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a b s t r a c t
Two commonly container-produced woody ornamentals, Salix alba L. ‘Britzensis’ and Sambucus nigra
L. ‘Aurea’, were grown in aquatic phytoremediation areas (PAs) to evaluate phytoremediation of triﬂuralin (2004 and 2005), metalaxyl (2006), and NO3 − –N (2004–2006) from nursery runoff. The use of
container-grown ornamentals for phytoremediation would prevent land area used in production from
being converted into wetlands or vegetated ﬁlter strips. Twelve nursery beds (NBs) were constructed and
graded to allow runoff collection in a small basin at the west end of each production area. Runoff from
each NB drained into a PA that contained one of three treatments: (1) 20 plants of S. alba ‘Britzensis’
grown in containers, (2) 20 plants of S. nigra Aurea’ grown in containers, or (3) a PA with no containers and plants serving as a control. Samples of runoff from NBs and water leaving PAs were collected
for triﬂuralin or metalaxyl and NO3 − –N analysis. Phytoremediation areas with container-grown plants
remediated triﬂuralin, metalaxyl, and NO3 − –N in runoff water to the same extent as PAs without plants.
When data from all treatments were pooled and water exiting PAs was compared to runoff from NBs,
PAs were effective in remediating runoff. In 2004 and 2005, overall average triﬂuralin quantity was
reduced by 72% (7.32 ± 0.67 mg to 2.03 ± 0.29 mg) and 94% (from 7.81 ± 0.86 mg to 0.51 ± 0.07 mg) as
runoff moved through PAs. The overall average metalaxyl quantity was reduced by 48% (34.32 ± 7.98 mg
to 17.69 ± 2.78 mg) as runoff moved through PAs. Nitrate–nitrogen quantities leaving PAs were the same
or lower compared to NO3 − –N captured from NBs depending on sample day, with the greatest reduction
of 98% (373–6.00 mg) on 14 July 2006. Plants grown in PAs reached marketable size during the experiment.
Using PAs with or without container-grown plants as a component of the PA system would reduce environmental contamination from runoff containing metalaxyl, triﬂuralin, and NO3 − –N, and would reduce
harmful effects to aquatic organisms from runoff containing triﬂuralin or NO3 − –N.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Concerns about the contamination of water resources from
chemicals in nursery runoff have increased as awareness of chemical impacts on environmental and human health has risen.
High levels of irrigation, fertilizer, and pesticide inputs are common in the production of container-grown plants. Runoff from
frequent irrigation applications carries fertilizers and other agricultural chemicals off production surfaces where they may enter
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surrounding water resources. Runoff quantity is increased when
production surfaces are semi-impermeable to impermeable to
water inﬁltration, resulting in sheet ﬂow across production areas.
Semi-impermeable surfaces also decrease the time available for
water to inﬁltrate into substrate/soil below the production surface where chemicals can degrade or bind to soil particles before
entering water resources.
Granular pre-emergence herbicides are often applied multiple
times during the growing season for weed control in container
nurseries (Gilliam et al., 1992). Granular herbicides are applied
by broadcasting them over production areas. Container size and
spacing at the time of application affect non-target losses that
occur when applied pesticides land on production areas and in
between containers. Gilliam et al. (1992) reported non-target losses
of granular herbicides were 51% and 80% when applied to empty
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2.8-L containers spaced 20 cm and 30 cm on center, respectively.
Additionally, drift can cause liquid pesticide applications to miss
intended targets. Briggs et al. (2002a) reported 9.1% of applied
granular formulation and 7.3% spray formulation of the herbicide
isoxaben were detected in runoff from nursery beds. Losses of 0.5%
the amount applied for both granular and spray formulations of the
herbicide triﬂuralin have also been detected (Briggs et al., 2002a).
A common method of fertilizing container-grown plants is
the use of controlled release fertilizers (CRFs). Fare et al. (1994)
reported NO3 − –N losses of 63%, 56%, and 47% of total applied
N when 13 mm of irrigation was applied in one, two, and three
cycles, respectively. Yeager and Cashion (1993) reported NO3 − –N
concentrations from CRFs in runoff periodically exceeded the
