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RETENTION EFFICIENCY OF VEGETATIVE FILTER STRIPS 
FOR NITROGEN IN DANJIANGKOU RESERVOIR AREA, 

CENTRAL CHINA  

EFEKTYWNO ŚĆ ZATRZYMYWANIA AZOTU  
PRZEZ PASY FILTRÓW WEGETACYJNYCH  

W OBSZARZE ZBIORNIKA DANJIANGKOU, CHINY ŚRODKOWE  

Abstract:  To investigate the retention efficiency and mechanism of nitrogen of Vegetative filter strips (VFSs) in 
the Danjiangkou Reservoir area, simulated runoff discharging experiments were carried out in a new-established 
Bermuda VFS. The results showed that the Bermuda VFS reduced 73.1-86.1 % of surface runoff through 
infiltration. The outflow rate of runoff increased first and then became stable with time. The concentration 
reduction rates (CRRs) and load reduction rates (LRRs) of NH3-N increased initially and then decreased with the 
increase of inflow concentration. The average CRRs and LRRs of NH3-N in three treatments ranged 66.1-90.3 % 
and 90.0-96.7 %, respectively. The concentration reduction of NH3-N was primarily achieved by soil adsorption. 
The optimal inflow concentration of NH3-N for the optimum CRR was between 0.65 and 3.52 mg/ dm3. The CRRs 
and LRRs of NO3-N fluctuated between 6.8-14.0 % and 72.0-77.9 % in three treatments. The concentration 
reduction of NO3-N was primarily achieved by plant uptake and soil microbe assimilation. The optimal inflow 
concentration of NO3-N for optimum CRR exceeded 6.78 mg/dm3. The CRRs and LRRs of TN increased with the 
increase of inflow concentrations. The average CRRs in the low, moderate and high treatments reached  
9.7, 14.8 and 27.4 %, respectively, and the average LRRs reached 72.1, 74.3 and 81.2 %, respectively.  
The optimal inflow concentration of TN for optimum CRR exceeded 10.21 mg/dm3. The study showed that 
Bermuda grass can retain nitrogen in runoff efficiently and should be promoted around the Danjiangkou reservoir. 

Keywords: vegetative filter strips, inflow concentration, retention efficiency, non-point source nitrogen pollution, 
retention mechanism, infiltration 

Introduction 

As the ongoing water crisis in China became too severe to be ignored, water shortage 
and increasing water pollution have gained soaring attention by decision-makers and the 
public [1]. Cross-basin water transfer is a common manner to optimize allocating regional 
water resources, and source water quality is of crucial importance to water transfer project 
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[2]. Reservoir water is one of the main water-transfer source and the water pollution control 
is receiving increasing attention by society [3, 4]. Reservoir water quality is regulated by  
a number of factors including urbanization, meteorological and hydrological factors, 
industrial and agricultural waste etc. Therefore, the policy makers are facing difficulty in 
managing the quality of this water [5, 6]. The Danjiangkou Reservoir is the only water 
source for the South-to-North Water Division in the Middle Route Project and has a very 
high requirement for water quality. Although local governments closed many industrial 
sewage outlets in the upriver watershed since 2000, the TN concentrations of reservoir 
water have been higher than the objective concentration (1.0 mg/dm3) because of the 
agricultural non-point pollution [7].  

Vegetative filter strips (VFSs) are bands of planted or indigenous vegetation between 
agricultural non-point pollution sources and receiving water bodies to retain runoff and 
other pollutants [8-11]. The earliest research on VFSs showed that grass VFSs could reduce 
sediment in surface runoff effectively [12]. With non-point source pollution attracting 
increasing attention in the 1990’s, VFSs were thoroughly studied and applied as ecological 
engineering measures in European and American countries [13]. VFSs improve the water 
quality by reducing the amount of pollutants entering surface water through infiltration, 
filtration, adsorption, decomposition, absorption and volatilization [14]. Pollutant reduction 
by VFSs is primarily through sedimentation and infiltration [15]. Sedimentation effectively 
retains and reduces suspended matter, sediment-bound phosphorus and particulates  
[16, 17]. Infiltration is another effective retention method for reducing soluble pollutants 
[15]. Following infiltration, soluble nitrogen and phosphorus in runoff can be transformed 
and/or removed through conventional nutrient cycling processes [18, 19].  

Several published studies have demonstrated the effectiveness of VFSs in reducing 
non-point pollution [20-23]. Different widths of grass VFSs (e.g. Big bluestem, Tripsacum 
dactyloides, Switchgrass, Tall fescue and Bromegrass) can remove over 70 % of the 
suspended matter and 68 % of particulate phosphorus, with sedimentation the primary 
mechanism [24-27]. Regarding soluble nutrients, the grass VFSs (e.g. Orchard grass, Tall 
fescue, Bermuda and Switchgrass) reduce NH3-N, TN, phosphorus by 81, 50 and 26 %, 
with infiltration, adsorption and absorption the primary mechanisms [11, 28-30].  
To some degree, pollutant retention efficiency from runoff depends on local conditions, 
such as climate, soil type and topography, and plant species [8, 31-34]. To date, many 
studies have been published on the effectiveness of reducing non-point source pollution by 
VFSs of different length, or different inflow rates, or different plant species and vegetation 
types, but few studies have been published on the effectiveness of VFSs at different inflow 
concentrations of pollutants.  

