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Abstract

Riparian vegetated filter strips (RVFS) can effectively intercept agricultural non-point source
pollution (ANSP) into a water body and reduce the risk of water body pollution. The present study
evaluates the long-term effectiveness of different types and lengths (5 m, 9 m, 13 m) of RVFS in
reducing the suspended solids (SS) and nutrients from agricultural runoff. Three field experimental plots
(T1-T2-T3) planted with weeds, sweet clover (Melilotus suaveolens L.) and sweet clover/Chinese
wingnut (Pterocarya stenoptera C. DC.) were established adjacent to the agricultural edge from 2011
to 2018. The runoff volumes, SS, and nutrients concentrations were determined at each effective runoff
event during the study periods. The results indicated that all RVFS (T1, T2, and T3) reduced the mass
of the nutrients rather than the concentration in all runoff events. In the rainfall events, the pollutants
were reduced significantly in the presence of RVFS. The removal efficiency of T2 and T3 amounted to
79% and 84% for SS within the first 5 m, which was significantly higher than T1(61%). The 9 m-long
T3 caused a significant reduction in the mean total phosphorus (TP) and dissolved phosphorus (DP)
by 84% and 82%, respectively. More than 70% of the pollutants from rainfall runoff could be controlled
by a 13 m RVFS. The snow-melt events increased the risk of ANSP migrating to streams, especially
for the DP. However, the Chinese wingnut strip increased the filtering capacity of the DP as compared
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to the other two RVFS. Results from this study confirmed that the RVFS is a very effective mitigation

system to reduce the sediment and nutrient loads in the agricultural runoff.

Keywords: riparian vegetated filter strips, nitrogen, phosphorus, suspended solids, rainfall, snowmelt

Introduction

Water pollution has become a major problem for
both developed and developing countries in recent
decades. Agricultural nonpoint source pollution caused
water quality degradation in many countries [1-3].
Water quality in most Chinese rivers and groundwater
sources is poor and declining because of the agricultural
run-off of fertilizers, pesticides, and manure, causing
widespread eutrophication that threatens human health
[4]. The Yellow River, the Yangtze River, the Pearl
River, and the more than 700 other rivers have issues of
water eutrophication because of ANSP in China. Liao
River is one of the most important rivers in Liaoning
Province, northeastern China. Various unlawful
agricultural activities lead to Liao River becoming
severely polluted, in particular, the ammonia nitrogen
content in some monitoring sections has exceeded the
national standard value.

In recent years, an increasing number of studies
have focused on the effectiveness of RVFS on reducing
agricultural nonpoint source pollution [5-16]. RVES
can trap sediments, nutrients, and other contaminants
to prevent their runoff before reaching adjacent water
bodies [11]. Loads of nitrogen and phosphorus in
shallow groundwater flowing through the riparian
buffer zone that have been reported were reduced
significantly [17-18]. Blanco-Canqui et al. [19] studied
the effectiveness of grass barriers and RVFS in reducing
ANSP. They found that 55% of organic N, 27% of NO;’
-N, 19% of NH,'-N, 36% of particulate, and 37% of
PO,*-P were reduced in their experiment. Many factors
affect the efficacy of RVFS in removing contaminants,
including vegetation type, RVFS width, slope, soil,
climate, topography, and hydrological processes, which
influence their efficiency in trapping contaminants
[20]. The 1-6 m wide riparian vegetated buffer strips
could retain total nitrogen in the range of 19.4%-42.9%
[21]. Alukwe and Dillaha [22] reported phosphorous
trapping efficiency of 73 % for a 4.6-m width vegetated
filter strips (VFS) with a slope of 11%, whereas with
a 16% slope, the trapping efficiency was 49% for the
same width VFS. Lee et al. [S] found that the mixed
switchgrass and wood buffer had a particularly higher
capacity for removing the sediment, TN, and TP than
the switchgrass buffer. Rahmana et al. [23] studied the
effects of soil pH changes on the VFS performance and
found that changing soil pH affected soluble nutrient
transportation through VFS.

