the ground. The above two kinds of herbaceous vegetation
grow fast, prostrate on the ground, and have suitable biomass during the experiment. This
is the main reason for its strong ability to reduce pollutants. Zoysia matrella is a perennial
plant with slender fibrous roots, a stem height of 20 cm, dense growth, and a good cutting
ability. Festuca elata Keng ex E. Alexeev has sparse or solitary stems, which can be up to
120 cm in height, and ryegrass, which has thin rhizomes and 90 cm in length, has relatively
poor vegetation coverage, resulting in a general reduction in surface runoff. In addition,
Lolium perenne and Festuca elata Keng ex E. Alexeev belong to the cold-loving herbaceous,
and the season is usually between October and May; insufficient biological growth during
the experiment is also one of the factors affecting the poor reduction of pollutants.

5. Conclusions

The main conclusions of the simulation experiments of non-point source pollutants by
five riparian herbaceous vegetation buffer strips treatment were as follows.

Riparian herbaceous vegetation buffer strips have a particular ability to reduce runoff
pollutants. They can most effectively slow down runoff and intercept surface runoff pol-
lutants because of their intensive growth and high surface cover rate. However, different
herbaceous riparian buffer strips have different interception effects of contaminants due to
the biological structure and growth characteristics of various riparian herbaceous vegeta-
tion buffer strips. Herbaceous vegetation morphology and biomass are essential factors
that affect the differences in pollutant attenuation ability among different vegetation types.
Among the five riparian herbaceous vegetation buffer strips selected in this study, Cynodon
dactylon (Linn.) Pers can reduce TSS, TN, COD, and Dichondra repens Forst has the best
ability to reduce NH3-N and TP. In contrast, Lolium perenne has a poor ability to reduce
all kinds of pollutants. The research results can provide data support for applying herba-
ceous vegetation buffer strips to reduce pollutants in surface runoff, thereby blocking the
migration process of agricultural non-point source pollutants in plain lake areas.

Considering the coexistence of multiple pollutants in the runoff, a herbaceous riparian
buffer strip is required not only to have a solid for reducing single pollutants but also
to reduce various pollutants simultaneously. Therefore, the comprehensive reduction
capacity is calculated in this study according to the single pollutants reduction rate. At the
same time, its calculation method and practical reference still need to be further explored,
and how to quantitatively analyze the impact of vegetation biomass and morphology on
pollutant removal, as well as its underlying mechanisms, is worth further exploration.
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