The objectives of this paper were to study the retention efficiencies of runoff and 
different types of nitrogen by a VFS in the field, to analyse retention mechanisms and 
changes in different types of nitrogen by a VFS, and to study the optimal inflow 
concentration range for the highest reduction efficiency of nitrogen using simulated runoff 
scouring experiments. 

Materials and methods 

Study area 

The experiment was conducted at the shore-land of the left bank near the Danjiangkou 
Reservoir dam (Fig. 1). The site is in a transitional area from the north subtropical to warm 



Retention efficiency of vegetative filter strips for nitrogen in surface runoff in Danjiangkou Reservoir … 

 

281

temperate climate. This region receives an average of 800 mm of rainfall annually, the 
majority of which occurs between May and October. The average annual temperature is 
approximately 15.1 °C. The regional vegetation is evergreen broad-leaved mingled forest. 
The common plants of the hydro-fluctuation belt include Black locust, Sophora viciifolia, 
Piemarker, Polygonum aviculare, Cogongrass and Bermuda grass, among others.  
The experimental site had a surface slope of 7°. The soil type is yellow-brown soil, which is 
most prevalent in the Danjiangkou Reservoir catchment area. The soil texture was silt soil 
with a saturated hydraulic conductivity of 33.12 mm·h–1. The physiochemical properties of 
the experimental soil is summarized in Table 1. The vegetation of the experimental site is  
a Bermuda community, with a few mixed Chenopodium serotinum and Potentilla supina. 
Table 2 shows the physiochemical properties of the experimental plants. 

 

 
Fig. 1. The location of study site and Danjiangkou Reservoir area 

Table 1 
Physical-chemical properties of the experimental soil 

Layer 
[cm] pH [-]  o.m.a 

[g·kg–1] 
TNb 

[g·kg–1] 
NH3-Nc 

[mg·kg–1] 
NO3-Nd 

[mg·kg–1] 

Sand 
[%] 

(0.2-0.02) 

Silt 
[%] 

(0.02-0.002) 

Clay 
[%] 

(<0.002) 

Bulk 
density 
[g·cm–3] 

Porosity 
[%] 

SHCe 
[mm·h–1] 

0-15 7.3±0.1 2.0±0.0 1.0±0.0 3.8±0.0 0.03±0.01 21.1±3.7 59.4±2.0 19.5±2.11.75±0.0836.6±0.2 
33.12 

15-30 7.1±0.1 0.6±0.1 0.3±0.0 1.6±0.0 0.01±0.01 15.8±1.5 65.7±1.6 18.5±0.91.72±0.0335.3±0.4 

ao.m. - organic matter, bTN - total nitrogen, cNH3-N - ammonia nitrogen, dNO3-N - nitrate nitrogen,  
eSHC - saturated hydraulic conductivity 
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Table 2 
Physical-chemical properties of the experimental plants 

VCa 
[%] 

Height 
[cm] 

Biomass 
[kg·m–2] 

FLWC b 
[%] 

TNc 

[%] 
TPd 

[%] 
TK e 

[%] 
100 50 0.679 46.98 0.56 0.08 0.57 

aVC - vegetation coverage, bFLWC - fresh leaf water content, cTN - total nitrogen, dTP - total phosphorus,  
eTK - total potassium 

Plot setup 

The experimental plot was established on a hill slope at 161 m above sea level.  
The experimental plot was 0.50 m wide and 15.00 m long and was covered with  
a flourishing Bermuda community. Wooden boards up to a depth of 30 cm were used on 
either side to hydrologically isolate the plots. These wooden boards were wedged into the 
soil until they reached the bedrock on each side of the plot. To prevent the subsurface water 
from running off, the soil on either side of the wooden boards was compacted. 

Discharge and runoff collection 

The primary experimental equipment included a large plastic tank (6 m3), a water 
pump, a cuboid tin overflow launder (30 cm×40 cm×50 cm) and a V-type trough (Fig. 2). 
The cuboid metal overflow launder was placed clinging to the topside of the plot.  
The V-type trough was installed at lower end of the plot to collect surface runoff.  
The simulated runoff was stored in the large plastic tank. During the experiment, the runoff 
water was pumped into the cuboid metal overflow launder at a steady flow rate, and the 
water flowed through the VFS and out from the V-type trough. 

 

 
Fig. 2. Schematic diagram of plot and simulated runoff discharge equipment in experimental sites 
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Experimental design and analytical methods 

 Danjiangkou Reservoir water was used for simulated runoff and the average NH4-N, 
NO3-N and TN concentration were 0.13, 0.75 and 1.08 mg/dm3, respectively. Three 
concentrations of simulated runoff were prepared by adding specific proportions of NH4Cl 
and KNO3 to water, after subtracting the background concentrations of the water source. 
The three concentrations represented “normal to high” runoff events in the area and 
corresponded to three treatments of low (T1), moderate (T2) and high (T3). The inflow rate 
of the simulated runoff through the VFS was set at 0.2 dm3/s, which represented a local 
moderate intensity rainfall (1.5 mm/min) in 10 m2 watershed with a runoff coefficient of 
0.8. Each treatment was replicated three times, and nine trials were conducted in total.  
The trial interval of each treatment was 3 hours. For the first trial of each treatment, the 
VFS soil was pre-discharged with simulated runoff 3 hours before. The specific 
experimental design is shown in Table 3. 