Together these studies have indicated that VFS
reduced agricultural nonpoint source pollution
significantly. However, information on cold climate
plant filter strips is limited. Very few field studies

have evaluated the effectiveness of RVFS in the Liao
River, China. The objectives of this study were to (1)
determine the effectiveness of sweet clover (Melilotus
suaveolens L.) RVFS versus mixed sweet clover
(Melilotus suaveolens L.)/Chinese wingnut (Pterocarya
stenoptera C. DC.) RVFS in reducing runoff, nitrogen,
and phosphorous under natural rainfall and snowmelt
conditions, and (2) identify the effects of filter strips on
ANSP.

Materials and Methods
Study Location and Experiment Design

The field experiment was conducted in the
Liao River Basin at 42°19'763"N, 123°50'410"E in
Tieling City, Liaoning Province, China. The average
annual total precipitation, average daily minimum
air temperature, and average daily maximum air
temperature are 655 mm, -13.7°C, and 23.7°C,
respectively. Vegetative buffer treatments including
weeds (T1), sweet clover (T2) and mixed sweet clover/
Chinese wingnut (T3) were established in 2011
(Figs 1, 2). The details and management of the
establishment of the plots are given in Tang et al. [24].
In May 2015, the sweet clover was reseeded at the 15 kg
ha™ rates in each plot. The corn was planted annually
during the study period and harvested in October.

Sampling and Analysis

The soil samples (0-20 cm depth) were collected
from farmland and RVFS in spring 2012 for soil
characterization. The soil samples from different RVFS
were collected in spring 2016 (Table 1). A single-ring
infiltrometer was used to measure the infiltration date
of RVFS during the summer 2013 and 2016 [25]. From
June 2012 to September 2017, surface runoff samples

0-5m slope: 10% - 15%
5-13m slope: 1% - 2%
planting distance: 1 m

Fig. 1. Schematic depicting of RVFS plot arrangement.
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Fig. 2. Location of sampling sites.

of different widths RVFS were collected after each
rainfall. The soil has high permeability and thus, not all
rainfall can produce surface runoff. Therefore, a total
of 45 surface runoff samples were collected. The runoff
samples were not collected in 2014 and 2015 due to the
repair and management of the riparian zone. Covered
dustpan collectors designed by Daniels and Gilliam [26]
were installed at 0 m (the cultivated land edge), 5, 9, and
13 m (horizontal distances) in random sites. The details
of the sampling process were given in Tang et al. [24].

Chemical and Statistical Analysis

All the water samples were analyzed for total
nitrogen (TN), total phosphorus (TP), nitrate (NO,-N),
ammonium (NH,™-N), and dissolved phosphorus (DP)
using Continuous Flow Analysis (SKALAR SAN++).
The water sample was fine-filtered through 0.45 pm
filters for the analysis of dissolved species, and TP

and TN were determined from unfiltered samples.
The physical and chemical properties of the soil were
determined using conventional agricultural analysis
methods. The precipitation data were collected from
the hydrological station about 500 m away from the
experimental site.

Non-parametric multiple comparisons with the
Kruskal-Wallis test and Mann-Whitney-Wilcoxon U-test
were used to assess the efficiency of different types
of RVFS on runoff volumes and nutrient loads losses.
A runoff and loss reduction factor were calculated as
follows:

Rrunoﬁ (%) = (1 - i ) X 1 00
VO (1)

CiVi
Rioad(%) = (1-———)x100
oad (70) = ( CoVo)

@

..where R is the removal rate of different distances
RVFS in each treatment; C, and C, are the concentrations
of nutrients in mg L' from the field edge and after
passing the 5, 9, and 13 m RVFS; and ¥ and Vi are the
volumes of runoff from the cropland edge to different
sampling sites. SPSS19.0 software was used for data
analysis. The graphs were plotted using MS Excel 2007
and Origin 9.1.

Results
Rainfall and Runoff

A total of 45 rainfall events and 8 snowmelt events
were analyzed during the study period. We recorded
the rainfall and runoff volume that could generate
overland flow in each study year. The rainfall situation
in this area changed considerably during the study
period. The rainfall and runoff amounts are shown

Table 1. Soil characteristics of farmland and RVFS in different sampling periods.