10 mg L−1 federal drinking water standard (USEPA, 2009). Phosphorus losses from container substrates ranging from 8% to 27%
have been reported by Warren et al. (1995). In Florida the EPA
is proposing 0.35 mg L−1 nitrate–nitrite concentration limits as
a protective criterion for aquatic life in Florida’s springs and
clear streams (USEPA, 2010). The EPA is also proposing nutrient
criteria for canals in the Florida Department of Environmental
Protection’s South Florida bioregion for the following parameters: chlorophyll a (4.0 g L−1 ), total phosphorus (0.042 mg L−1 ),
and total nitrogen (1.6 mg L−1 ; USEPA, 2010). Total nitrogen and
total phosphorus proposed criteria for streams are 0.824 mg L−1
to 1.798 mg L−1 and 0.043 mg L−1 to 0.739 mg L−1 , depending
on nutrient watershed region (USEPA, 2010). Nitrate–nitrogen
concentrations of 10 mg L−1 can adversely affect freshwater
invertebrates (Eulimnogammarus toletanus, Echinogammarus echinosetosus, Cheumatopsyche pettiti, and Hydropsyche occidentalis),
ﬁshes (Oncorhynchus mykiss, Oncorhynchus tshawytscha, and Salmo
clarki), and amphibians (Pseudacris triseriata, Rana pipiens, Rana
temporaria, and Bufo bufo) during long term exposures, with a
recommended maximum level for protecting sensitive freshwater
animals from NO3 − –N pollution of 2 mg L−1 (Camargo et al., 2005).
Nurseries are increasingly recycling water for irrigation by capturing runoff in containment ponds or retention basins. However,
production concerns arise because recycled irrigation can contain
herbicides and nutrients from production runoff (Camper et al.,
1994; Riley et al., 1994). While residual amounts of herbicides can
be effective against sensitive weeds (Skimina, 1992), phytotoxicity can become a problem to herbicide-sensitive plants (Bhandary
et al., 1997a,b). Vegetated treatment systems (constructed
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wetlands and vegetated ditches), vegetated ﬁlter strips, and
grassed waterways have been successfully used for reducing pesticide and nutrient movement in runoff from agricultural land and
container nurseries (Asmussen et al., 1977; Magette et al., 1989;
Dillaha et al., 1989; Mickelson and Baker, 1993; Briggs et al., 1998;
Maillard et al., 2011; Stehle et al., 2011; Tanner and Sukias, 2011).
Stehle et al. (2011) conducted a meta-analysis using data from 24
scientiﬁc articles on vegetated treatment systems (VTS) and concluded that VTS are an effective risk mitigation method for reducing
pesticide exposure levels in downstream surface waters.
Although successful, the aforementioned systems require land
area be set aside for the purpose of runoff remediation. An alternative to removing valuable land from production for the construction
of wetlands or vegetated ﬁlter strips is to construct phytoremediation areas (PAs) that use container-grown semiaquatic plants
to remediate runoff (Fernandez et al., 1999; Baz and Fernandez,
2002). Runoff is directed through PAs to improve runoff water
quality before entering the surrounding environment or retention
ponds and the container-grown plants can be sold upon attaining marketable size. Phytoremediation areas in this experiment
were located next to nursery beds to immediately capture runoff
leaving nursery beds. This arrangement coincides with Stehle
et al. (2011) conclusion that it is vital to locate VTS as close as
possible to the areas where pesticides are applied. Phytoremediation is deﬁned as the use of plants to remove pollutants from the
environment or to render them harmless (Cunningham and Berti,
1993; Raskin et al., 1994). Some advantages of phytoremediation
over mechanical treatments are that phytoremediation is in situ,
passive, solar driven, and therefore, costs 10–20% of mechanical
treatments (Susarla et al., 2002). For pesticides and herbicides, evidence suggests that metabolic end products of biodegradation of
these compounds may be bound irreversibly by the plant (Komossa
et al., 1995; Trapp and MacFarlane, 1995; Field and Thurman, 1996).
Triﬂuralin
[2,6-dinitro-N,N-dipropyl-4(triﬂuoromethyl)benzenamine] is a selective, pre-emergence
herbicide used to control annual grasses and broadleaf weeds in a
variety of crops. Triﬂuralin is not highly water soluble at 24 mg L−1
at 27 ◦ C and is strongly adsorbed on soils (Koc = 7.00 × 103 g mL−1 ;
Table 1). Triﬂuralin is subject to degradation by soil microorganisms, volatilization, and UV light. Triﬂuralin is toxic to ﬁsh and other
aquatic organisms with LC50 values for Daphnia magna (water ﬂea)
and O. mykiss (Rainbow trout) listed in Table 1. Other properties