 
Table 3 

Inflow parameters and the experimental scheme for simulated runoff discharge experiments 

Treatment 
Discharge 

volume 
[m3] 

Inflow rate 
[dm3/s] 

Inflow concentration [mg/dm3] 
NH3-N NO3-N TN 

Design Measured Design Measured Design Measured Design Measured 
T1 0.36 0.20 0.21 0.50 0.65 2.50 3.02 3.00 3.49 
T2 0.36 0.20 0.20 1.00 1.15 4.00 4.54 5.00 5.06 
T3 0.36 0.20 0.20 4.00 3.52 6.00 6.78 10.00 10.21 

T1, T2 and T3 corresponded to three treatments of low, moderate and high 
 
The duration of each trial was approximately 30 min. After the trial began, inflow 

samples at initial, medium and late stages were collected and mixed as one sample.  
The surface flow was collected, and the flow rates were measured synchronously after 
outflow initiation. Sampling and measuring at the beginning of the experiment was frequent 
and was set to 1.5 min. However, as the outflow rate stabilized, the sampling and measuring 
interval was increased to 3 min. 

Polyethylene bottles were used to store the water samples at 4 °C. Within 24 hours of 
collection, these samples were analysed for NH3-N, NO3-N and TN using standard methods. 
Indophenol blue colorimetry was used to test NH3-N, cadmium amalgam and colorimetry 
was used to test NO3-N in acidified samples, and TN was tested by digestion with 
potassium sulphate and sulphuric acid digestion, followed by indophenol blue colorimetry. 
Three soil samples from the VFS plot were bulked together before each trial to analyse the 
soil moisture. 

Statistical analyses 

Nine trials were conducted under identical external conditions except for inflow 
concentrations. Repeated measures analysis of variance (ANOVA) and one-way ANOVA 
was used to compare the analysis of outflow rate, concentrations and loads among the three 
treatments, in addition to among the different times of each treatment. 

The retention of the pollutants in the surface runoff by the VFS was achieved by both 
reducing runoff volume and pollutant concentration. Therefore, the runoff reduction rate 
(RRR) was selected as the evaluation index for retention efficiency of runoff, and the 
concentration reduction rate (CRR) and the load reduction rate (LRR) were selected as the 
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evaluation indexes for retention efficiency of NH3-N, NO3-N and TN. The evaluation 
equations were as follow: 

 100 %
I O

I

V V
RRR

V

−= ⋅   (1) 

 100 %
I O

I

C C
CRR

C

−= ⋅  (2) 

 
−= ⋅100 %I I O O

I I

C V C V
LRR

C V
  (3) 

where RRR is the runoff reduction rate [%], CRR  is the concentration reduction rate [%], 
LRR is the load reduction rate [%], CI is the inflow concentration [mg/dm3], CO is the 
outflow concentration [mg/dm3], VI  is the inflow volume [dm3], VO  is the outflow volume 
[dm3]. 

Results 

Retention efficiency of runoff 

Initial soil moisture content influences the process of runoff yield and then influences 
the retention efficiency of runoff. Usually, at low initial soil moisture content, more of the 
surface runoff is retained. The soil moisture in the VFS plot was artificially controlled by 
pre-discharging simulated runoff before each trial. The average initial soil moisture content 
was 37.0 ±3.9 %, which was not significantly different (P = 0.35) among the nine trials.  
The average runoff yield time for each trial was 5.91 ±0.13 minutes. 

Hydrographs for outflow of the three treatments during trials are shown in Figure 3. 
The outflow rates in all treatments increased linearly with time. The results of analysis of 
variance indicated that the outflow rates at different times were highly significantly 
different among the three treatments (F = 11.029, P < 0.001). Based on the results of 
pairwise comparisons, highly significant differences were detected between T1 and T2  
(P = 0.009) and T1 and T3 (P < 0.001), and a significant difference was detected between 
T2 and T3 (P = 0.049). Normalizing the outflow rates of different inflow rates by outflow 
ratios, the results of analysis of variance indicated that the outflow ratios at different times 
were significantly different among the three treatments (F  = 8.440, P = 0.038). Based on 
the results of pairwise comparisons, highly significant differences were detected between 
T1 and T3 (P < 0.001), and a significant difference was detected between T1 and T2  
(P = 0.040), as well as between T2 and T3 (P = 0.045). These differences might be related 
to subtle differences among actual inflow rates and conditions of the VFS. The trials of the 
three treatments were conducted in stages, and therefore, the inflow rate had to be 
recalibrated before the first trial in each treatment because the equipment was reinstalled. 
Thus, the actual inflow rates were slightly different with a deviation rate of 5 %.  
The average inflow rates measured in T1, T2 and T3 were: 0.210, 0.202 and 0.195 dm3/s, 
respectively (see Table 3). 
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Fig. 3. Variation of outflow rate with time in T1, T2 and T3, corresponded to three treatments of low, 

moderate and high. The points represent the means ± SD (standard deviation) of three Replicates. 
The same applies to the tables that follow 

Table 4  
Minutely outflow volumes and retention efficiencies at different times in the three treatments 

Time 
[min] 

 Minutely outflow volume  [dm3] Runoff reduction rate (RRR) [%] 
T1 T2 T3 T1 T2 T3 