. OM Sand | Clay |. Total N Total Alkali-hy- Available P Infiltration
Site pH (eke) %) %) Silt (%) (mg-ke!) | P(mg-ke!) drolyzable N (mg-ke) rate
gkg ° o gkg 2kg (mg-kg™") gkg (mm-h)
Farm-Land 6.50+ 2,01+ [33.81%| 9.21+ | 56.98+ | 1770+ 577+ 101+ 30+ 8.78+
(2012) 0.05 0.02 1.06 | 0.32 2.01 11.24 11..06 0.43 0.52 0.11
Farm-Land 6.72+ 1774 | 35.22+ [ 10.23+| 54.55¢ | 1678+ 560+ 87+ 24+ 7.24+
(2016) 0.07 0.06 0.86 | 0.42 1.12 21.33 7.36 2.28 1.17 0.09
T1 (2012) 6.70+ 247+ |39.16+| 8.32+ | 52.52+ | 1510+ 416+ 98+ 32+ 5.26+
0.03 0.04 0.87 | 0.37 1.33 17.24 12.21 5.86 0.73 0.02
T1 2016) 6.83+ 3.56+ | 37.29+| 9.22+ | 53.49+ | 1221+ 368+ 72+ 19+ 4.88+
0.06 0.05 044 | 0.11 1.08 8.96 4.63 1.92 0.77 0.05
T2 (2016) 6.93+ 522+ |34.99+|10.23+| 54.78+ | 1448+ 409+ 80+ 15+ 12.33+
0.08 0.09 1.06 | 0.53 1.67 16.72 6.06 2.09 0.32 0.17
T3 (2016) 6.88+ 426+ |34.00+|10.18+| 55.76+ | 1456+ 417+ 79+ 20+ 19.26+
0.03 0.08 0.26 | 0.05 1.27 18.11 9.16 1.55 0.71 0.12
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in Table 2. In terms of seasonal variation, the highest
rainfall amount, intensity, and number of rainfall events
were registered in summer, whereas the lowest values
occurred in fall. The runoff volumes were correlated
with the precipitation amounts. The highest rainfall
intensity occurred in 2013, during which, two rainfall
events exceeded 80 mm. The mean runoff volumes from
rainfall events were less due to the dry climate in 2016
and 2017. The snowmelt runoff was collected in the
early spring of 2013, 2016-2018 for four years, the mean
runoff volumes of snowmelt runoff were significantly
greater than rainfall runoff.

Mean Concentration of SS and Nutrients
in RVFS

As expected, T2 and T3 treatments significantly
reduced SS in surface runoff samples as compared with
T1 treatment in rainfall events. The concentration of SS
decreased with the increase of RVFS width (Fig. 3a).
The concentration of SS from snowmelt-induced runoff
events was significantly higher than the concentration
from rainfall events in all the RVFS. The average
nutrient concentration of runoff from the 5 m or 9 m
width RVFS was higher than the other widths for all
the RVFS in the rainfall events (Fig. 3b-f). The slope
of RVFS was 10%-15% in the first 5 m, which resulted
in increased concentrations of nutrients in the samples
were collected in different sites. No differences were
determined for the nutrient in the same width among
T1, T2, and T3.

The results obtained in different RVFS widths
from the snowmelt events indicated that no significant
differences (P>0.05) were observed for nitrogen and
phosphorus. No significant differences (P>0.05) were
also observed between the different RVFS regarding
the same nutrient. The average DP concentration
of snowmelt in the different sampling points was
higher than rainfall, but the other parameters were the
opposite, possibly because of the reduction of nutrients
mass attributed to less fertilizer used.

Mean Loads of Runoff, SS, and Nutrients
in Rainfall and Snowmelt Events within RVFS

The removal efficiency of the RVFS was calculated
for ANSP based on the mean loads exported from 0 m.
The three RVFS could filter pollutants from farmland
effectively (Fig. 4). Fig. 4 shows the distribution of the
values of efficiency removal for pollutants grouped
into vegetation types from a range of widths (5, 9, and
13 m) in rainfall and snowmelt events. For an RVFS of
5 m, the T1, T2, and T3 caused a significant (P<0.05)
reduction in the mean runoff volumes in the rainfall
events by 57%, 62%, and 71%, respectively. The T1, T2,
and T3 in the rainfall events obtained 61%, 79%, and
84% for the removal of SS; 38%, 55%, and 56% for the
removal of NH,*-N; 48%, 54%, and 57% for the removal
of TN; 51%, 56%, and 56% for the removal of NO,-N;



Effectiveness of Riparian Vegetated Filter Strips...