Table 1
Selected chemical properties for the herbicide triﬂuralin and the fungicide metalaxyl.
Property

Chemical
Triﬂuralin

Source

Metalaxyl

Source

Chemical name

2,6-Dinitro-N,N-dipropyl-4(triﬂuoromethyl)benzenamine

b

a

Water solubility
Density
Log Kow
Koc
Vapor pressure
Soil half-life
LC50 D. magna (water ﬂea) for
48 h exposure
LC50 Oncorhynchus mykiss
(Rainbow trout) for 96 h
exposure

24 mg L−1 at 27 ◦ C
1.36 at 22 ◦ C
5.34
7.00 × 103 g mL−1
4.58 × 10−5 mmHg at 25 ◦ C
45–60 days
560 g L−1

b

N-(2,6-Dimethylphenyl)-N(methoxyacetyl)-alanine
methyl ester
8.40 × 103 mg L−1 at 22 ◦ C
1.20 at 20 ◦ C
1.65
30–284 g mL−1
5.62 × 10−6 mmHg at 25 ◦ C
Approx. 40 days
5.15 × 104 g L−1

41 g L−1

d

1.30 × 105 g L−1

e

a
b
c
d
e

Toxicology Data Network (2003).
Toxicology Data Network (2002).
U.S. Department of Agriculture (1990).
U.S. Department of Interior, Fish and Wildlife Service (1980).
U.S. Environmental Protection Agency (2007).

b
b
b
b
c
d

a
a
a
a
a
a
e
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of triﬂuralin are listed in Table 1. It is not signiﬁcantly absorbed or
translocated in plants grown in soils treated with triﬂuralin and
residues will occur on root tissues which have directly contacted
triﬂuralin (USDA Soil Conservation Service, 1990). However, Li
et al. (2002) showed that triﬂuralin uptake, metabolism, and the
formation of bound residues occurred in Lolium multiﬂorum Lam.
growing in solutions containing triﬂuralin.
Metalaxyl [N-(2,6-dimethylphenyl)-N-(methoxyacetyl)alanine
methyl ester] is a systemic benzenoid fungicide commonly used for
controlling the pathogens Phytophthora and Pythium spp. (Kimmel
et al., 1986; Wilson et al., 2001). Metalaxyl can be applied as
a foliar spray, soil treatment, or as a seed treatment for downy
mildews (Kimmel et al., 1986). Metalaxyl is highly water soluble
at 8.40 × 103 mg L−1 at 22 ◦ C and is highly to moderately mobile in
soils with Koc values ranging from 30 to 284 g mL−1 (Table 1). The
LC50 of metalaxyl to D. magna (water ﬂea) and O. mykiss (Rainbow
trout) along with other properties of metalaxyl is listed in Table 1.
Metalaxyl has been detected in runoff (Dunn et al., 2011; Maillard
et al., 2011), and Briggs et al. (2002b) reported that 25% of applied
metalaxyl was recovered in runoff at a commercial container nursery. Metalaxyl uptake by plants growing in an aqueous nutrient
solution (10% Hoagland’s nutrient solution; Hoagland and Arnon,
1938) has been documented in Acorus gramineus Sol. Ex Aiton,
Canna hybrida L. ‘Yellow King Humbert’, Myriophyllum aquaticum
(Vell.) Verde., Pontederia cordata L., and Typha latifolia L. (Wilson et
al., 2000, 2001). Furthermore, metalaxyl is metabolized by plants
(Businelli et al., 1984; Cohen and Coffey, 1986; Owen and Donzel,
1986; Cole and Owen, 1987).
Fernandez et al. (1999) showed that the semiaquatic herbaceous
perennials Canna × Typha latifoligeneralis L.H. Bail., Pontaderia cordata L., and Iris L. × ‘Charjoys Jan’ can be useful in PAs for
remediation of the herbicide oryzalin. Baz and Fernandez (2002)
reported that the woody ornamentals Itea virginica L. ‘Sprich’ and
Salix alba L. showed potential for use in the phytoremediation of
oryzalin at 4 mg L−1 but not isoxaben at 4 mg L−1 based growth and
photosynthetic responses. Further research identifying ornamental plant species for use in a container-grown phytoremediation
system is needed. The objective of this study was to characterize
and evaluate the effectiveness of container-grown S. alba ‘Britzensis’ and Sambucus nigra ‘Aurea’ grown in PAs for reducing the
concentration of triﬂuralin, metalaxyl, and NO3 − –N from nursery
production surface runoff.