1.5  3.4 ±1.1aA 2.55 ±0.44aA 1.68 ±0.69aA 73.1 ±8.7aA 78.7 ±4.1aA 86.1 ±5.7aA 

3.0  3.8 ±1.3aA 2.55 ±0.29aA 2.02 ±0.69aA 70 ±10aA 79.0 ±2.4aA 83.4 ±5.7aA 
4.5  3.7 ±1.3aA 2.69 ±0.72aA 2.03 ±0.57aA 70 ±10aA 77.8 ±5.9aA 83.2 ±4.7aA 
6.0  3.9 ±1.2aA 3.43 ±0.21aA 2.5 ±1.2aA 69.2 ±9.8aA 71.7 ±1.7aA 79 ±10aA 

7.5  3.6 ±1.1aA 3.06 ±0.47aA 2.22 ±0.92aA 71.1 ±8.7aA 74.4 ±3.8aA 81.7 ±7.6aA 
9.0  3.78 ±0.82aA 3.17 ±0.27aA 2.78 ±0.72aA 70.0 ±6.5aA 73.9 ±2.3aA 77.0 ±5.9aA 
12.0  4.02 ±0.99aA 3.53 ±0.27aA 3.2 ±1.1aA 68.1 ±7.9aA 70.9 ±2.2aA 73.6 ±8.7aA 

15.0  4.3 ±1.4aA 4.22 ±0.35aA 3.81 ±0.90aA 66 ±11aA 65.2 ±2.9aA 68.6 ±7.4aA 
18.0  4.6 ±1.1aA 3.49 ±0.28aA 3.87 ±0.66aA 63.2 ±8.7aA 71.2 ±2.3aA 68.0 ±5.5aA 
21.0  4.7 ±1.2aA 4.50 ±0.49aA 4.08 ±0.89aA 63.0 ±9.4aA 62.9 ±4.0aA 66.4 ±7.3aA 

24.0  5.0 ±1.1aA 4.41 ±0.31aA 4.02 ±0.53aA 60. 6 ±9.1aA 63.6 ±2.6aA 66.8 ±4.4aA 

Different lowercase letters and capital letters in the same row indicate significant differences among different 
treatments at 5 and 1 % levels of probability, respectively. The same applies to the tables that follow 

 
The subsurface flow rates at different times, which were obtained by subtracting 

outflow rates from inflow rates, were analysed using repeated measures analysis of 
variance, and no significant differences were detected in subsurface flow rates among the 
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three treatments (F = 0.477, P = 0.625). Therefore, the three treatments had no significant 
influence on the retention efficiency of runoff, and the differences among outflow rates 
were caused by actual inflow rates. Any differences in the VFS caused by plant growth 
among the three treatments were not significant during the experiments. 

The minutely outflow volumes and RRRs at different times in the three treatments are 
listed in Table 4. The outflow volumes increased with time in all treatments. T-test 
comparative analyses at same time shown that there was no difference in the outflow 
volumes among three treatments. By contrast, in all three treatments, the RRRs with time 
decreased. The RRRs in T1, T2 and T3 were initially 73.1, 78.7 and 86.1 %, respectively, 
and ultimately decreased to 60.6, 63.6 and 66.8 %, respectively. The differences of RRRs at 
the same runoff yield time among three treatments decreased gradually with time.  

Retention efficiency of NH3-N 

Concentration-time graphs of the three treatments for NH3-N during trials are shown in 
Figure 4. The NH3-N concentrations increased in all three treatments with time and 
displayed excellent significant linear correlations. The concentrations of NH3-N in T1, T2 
and T3 increased at rates of 0.0046, 0.0071 and 0.0559 mg/dm3·min, respectively.  
The increase in rate in T3 was higher than that in T1 and T2. The results of the analysis of 
variance indicated that the NH3-N concentrations at different times were highly 
significantly different among the three treatments (F =  170.549, P < 0.001).  

 

 
Fig. 4. Variation of NH3-N concentration with time in T1, T2 and T3 

The results of pairwise comparisons revealed that the differences were primarily 
reflected in that between T1 and T3 (P < 0.001) and between T2 and T3 (P < 0.001), with 
no significant difference detected between T1 and T2 (P = 0.749). The results of 
repeated measures ANOVA indicated that the NH3-N concentrations in the three treatments 
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were highly significantly different at different times (F = 24.428, P < 0.001).  
The differences were not significant in T1 (F = 1.431, P = 0.230) but were highly 
significant in T2 (F = 14.881, P < 0.001) and T3 (F = 25.070, P < 0.001). Based on the 
above analysis, The NH3-N outflow concentrations increased very slowly with time in both 
T1 and T2, but rapidly in T3. The average NH3-N outflow concentration in T3 was much 
higher than in T1 and T2. 

 

 
Fig. 5. Variation of NH3-N load with time in T1, T2 and T3 

Table 5  
Retention efficiencies of NH3-N at different times in the three treatments 

Time 
[min] 

Concentration reduction rate (CRR) [%] Load reduction rate (LRR) [%] 
T1 T2 T3 T1 T2 T3 