4713

| O0m B5n D% W1lsm |

600

® SS mean concentration (mgeL-!)

rainfall | snowmelt | rainfall | snowmelt | rainfall | snowmelt
T1

O0m E5m N9m M 13m

o TN mean concentration (mgL')

TP mean concentration (mgeL-')

o

snowmelt | rainfall |snowmelt | rainfall |snowmelt

[ IDOm B5m M9m @ 13m |

o NH,-N mean concentration (mgeL-')

e NO;-N mean concentration (mgeL')

O0m EB5m M9m @ 13m

DP mean concentration (mgeL-!)

rainfall | snowmelt | rainfall |snowmelt| rainfall | snowmelt

o

Fig. 3. Mean nutrient concentration at successive distances from the field edge in different RVFS during rainfall and snowmelt events.

48%, 47%, and 61% for removal of TP; and 43%, 47%,
and 53% for removal of DP. The removal efficiency
of RVFS for the snowmelt runoff that occurred in the
early spring was lower than that for rainfall runoff.
The effectiveness of the 5 m RVFS appeared a negative
value in some sampling periods. For the RVFS of 9 m,
in rainfall-induced surface runoff events, Tl was
efficient in removing 78% runoff volumes, 90% SS, 66%
NH,™-N, 73% TN, 64% NO,™-N, 69% TP and 59% of DP,
and T2 was efficient in removing 80% runoff volumes,
95% S8, 74% NH,™-N, 80% TN, 73% NO,-N, 68% TP,
and 73% of DP. However, The attenuation efficiency
when the Chinese wingnut was present in RVFS was
83% for runoff volumes, 96% for SS, 76% for NH,"™-N,
82% for TN, 80% for NO,-N, 85% for TP, and 82%
for DP. The removal efficiency of T1 for NH,"-N (5%)
and TN (19%) were significantly (P>0.05) lower than
T2 (29% for NH,"-N, 39% for TN ) and T3 (23% for
NH,™-N, 33% for TN) from snowmelt events. No
significant differences (P>0.05) were observed between
the different RVFS regarding the removal efficiency of
the other parameters. The removal efficiency increased

from 9 to 13 m in each RVFS. The removal efficiency
was more than 80% for RVFS of 13 m in rainfall events.
In the range of 13 m, the effective removal for T1 was
calculated at 81% for runoff volumes, 94% for SS, 80%
for NH,™-N, 73% for TN, 75% for NO,-N, 82% for TP
and 75% for DP. For the T2, the removal efficiency was
84% for runoff volumes, 96% for SS, 80% for NH,"™-N,
80% for TN, 87% for NO,-N, 85% for TP and 78%
for DP. For the T3, the removal efficiency was 86% for
runoff volumes, 97% for SS, 76% for NH,"-N, 83% for
TN, 88% for NO,-N, 92% for TP and 94% for DP. The
removal efficiency of T3 for snowmelt runoff volumes
and SS were significantly (P>0.05) higher than T1 and
T2. The 13 m T3 strip obtained a retention capacity of
52% for snowmelt runoff volumes and 56% for SS.

Accumulation of Nitrogen and Phosphorus
in Different RVFS Plants

Significant differences were observed between
different RVFS as to the biomass of different vegetation
types (P<0.05), and the biomass of the plants in each
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Table 3. Biomass of aboveground and underground parts of different plants in RVFS.

Vegetation types Sample time Aboveground Underground Total biomass
07.14.2012 0.64+0.13 a" 0.28+0.04 a 0.92+0.07 a
TI® 07.13.2013 0.69+0.12 ab 0.27+0.06 a 0.96+0.14 a
07.20.2016 0.74+0.12a 0.29+0.04a 1.03+0.06a
07.14.2012 0.71+0.09 b 0.42+0.17 b 1.13£0.21 b
T28 07.13.2013 0.84+0.13 ¢ 0.49+0.11 b 1.33+£0.19 ¢
07.20.2016 0.91£0.04¢ 0.55+0.13b 1.46+0.07¢c
07. 14. 2012 6.59+1.34 A™ 2.14+0.99 A 8.73£2.14 A
T3P 07.13.2013 9.97+1.78 B 4.02+0.48 B 13.99+2.08 B
07.20.2016 12.88+1.75C 7.21+0.42C 20.09+2.01C

a -Biomass: kg/m?; b-Chinese Wingnut: kg/tree; *Significant differences (P<0.05) are noted by different letters within a column;
**Significant differences (P<0.05) are noted by different letters within a column for Chinese Wingnut.