3–4.5 m tall with bright golden young foliage, fragrant white ﬂowers, and ornamental black fruit that grows best in consistently moist
soils (Dirr Michael, 2009).
Plants were received from a commercial nursery as 5.7-cm potted liners for S. alba ‘Britzensis’ and 10-cm potted liners for S. nigra
‘Aurea’ in August 2002. They were transplanted into 15.6-L containers during the week of Sept 9, 2002. Plant size is one component of
determining salability of container grown ornamentals. Therefore
plant height and width were measured periodically during each
year of the study to assess plant marketability.
2.2. Nursery beds and phytoremediation areas
Twelve 3 m × 6 m nursery beds (NBs) were constructed at the
Michigan State University Horticultural Teaching and Research
Center in Holt, Michigan (Fig. 1). Nursery beds were oriented east
to west with collection reservoirs and PAs at the west end of NBs.
The surface of the beds were lined with 6 mil black polypropylene plastic and covered with a black landscape fabric. Nursery
beds were separated by 3.66 m to minimize effects of irrigation
and pesticide drift. The beds were graded toward the center and
west end to direct runoff into an excavated collection reservoir
(243 cm × 61 cm × 14 cm) at the west end of each NB. Collection
reservoirs were constructed with a wooden frame and lined with
45 mil black polypropylene pond liner. Reservoirs were sloped
to one side so that runoff could be pumped out of the reservoir more easily for volume measurement. To the west side of
each runoff collection reservoir, an aquatic plant production area
was established as a phytoremediation area (PA). Twelve PAs
(305 cm × 122 cm × 14 cm) were constructed with a wooden frame
and lined with 45 mil black polypropylene pond liner. A drain connected to 2.54 cm inner diameter PVC pipe was installed in the west
side of the PA to direct water exiting PAs away from the production site and to prevent PAs from overﬂowing. Precipitation was
not excluded from NPAs and PAs but was recorded by an on-site
Michigan Automated Weather Network weather station.
Following an irrigation or precipitation event runoff from the
NB would ﬂow by gravity into the NB collection reservoir. When
the collection reservoir was full, runoff would ﬂow over the west
wall of the collection reservoir into the PA. Phytoremediation areas
contained water including precipitation and runoff from NBs that
entered from previous irrigation events.
2.3. Runoff collection

2. Materials and methods
2.1. Plant material
Two species of container-grown woody ornamentals were
grown in PAs. S. alba ‘Britzensis’ is a male willow cultivar grown
primarily for its orange to reddish stems, which provide winter
interest (Dirr Michael, 2009) The species grows naturally along
wet areas. Kuzovkina and Volk (2009) reported that the genus Salix
exhibits many essential agronomical, physiological, and ecological
characteristics that make it a practical choice for use in phytoremediation including: high growth rate, tolerance of high density
planting, high rates of transpiration, high nutrient uptake and nitrogen use, and resistance to chemical contaminants. High ornamental
value was listed as an essential characteristic under land reclamation uses by Kuzovkina and Volk (2009). Ornamental value was a
vital characteristic of plants used in our study because plants used
for phytoremediation must also be commercially valuable when
marketable size is attained. S. alba has also shown promise for use
in phytoremediation of the herbicide oryzalin (Baz and Fernandez,
2002). S. nigra ‘Aurea’ is a multi-stemmed shrub or small Tree