1.5  87.7 ±1.5bA 92.7 ±2.5aA 85.9 ±7.3abA 96.8 ±1.1aA 98.4 ±0.3aA 97.5 ±1.9aA 
3.0  87.4 ±5.7aA 89.4 ±1.1aA 87.9 ±3.2aA 96.7 ±0.7aA 97.6 ±0.4aA 97.6 ±1.3aA 
4.5  84 ±13abB 95.1 ±2.3bB 76.3 ±3.8aA 96.4 ±2.6abA 98.8 ±0.6bA 95.6 ±1.3aA 
6.0  89.4 ±7.5bAB 94.0 ±1.7bB 70.3 ±5.9aA 97.1 ±1.5aA 98.2 ±0.6aA 93.2 ±3.1aA 
7.5  78.1 ±9.6aAB 95.0 ±2.7bB 64.9 ±2.1aA 93.9 ±3.0aA 98.7 ±0.5bA 92.7 ±3.3aA 
9.0  78.0 ±7.3aAB 95.2 ±1.5bB 67.0 ±5.8aA 93.5 ±3.4abAB 98.6 ±0.5bB 91.7 ±2.2aA 
12.0  76.9 ±4.8cA 93.8 ±1.7bB 61.5 ±4.6aA 93.1 ±1.1aB 98.1 ±0.5bA 88.7 ±3.9aAB 
15.0  71 ±11aAB 94.3 ±3.9bB 56.0 ±2.2aA 89.7 ±7.1abAB 97.8 ±1.7bB 84.6 ±4.3aA 
18.0  72 ±20abA 82.9 ±4.9bB 55.4 ±4.1aA 91.1 ±5.5abAB 94.8 ±1.1bB 84.2 ±2.8aA 
21.0  75.1 ±8.6bAB 84.9 ±2.1bB 50.9 ±4.0aA 90.9 ±5.3abAB 94.0 ±1.5bB 81.7 ±4.0aA 
24.0  75.5 ±1.2bB 76.6 ±3.9bB 51.5 ±3.3aA 90.9 ±1.6bB 91.0 ±1.0bB 82.1 ±3.3aA 

 
The minutely NH3-N loads at different times were shown in Figure 5.  The NH3-N load 

remained unchanged firstly and increased later with the increase of inflow concentration. 
The NH3-N load increased in all three treatments with time and displayed significant linear 
correlations. The results of the analysis of variance detected significant differences in the 
NH3-N load among the three treatments (F = 60.769, P < 0.001) and among different times 
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(F =  257.00, P < 0.001). The results of pairwise comparisons indicated that the differences 
among the three treatments were primarily a reflection of that between T1 and T3  
(P <  0.001) and between T2 and T3 (P < 0.001). No significant difference was found 
between T1 and T2 (P = 0.688).  

The CRRs and LRRs of NH3-N at different times in the three treatments are shown in 
Table 5. The CRRs in T2 were higher than those in T1 and T3. The CRRs in T1 slightly 
decreased with time and then fluctuated from 70.7 to 87.7 %. The CRRs in T2 remained 
almost unchanged in the early and middle stages at an average of 93.7 % and then 
decreased to 76.6 % at the end. The CRRs in T3 decreased from 85.9 to 51.5 % with time. 
The LRRs of NH3-N in T1 and T2 decreased very slowly with time. The LRRs in T3 were 
lower than those in T1 and T2 and decreased more rapidly with time. 

Retention efficiency of NO3-N 

Concentration-time graphs of the three treatments for NO3-N during trials are shown in 
Figure 6. The NO3-N concentrations in T1, T2 and T3 all remained unchanged with time, 
fluctuating from 2.44 to 2.95, 3.99 to 4.27 and 5.21 to 6.40 mg/dm3, respectively.  
The results of the analysis variance indicated that the NO3-N concentrations at different 
times were highly significantly different among the three treatments (F = 454.99,  
P < 0.001).  

 

 
Fig. 6. Variation of NO3-N concentration with time in T1, T2 and T3 

The results of pairwise comparisons also indicated that the differences between each of 
the treatments were highly significant (all were P < 0.001). The results of the repeated 
measures ANOVA demonstrated that the NO3-N concentrations in the three treatments 
were significantly different among the different times (F = 2.041, P = 0.042). However, the 
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NO3-N concentrations were not significantly different among different times in T1  
(F = 1.033, P = 0.44), T2 (F = 0.727, P = 0.69) and T3 (F = 1.975, P = 0.088). Based on the 
above analysis, the NO3-N concentrations increased significantly with the increase of 
inflow concentration but did not increase significantly with time. 

Although the NO3-N concentrations in the three treatments increased slightly with 
time, the minutely NO3-N loads increased more rapidly with time (Fig. 7). Based on the 
analysis of variance, the NO3-N loads were highly significantly different among the three 
treatments (F =  15.16, P < 0.001) and among the different times (F = 9.16, P < 0.001).  
The results of pairwise comparisons among the three treatments showed that the NO3-N 
loads at different times were all highly significantly different between T1 and T2  
(P = 0.007), T2 and T3 (P = 0.007) and T1 and T3 (P < 0.001). As the above analysis 
shows, the three treatments had highly significant effects on the NO3-N load out of the 
VFS. 

 

 
Fig. 7. Variation of NO3-N load with time in T1, T2 and T3 

Table 6  
Retention efficiencies of NO3-N at different times in the three treatments 

Time 
[min] 

Concentration reduction rate (CRR) [%] Load reduction rate (LRR) [%] 
T1 T2 T3 T1 T2 T3 