RVFS was also significantly different at different
sampling times (Table 3). The aboveground biomass
and underground biomass of weeds were 0.64-0.74
kg'm? and 0.27-0.29 kg'm?, respectively. No significant
difference was observed between the aboveground and
underground biomass at different sampling times. The
aboveground and underground biomass of sweet clover
were 0.71-0.91 kg'm? and 0.42-0.55 kg-m?, respectively.
Significant differences were found between the
aboveground biomass and other aboveground biomass in
2012, but the underground biomass was not significant.
The aboveground and underground biomass of Chinese
wingnut were 6.59-12.88 kg'm? and 2.14-7.21 kg'm?,
respectively. Among them, the biomass of Chinese
wingnut changed the most, and the biomass increased
with time, which reflected the strong growth ability
of woody plants. The aboveground and underground
biomass of sweet clover were larger than that of weeds.
In general, the aboveground biomass of each plant was
higher than the underground biomass.

The change range of TN and TP in the overground
of weeds were 8.01-9.19 g'm? and 0.66-0.72 g'm?,
respectively, while that in the underground were
1.88-2.33 gm? and 0.19-0.26 g'm?, respectively
(Table 4). The change range in the overground of
sweet clover were 15.21-26.78 g'm? and 0.72-1.27g'm?,
respectively, and that in the wunderground were
5.39-7.64 g'm? and 0.33-0.53 g'm™. The accumulation
of the aboveground was significantly higher than that of
the underground. The data shows that the accumulation
of TN and TP in the aboveground and underground
parts of sweet clover were far greater than that of
weeds. This observation is related to the fact that the
biomass of sweet clover is larger than that of weeds.
Among them, the accumulation of TN and TP in the
aboveground and underground of Chinese wingnut were
the largest, which was due mainly to the increase in the
net biomass, which improved the accumulation capacity
of N and P.

Discussion

RVEFS is a composite ecosystem of soil, plant, and
microorganism. It has ecological effect according to
the physical, chemical and biochemical reactions of
the natural ecosystem. Through physical, chemical
and biological functions, such as filtration, infiltration,
absorption, retention, and sedimentation, it can
reduce the degree of pollution entering the surface
and groundwater [27-28]. In this study, what clearly
emerged is the reduction of runoff volumes and SS in
the presence of RVFS. Singh et al. [29] reported that
RVFS significantly reduced the TSS and turbidity of
runoff compared with corn and bare ground. Helmers et
al. [12] showed that the trapping efficiency of sediment
was 96% in their study period. The grass vegetation
in RVFS has the effect of reducing flow velocities and
total runoff volume from cropland [30-31]. Schoonover
et al. [6] reported that a giant cane RVFS can reduce
runoff by 100% because of the high infiltration rates of
soils and reduced sediment loss by 94% (3.3 m RVFS)
compared with 86% (6.6 m RVFS). The infiltration
rate measured during the study period follows the
T3>T2>T1>farmland (Table 1).

Schoonover et al. [6] also reported similar values
within the first 3.3 m or 6.6m between the cane
and forest buffer zone, in which the mean nutrient
concentration increased then decreased with increasing
filter width. Similar results were found in this study.
In contrast, some prior studies have shown that the
nutrient concentration was reduced significantly over
wider distances in rainfall events [32-33]. Drayer et al.
[34] reported that giant cane buffer reduced about 50%
concentration of NO,-N in stream water compared
with the control. Alukwe and Dillaha [22] reported that
RVES could remove total N 54% with 4.6 m width and
by 73% with 9.1 m width, compared with bare ground.
In this study, RVFS reduced loads of ANSP compared
with the concentration, which was closely related to
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Table 4. Accumulation of nitrogen and phosphorus in the aboveground and underground parts of different plants in the different RVFS.