Before runoff collection on the day of chemical applications,
all NB collection reservoirs were pumped empty to remove runoff
from previous irrigation applications or precipitation that had not
yet ﬂowed into the PA. One hour after chemical application (day
0), irrigation was applied to NBs and runoff in NB reservoirs was
collected 30 min after irrigation termination. All runoff from a single irrigation application was captured in the NB runoff collection
reservoir because a single irrigation event did not apply enough
water to ﬁll the collection reservoir to the level at which runoff
ﬂowed over the west wall into the PA. To measure runoff volume,
runoff from each NB reservoir was pumped from the NB collection reservoir using an electric pump into a collection container
(plastic 170-L garbage can). The height of runoff in the collection
container was measured to the nearest centimeter. The collection
container was calibrated to measure volume by adding water to
the container in 10 L increments and measuring the height of the
water in the collection container. The height to volume relationship was ﬁtted by linear regression (r2 = 0.998) and the resulting
equation was used to calculate runoff volumes from the height
of runoff in the collection container. Following runoff volume
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Fig. 1. Overhead and side view of one nursery bed (NB), runoff collection reservoir, and phytoremediation area (PA). Phytoremediation areas contained 20 potted Salix, 20
potted Sambucus, or no pots nor plants (control). Nursery beds were sloped to the center (not shown in diagram) and towards the runoff collection reservoir. Runoff ﬂowed
by gravity from the NB into the runoff collection reservoir. When the runoff collection reservoir was full runoff ﬂowed over the back wall and into the PA. Container-grown
woody ornamentals on NBs are not depicted in the ﬁgure to simplify presentation. Important dimensions are shown but ﬁgure is not drawn to scale.

measurement, runoff samples were taken and stored in glass bottles for triﬂuralin, metalaxyl and/or nitrate analysis.
Drains in each PA were closed prior to pumping the collected
runoff into the PA so that the volume of water leaving the PA could
be measured. The collected runoff was then pumped from the collection container into the PA which usually caused the water level
in the PA to rise higher than the closed drain. Next, water was
pumped out of the PA into the collection container until the water
level in the PA was at the same level as the bottom of the closed
drain. This volume was recorded and corresponded to the water
volume that would have passed through the PA and into the surrounding environment if the drain had been open. If the runoff
volume pumped into the PA from the NB collection basin did not
raise the water level in the PA to the bottom of the drain, which
occasionally happened during hot periods or prolonged dry periods as plants in PAs transpired and water from PAs evaporated, a
volume of zero was recorded for water volume leaving the PA. A
water sample was collected for triﬂuralin or metalaxyl and nitrate
analysis and stored in a glass bottle. The drain on the PA was then
opened and the water in the collection container was returned to
the PA. All collected samples were stored on ice in a cooler at the
experiment site, transported to the laboratory, and refrigerated at
4 ◦ C until extraction and analysis.
2.4. Experimental design
The experiment used a completely randomized design with
three treatments replicated four times. There were 12 PAs and each
PA was one treatment replicate. Treatments were (1) 20 plants of
S. alba ‘Britzensis’ grown in 15.6-L containers in a PA, (2) 20 plants
of S. nigra ‘Aurea’ grown in 15.6-L containers in a PA, and (3) a
control without containers and plants in the PA. A mixture of common container-grown species in 7.3-L, 10.2-L, and 15.6-L nursery
containers were grown on the NBs with the number of species,
container size, and container arrangement the same in each NB.
Plants were spaced 45 cm on center on the NBs. Taxa in NBs and
PAs were grown in an 85% pine bark:15% peat moss (vol:vol) potting
substrate.

Irrigation applications were scheduled with a Rain Bird ESP12LX Plus controller (Rain Bird Corporation; Azusa/Glendora, CA,
United States). Irrigation to each NB was controlled by a solenoid
valve. Irrigation was applied to each NB through six Toro 570 Shrub
Spray Sprinklers (The Toro Company; Riverside, CA, United States)
mounted on 1.3 cm diameter risers at a height of 0.66 m. Emitter
layout consisted of two 180 degree emitters and four 90 degree
emitters per NB, all with 2.44 m radius distance of throw. Emitters
were spaced 2.44 m apart to provide head to head coverage (100%
overlap). Emitters were positioned on the outside edges of each NB
with all irrigation directed into the NB. Irrigation was applied for
40 min to provide 2.5 cm of water based on a survey of growers
in the southeastern United States who replied that they normally
watered for approximately 1 h intending to apply 25 mm d−1 of
water (Fare et al., 1992) and from a study by Beeson (2006) who
used a control treatment of 18 mm d−1 to irrigate 11.4-L containergrown landscape shrubs. Irrigation was initiated between 0700 HR
and 0800 HR each day.
2.5. Chemical applications
Triﬂuralin phytoremediation was evaluated in 2004 and 2005.
Triﬂuralin was applied as Snapshot® 2.5TG (Dow AgroSciences LLC,
Indianapolis, IN, United States) at a rate of 0.347 g active ingredient m−2 (3.37 kg active ingredient ha−1 ) or 6.25 g active ingredient
applied per NB. Three applications of triﬂuralin were made during
2004 (26 May, 14 July, and 24 August) and 2005 (23 May, 11 July,
and 30 August) to replicate in time and examine any seasonal differences. One water sample was taken from each NB runoff collection
reservoir and PA on the day of application (day 0) and at 1, 2, and
4 days after application (DAA) to measure triﬂuralin concentration
and quantity.
Metalaxyl phytoremediation was evaluated in 2006. Metalaxyl was applied as Subdue Maxx® (Syngenta Crop Protection,
Inc., Greensboro, NC, United States) as a foliar spray at a rate of
0.036 g active ingredient m−2 (0.347 kg active ingredient ha−1 ) or
0.646 g active ingredient per NB. Three applications of metalaxyl
were made during the 2006 experiment: 10 July, 31 July, and 5