1.5  15 ±16aA 10.8 ±4.0aA 20.2 ±6.8aA 77.7 ±9.5aA 80.0 ±4.4aA 88.0 ±4.3aA 
3.0  7.8 ±1.7aA 9.5 ±6.5aA 20.9 ±9.0aA 73.4 ±8.8aA 79.8 ±2.9aA 85.5 ±4.9aA 
4.5  14 ±10abA 7.1 ±4.8bB 23.1 ±2.5aA 75.7 ±9.3aA 78.0 ±6.4aA 85.8 ±3.7aA 
6.0  16 ±15aA 4.5 ±0.8aA 12 ±12aA 75 ±11aA 71.3 ±1.7aA 80.6 ±7.4aA 
7.5  8.8 ±6.6aA 7.3 ±3.9aA 11.4 ±6.8aA 74.6 ±9.4aA 75.0 ±4.5aA 82.3 ±6.3aA 
9.0  14 ±13aA 4.8 ±3.7aA 8.8 ±8.1aA 75.2 ±7.8aA 73.5 ±3.1aA 77.1 ±4.5aA 
12.0  2.2 ±1.9bA 4.6 ±3.7abA 11.3 ±5.0aA 70.2 ±7.5aA 70.5 ±2.5aA 74.3 ±7.0aA 
15.0  8.6 ±7.4aA 7.1 ±4.2aA 5.6 ±3.6aA 70 ±11aA 65.6 ±2.7aA 67.3 ±6.5aA 
18.0  4.0 ±5.5aA 5.7 ±2.4aA 13.5 ±8.2aA 66.1 ±9.3aA 71.2 ±1.6aA 69.6 ±2.7aA 
21.0  19.3 ±9.9aA 5.9 ±4.2aA 9.7 ±2.2aA 71 ±11aA 62.8 ±5.2aA 66.4 ±6.8aA 
24.0  4.8 ±2.9bA 7.9 ±4.7abA 16.7 ±4.3aA 64.1 ±8.7aA 64.3 ±3.9aA 69.4 ±3.1aA 
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The CRRs in T1, T2 and T3 were relatively low and averaged 10.5, 6.8 and 14.0 %, 
respectively, fluctuating and decreasing with time (Table 6). The LRRs of NO3-N in T1, T2 
and T3 averaged 72.0, 72.0 and 76.9 % and decreased with time. 

Retention efficiency of TN 

Concentration-time graphs for TN of the three treatments during trials are shown in 
Figure 8. The TN concentrations in T1, T2 and T3 all remained unchanged with time, 
respectively. Based on the analysis of variance, the TN concentrations at different times 
were highly significantly different among the three treatments (F = 39.224, P < 0.001).  
The results of pairwise comparisons also showed highly significant differences between T1 
and T2 (P = 0.016), between T2 and T3 (P < 0.001) and between T1 and T3 (P < 0.001). 
According to the repeated measures ANOVA, the TN concentrations in the three treatments 
were not significantly different among the different times (F = 0.711, P = 0.710). Based on 
the above analysis, the three treatments had highly significant effects on the average TN 
concentration of each trial but did not significantly influence the changes in TN 
concentrations with time. 

 

 
Fig. 8. Variation of TN concentrations with time in T1, T2 and T3 

The TN loads in the three treatments all had significant positive linear correlations 
with time (Fig. 9). The results of the analysis of variance showed that the minutely TN 
loads at different times were highly significantly different among the three treatments  
(F = 15.925, P < 0.001). The results of pairwise comparisons also showed remarkable 
differences between T1 and T2 (P = 0.02), and highly significant differences between T2 
and T3 (P = 0.002) and between T1 and T3 (P < 0.001). Based on the repeated measures 
ANOVA, the TN loads were also highly significantly different among different times  
(F = 6.301, P < 0.001). The results of pairwise comparisons showed that the differences 
among different times were not significant in T1 (F = 0.872, P = 0.571) but were highly 
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significant in T2 (F = 3.983, P = 0.003) and significant in T3 (F = 3.089, P = 0.013). As the 
above analysis shows, the three treatments had a significant influence on the TN load, 
which increased with both inflow concentrations and time. 

 

 
Fig. 9. Variation of TN loads with time in T1, T2 and T3 

Table 7 
Retention efficiencies of TN at different times in the three treatments 

Time 
[min] 

Concentration reduction rate (CRR) [%] Load reduction rate (LRR) [%] 
T1 T2 T3 T1 T2 T3 

1.5  18.9 ±4.1aA 17.0 ±8.3aA 29 ±12 aA 79.3 ±6.3aA 81.2 ±5.2aA 89.0 ±5.4aA 
3.0  11.7 ±6.7bA 17.3 ±5.9bA 34.4 ±7.4aA 74.4 ±8.9aA 81.5 ±3.3aA 88.1 ±3.4aA 
4.5  14.9 ±3.1aA 14.0 ±7.1aA 32 ±12 aA 76.1 ±7.5aA 79.9 ±4.7aA 86.9 ±5.4aA 
6.0  13.0 ±2.5bA 13.5 ±7.0bA 37 ±12aA 74.3 ±8.7aA 73.9 ±3.6aA 85.7 ±6.6aA 
7.5  9.8 ±4.9bB 14.1 ±8.4abAB 26.7 ±3.9aA 75.1 ±7.8aA 76.7 ±5.7aA 85.1 ±6.4aA 
9.0  5.9 ±4.1bA 9.7 ±4.6abA 28 ±12aA 73.0 ±6.3aA 74.8 ±3.4aA 81.8 ±4.7aA 
12.0  9.5 ±3.5bB 15.1 ±5.1bAB 26.2 ±2.5aA 72.3 ±7.9aA 73.6 ±3.5aA 78.2 ±7.9aA 
15.0  6.2 ±4.5bB 11 ±10abA 24.8 ±4.0aA 69 ±10aA 67.0 ±6.5aA 74.0 ±4.8aA 
18.0  6.7 ±5.7bA 15.0 ±3.6abA 36 ±15aA 67.2 ±8.4aA 74.0 ±2.8aA 76.7 ±8.8aA 
21.0  8.6 ±2.1bB 16 ±11abA 28.8 ±4.7aA 67.6 ±8.9aA 66.6 ±7.2aA 73.7 ±3.9aA 
24.0  6.7 ±0.9bA 17.0 ±4.1bA 29 ±13aA 64.9 ±7.8aA 67.9 ±3.4aA 73.7 ±6.6aA 