Vegetation Sample time N P

types Aboveground Underground Aboveground Underground
07.14.2012 9.19+1.12 a" 2.33+0.19 a 0.724+0.09 a 0.26+0.04 a

T1® 07.13.2013 8.13+1.03 a 1.95+0.24 b 0.68+0.21 a 0.19+0.08 b
07.20. 2016 8.01%l.11a 1.88+£0.21b 0.66+0.17a 0.19+£0.06 b

07.14. 2012 15.21£2.13 b 5.39+0.71 ¢ 0.72+0.26 a 0.33+0.10 ¢

T22 07.13.2013 23.66£3.01 ¢ 6.98£1.22 d 1.02+£0.05 b 0.42+0.14 d
07.20. 2016 26.78+2.87¢ 7.64+0.96d 1.27+0.10c 0.53+0.33d

07. 14. 2012 77.89+5.76 A™ 18.38+3.16 A 11.14+1.21 A 2.594+0.84 A

T3b 07.13.2013 152.24+8.44 B 44.98+2.37 B 20.24+2.53 B 6.07+1.19 B
07.20. 2016 178.59+5.22C 60.87+3.23C 26.89+3.47C 9.33+0.55C

a-Biomass: g/m?; b-Chinese Wingnut: g/tree; *Significant differences (P<0.05) are noted by different letters within a column;
**Significant differences (P<0.05) are noted by different letters within a column for Chinese Wingnut

the reduction of runoff volumes and SS. Pollutant
retention increased significantly with sediment retention
[35]. Vegetation increased the surface roughness
of soil and the surface runoff velocity decreased
significantly [13]. Some studies showed that TP
retained by RVFS were mainly in the form of sediment-
bound [36]. The plants also play an important role in
intercepting agricultural non-point source pollutants.
The interception efficiency of pollutants depends
mainly on the vegetation type [37]. The reason why
the sweet clover had high nitrogen retention efficiency
was because it was a legume, which has good nitrogen
fixation ability. In addition, the wuptake nutrients
capacity of woody plants might be higher than that of
herbaceous plants [38].

The removal efficiency of RVFS for snowmelt runoff
is low. The soil freezing reduced the storage capacity
of the soil because of the melting and saturation of the
snow on the surface of the soil. Vegetation is also rare,
and the infiltration rate is limited during the snowmelt
season [39], while the slightly steep slope in RVFS
of 5m might be a factor resulting from a decrease in
retention efficiency. However, the concentration of DP
was higher in snowmelt runoff than rainfall runoff. The
DP was the majority of P in the snowmelt water [39].
Jamieson et al. [40] found that 99.8% of the surface
runoff came from the snow melting events in Quebec,
Canada, and TP and orthophosphate-P in snowmelt
runoff accounted for 96.7% and 99.1% of total loads,
respectively. The uptake of plants for nutrients was
limited during winter, and thus, DP might be released
from the senesced vegetation [41]. The release of nucleic
acid and phospholipid might be an important mechanism
because of the freezing action and the destruction of
soil microbial cell membranes. In addition, fine root
death might also cause an increase in the release of
DP [42]. A close relationship was observed between
the accumulation of nitrogen or phosphorus and the

removal efficiency of RVFS for ANSP. In this study, the
accumulation of N and P of sweet clover and Chinese
wingnut were higher than weeds. Hence, harvesting
of aboveground plants is an effective way to remove
nitrogen and phosphorus from ANSP.

Conclusions

Sweet clover and Chinese wingnut were all effective
RVFS species for reducing runoff volumes, sediment,
and nutrients compared with the weeds. Our results
showed that RVFS did not reduce the concentration of
nutrients significantly, while loads of nutrients were
reduced significantly by RVFS. RVFS width is an
important factor in the removal of all nutrients. The
widths of 5 m had great removal efficiency for loads
of nutrients used in the study sites, especially for SS
in rainfall events. The RVFES of 9-13 m has a higher
efficiency for pollutants. The plants’ uptake and soil
permeability are also the main factors for the retention
of RVFS. Harvesting of aboveground plants is an
effective way to remove nitrogen and phosphorus from
ANSP. RVFS exhibited limited retention effectiveness
in snowmelt events. The freezing and thawing of
RVEFS resulted in an increase in DP from snowmelt
runoff. However, although our research has proven the
effectiveness of RVFS in the removal of ANSP, some
problems remain. For example, we cannot quantify the
contribution of plants, soils, and microorganisms to the
reduction of ANSP. Better technologies and methods are
required in carrying out relevant research in the future.
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