258

A.L. Warsaw et al. / Ecological Engineering 47 (2012) 254–263

September. One sample was taken from each NB runoff collection
reservoir and PA on the day of application (day 0) and at 1, 2, 4, and
8 DAA to measure metalaxyl concentration and quantity.
In 2004 and 2005, plants grown on NBs were fertilized on 14 May
with a 17.0N–3.1P–6.6K CRF with micronutrients with a release
period of 5–6 months at 27 ◦ C (Acid Special 5–7 Month Nursery
Fertilizer, Wilbro Inc., Norway, SC, United States). Fertilizer was
topdressed at a rate of 15 g per 7.6-L container (22 containers per
NB) and 26 g per 10.2-L container (38 containers per NB). Total
applied N per NB was 224 g and applied at a rate of 12.4 g m−2
(121 kg ha−1 ). In 2006, plants grown on NBs were fertilized on
5 June with a 17.0N–3.5P–6.6K CRF with micronutrients with a
release period of 4 months at 27 ◦ C (HFI Topdress Special, Harrell’s
Inc., Lakeland, FL, United States). Fertilizer was topdressed to containers at a rate of 26 g per 10.2-L container (66 containers per NB).
Total applied N per NB was 293 g and applied at a rate of 16.3 g m−2
(157 kg ha−1 ). In 2004, 2005, and 2006 S. alba ‘Britzensis’ and S. nigra
‘Aurea’ grown in 15.6-L containers in PAs were not fertilized and
only received nutrients from NB runoff. Nitrate–nitrogen quantities
and concentrations were measured three times during each year of
the experiment, at 4 DAA of each triﬂuralin or metalaxyl application. One runoff sample was taken from each NB runoff collection
reservoir and one water sample was taken from each PA.
2.6. Metalaxyl extraction
A 200 mL runoff sample was ﬁltered to remove debris or
sediments (Whatman Grade number 4 ﬁlter paper, Whatman International Ltd., UK) and adjusted to pH 2 with diluted hydrochloric
acid. Extraction columns, Speedisk® H2 O-Phobic DVB Column (J.T.
Baker A Division of Mallinckrodt Baker, Inc., Phillipsburg, NJ, United
States) were prepared by adding 2 mL deionized water and allowed
to soak the solid phase for 2 min. Next, 2 mL of methanol was slowly
aspirated through the column under vacuum two times, followed
by 2 mL water and 2 mL water at pH 2. Water samples were then
aspirated through the column under vacuum and allowed to dry.
Samples were then eluted from the column with 2 mL methanol
under vacuum. Extracts were analyzed using a Hewlett Packard
6890 Gas Chromatograph (Hewlett Packard Co., Wilmington, DE,
United States) connected to an Agilent 5973 Network Mass Selective Detector (Agilent Technologies, Inc., Santa Clara, CA, United
States). A ZB-5MS column (30 m by 0.25 mm i.d. with 0.25 m
ﬁlm) was used (Agilent Technologies, Inc.). Initial column temperature was 100 ◦ C, ramping 7 ◦ C min−1 to 290 ◦ C, followed by an
increase of 10 ◦ C min−1 to 305 ◦ C. Injector temperature was 225 ◦ C
with transfer line temperature of 285 ◦ C. Metalaxyl was conﬁrmed
with retention time of 16.2 min. The limit of quantiﬁcation was
0.007 g mL−1 and the limit of detection was 2.54 × 10−4 g mL−1 .
2.7. Triﬂuralin extraction
The same sample preparation, column preparation, sample elution, and analysis protocols were used as for metalaxyl except as
noted. Initial temperature was 115 ◦ C, increasing 30 ◦ C min−1 to
280 ◦ C, with a 6 min hold at 280 ◦ C. Injector temperature was 260 ◦ C
with transfer line temperature of 285 ◦ C. The limit of quantiﬁcation
was 0.014 g mL−1 and the limit of detection was 0.004 g mL−1 .
2.8. Nitrate analysis
Concentration of nitrate–nitrogen (NO3 − –N) was determined
by a segmented ﬂow analysis system (O-I-Analytical Flow Solution
IV analyzer, O-I-Analytical, College Station, TX, United States) to
measure NO3 − –N plus nitrite–nitrogen (NO2 –N). Nitrate–nitrogen
in the sample was reduced quantitatively to NO2 –N by cadmium