 
The CRRs and LRRs of TN at different times in the three treatments are shown in Table 

7. Compared with those of NH3-N, the CRRs of TN in the three treatments were all 
relatively low. The CRRs of TN in T1, T2 and T3 averaged 9.7, 14.8 and 27.4 %.  
The CRRs of TN in T1 decreased with time, whereas the CRRs of TN in T2  
and T3 fluctuated with time. The LRRs of TN were significantly positively linearly 
correlated with the increase of inflow concentration (r = 0.999, the critical value of 
correlation coefficient). 
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Discussion 

Outflow initiation and variation 

Reducing runoff volume is one of the primary ways for a VFS to reduce pollution 
loads. Retention efficiencies of VFSs for runoff differ largely because of the infiltration 
rate, vegetation condition and slope gradient. Infiltration rate is related to the soil texture, 
porosity, initial soil moisture and inflow rate. Sandy and high porosity soil with low initial 
moisture can retain more surface runoff. Inflow rate to the VFS affects the surface runoff 
depth and head pressure, which affect the infiltration volume. Vegetation condition and 
slope gradient influence the runoff velocity that prolongs hydraulic retention time. 
According to current research, VFSs established in the field can reduce surface runoff more 
than 50 % [35, 36], and wide and flat grass VFSs can reduce surface runoff more than 90 % 
[12, 37, 38]. In this study, the inflow rates to the Bermuda VFS were calibrated and ranged 
from 0.195 to 0.210 dm3/s, and the initial soil moisture content was artificially controlled at 
37.0 ±3.9 %. The RRRs of the Bermuda VFS reached from 73.1 to 86.1 % in each trial. The 
high retention efficiency depended on the flourishing plants with intricate systems of roots 
and stems. 

Figure 4 shows that the outflow rates in the three treatments increased and display 
significant positive linear correlations with time. This response was related to the variation 
of infiltration rate of the surface runoff. Generally, infiltration rate will decrease with time 
to a constant situation after runoff occurs. Double-ring infiltration tests on site showed that 
it took approximately 20 min for the infiltration rate to start to maintain a constant situation 
(33.12 mm/h). Each trial lasted approximately 24 min after outflow initiation, and the 
infiltration rate decreased to constant situation. Consequently, the outflow rates increased 
with time.  

Mechanisms of VFS in reducing nitrogen 

Many NH3-N-related physical and biochemical reactions occurs in the soil-plant 
interface during trials, such as infiltration, soil adsorption and desorption, plant uptake, 
microbe assimilation and mineralization, interflow dilution, deposition of sediment-bound 
NH3-N, and decomposition of soil organic matter [10, 13]. But runoff infiltration, soil 
adsorption, plant uptake and soil microbial assimilation may be most critical for retention 
of NH3-N in VFSs [39, 40]. Generally, load reduction was achieved by runoff infiltration 
and concentration decrease. In this study, flow measurement and concentration detection 
shown that the surface runoff was reduced greatly through infiltration, and the outflow 
concentrations for NH3-N was much lower than inflow concentrations. Therefore, 
infiltration reduced runoff volume, and soil adsorption, plant uptake and soil microbial 
assimilation in the soil-plant interface reduced the NH3-N concentration of outflow runoff. 
NH3-N is small molecule of nitrogen with positive charges and therefore can be easily 
adsorbed by soil colloids and soil humus with negative charges, in addition to uptake by 
plants and assimilation by microbes [41, 42]. The concentration reduction of NH3-N 
occurred in and above soil-plant interface of the Bermuda VFS. During trials, the soil-plant 
interface was covered with 3-5 cm humus and litter layer with large superficial area, and 
could contact the shallow runoff sufficiently. The Bermuda stolon aboveground account for 
a small portion of total biomass of plant and only pick up the contactable NH3-N molecule 
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of surface runoff. The microbes in soil-plant interface could hardly assimilate the NH3-N in 
short time because of small biomass. 

Soil adsorption rate and capacity increases with the increase of NH3-N concentration 
[40]. When soil was waterlogged in constant NH3-N concentration, soil adsorption rate will 
decease with time before dynamic balance. The higher the NH3-N concentration is, the 
more significantly the adsorption rate decreases [43]. The mechanisms above explain the 
changes of the outflow concentrations of NH3-N in Figure 3. 

The retention of NO3-N in VFSs is primarily achieved by runoff infiltration, plant 
uptake and soil microbial processes [39, 40]. Soil adsorption to NO3-N molecules is 
extremely weak. Similar to retention of NH3-N in this study, infiltration reduced the runoff 
volume, and plant uptake and soil microbial processes reduced the NO3-N concentration. 
The transformation of NO3-N requires particular soil redox conditions [44]. Each trial 
duration was approximately 30 minutes with a 3 hour interval; thus, forming anaerobic 
environment would be difficult. Denitrification were likely repressed throughout the 
experiment [45]. Therefore, we surmise that the reduction in concentration of NO3-N was 
primarily the result of plant uptake and soil microbe assimilation. Consequently, the CRRs 
of NO3-N were substantially lower than those of NH3-N [46].  

Nitrogen export and optimal inflow concentration 

Soil adsorption played more important roles in reducing NH3-N concentration. Soil 
adsorption and desorption was influenced by NH3-N concentration to great extent. 
Generally, Low concentration was unconducive to soil adsorption. High inflow 
concentration may exceed the soil adsorption rates and lead to a low CRRs. In this study, 
the VFS can reduce the NH3-N concentration of runoff efficiently. The average CRRs of 
NH3-N in T1, T2 and T3 were 79.5, 90.3 and 66.1 %, and the average LRRs were  
93.7, 96.7 and 90.0 %, respectively, which mean the appropriateness of the inflow 
concentrations of NH3-N in this study. The tendency and changes of the CRRs of NH3-N 
with the inflow concentrations showed that the inflow concentration of NH3-N had a critical 
value between T1 (0.65 mg/dm3) and T3 (3.52 mg/dm3). When the inflow concentration of 
NH3-N was lower than the critical value, the VFS could retain most of the NH3-N load in 
the runoff. By contrast, the VFS could only retain part of the NH3-N load at a concentration 
greater than the critical value.  

Unlike NH3-N, the retention efficiency of the VFS for NO3-N was relative low.  
The average CRRs of NO3-N in T1, T2 and T3 was 10.5, 6.8 and 14.0 %, respectively, 
fluctuating and slightly increasing with the increase of inflow concentration. Generally, low 
inflow concentrations are not conducive to plant uptake and soil microbe assimilation, 
whereas high inflow concentrations may exceed the total rate of plant uptake and soil 
microbe assimilation. Both too low and too high inflow concentrations can lead to low 
CRRs [21, 46]. The Fescue VFSs 3-21 m wide could not remove the NO3-N effectively 
from the feedlot runoff with as low as approximately 0.5 mg/dm3 of concentration [46], 
while as the 7.5 and 15 m wide mixed grass VFSs of Fescue and switchgrass reduced  
NO3-N in liquid swine manure by 23 and 38 %, respectively, when the inflow concentration 
was approximately 28 mg/dm3 [47]. In this study, the inflow concentration of NO3-N was 
3.02-6.78 mg/dm3, which is slightly less than the inflow concentrations in previous studies. 
Based on above analysis, the optimal inflow concentration for the highest reduction 
efficiency was thus higher than that of T3 (6.78 mg/dm3). 
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The retention efficiency of TN can differ largely because of VFS conditions, inflow 
rate and inflow concentration [48]. In this study, the CRRs of TN in T1, T2 and T3 were  
9.7, 14.8 and 27.4 %, respectively. These values are consistent with research for Elymus 
dahuricus VFSs of the same width, but are a little lower than the results obtained for grass 
VFSs of the same width [47]. Differences in unit flow rate and inflow concentration are 
likely reasons for these differences. A large unit flow rate is more prone to form 
concentrated flow, which in addition to a lower inflow concentration, could reduce the 
possibility of nitrogen capture by VFSs. The tendency and changes of the CRRs of TN with 
the inflow concentrations showed that if the inflow concentration continued to increase 
(higher than T3), the CRR of TN would also increase. Despite the lower CRRs of TN, the 
LRRs of TN in T1, T2 and T3 averaged 72.1, 74.3 and 81.2 %, respectively, because of the 
high soil permeability, consistent with previous research. 

Conclusions 

Reservoir water pollution control is receiving increasing attention by society. VFSs are 
one of the primary ways to control non-point pollution. Field simulated runoff discharge 
experiments were carried out in Bermuda VFSs plot to investigate the retention efficiency 
and mechanisms for runoff, NH3-N, NO3-N and TN. The results showed that the Bermuda 
VFS efficiently retained runoff and the concentrations and loads of NH3-N, NO3-N and TN. 
The Bermuda VFS reduced 73.1-86.1 % of surface runoff through infiltration. The CRRs of 
NH3-N, NO3-N and TN ranged from 66.1 to 90.3 %, from 6.8 to 14.0 % and from 9.7 to 
27.4 %, and the LRRs ranged 90.0-96.7 %, 72.0-77.9 % and 72.1-81.2 %, respectively.  
The outflow concentrations of NH3-N increased with time and with the increase of inflow 
concentration, whereas the CRRs and LRRs of NH3-N increased at the beginning and then 
decreased with the increase of inflow concentration. The inflow concentration of NH3-N 
had a critical value between T1 (0.65 mg/dm3) and T3 (3.52 mg/dm3); at values lower than 
the critical value, the retention efficiency increased with the increase of inflow 
concentration, and at values above critical value, retention efficiency decreased.  
The outflow concentrations of NO3-N remained unchanged with time. The CRRs of NO3-N 
increased slightly with the increase of inflow concentration. The LRRs of NO3-N remained 
unchanged at the beginning and then increased with the increase of inflow concentration. 
The optimal inflow concentration of NO3-N for the optimum CRR was greater than that of 
T3 (6.78 mg/dm3). The outflow concentrations of TN remained almost unchanged with 
time. The CRRs and LRRs of TN increased with the increase of inflow concentration.  
The optimal inflow concentration of TN for the optimum CRR was greater than that of T3 
(10.21 mg/dm3). The study showed that Bermuda grass can retain nitrogen in runoff 
efficiently and should be promoted around the Danjiangkou reservoir. 
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