reduction and along with any NO2 –N present in the sample, diazotized with sulfanilamide and coupled with N-1naphthylethylenediamine dihydrochloride. Total NO2 –N was then
detected colorimetrically as a colored azo dye at 540 nm.
Nitrite–nitrogen quantity present in the original sample was
measured without the cadmium reduction. Nitrate–nitrogen was
quantiﬁed using WinFLOWTM software to subtract NO2 –N present
in the original sample from NO2 –N in the original sample plus
NO2 –N formed from the cadmium reduction of NO3 − –N. The
method detection limit for this method is 0.004 mg L−1 NO3 − –N
plus NO2 –N. For details on reagents used, system calibration, and
sample preparation, readers are directed to O-I-Analytical (2001).
2.9. Statistical analysis
Data from each triﬂuralin or metalaxyl application were analyzed separately. Comparisons among treatments were made for
triﬂuralin, metalaxyl, and NO3 − –N concentration and quantity
in water leaving PAs. Triﬂuralin and metalaxyl data following
each application were analyzed as repeated measures using PROC
MIXED procedure of SAS (SAS version 9.1; SAS Institute, Cary,
NC, USA). When treatment main effects or treatment by day
interactions were signiﬁcant at the 0.05 level, treatment means
were separated by day using a t-test in the PDIFF option of the
LSMEANS statement and the SLICE option of PROC MIXED (p ≤ 0.05).
Nitrate–nitrogen data were subjected to ANOVA using PROC GLM
procedure of SAS and when signiﬁcant (p ≤ 0.05), treatment means
were separated by Duncan’s multiple range test and were declared
signiﬁcant at p ≤ 0.05.
A second analysis (Analysis Two) was conducted to evaluate the
effectiveness of PAs on the remediation of NB runoff. Data from
all PAs (with and without plants) were pooled to compare runoff
leaving NBs to water moving out of PAs. In this analysis, there were
twelve replications with each NB and the associated PA serving
as a treatment replicate. Each chemical application was analyzed
separately. Statistical analysis was performed on chemical concentration and quantity as repeated measures for metalaxyl and
triﬂuralin and ANOVA for NO3 − –N data as previously described.
3. Results and discussion
3.1. Analysis one: phytoremediation by salix and sambucus
grown in phytoremediation areas
Initial and ﬁnal plant height and width are shown in Table 2.
Both Salix and Sambucus plants were considered marketable by
the end of the experiment based upon plant size and subjective
visual inspection of plant quality. The presence of container-grown
Salix or Sambucus plants in PAs did not reduce triﬂuralin or metalaxyl concentrations greater than control PAs. There was no
treatment effect on triﬂuralin (2004) or metalaxyl (2006) concentration in water leaving PAs on any collection day (p > 0.05; data
not presented). In 2005, on the day of the second triﬂuralin application, the concentration of triﬂuralin in water leaving Salix PAs
[0.044 mg L−1 (mean) ± 0.026 mg L−1 (SE)] was higher than Sambucus PAs (0.006 mg L−1 ± 0.002 mg L−1 ; p ≤ 0.05); however, the
control treatment (0.011 mg L−1 ± 0.004 mg L−1 ) was not different
from the Salix or Sambucus treatments (data not presented). There
were no other differences in 2005.
For triﬂuralin (2004 or 2005) and metalaxyl (2006) quantity
in water leaving PAs there were no treatment effects on 8 of 10
collection days, 11 of 12 collection days, and 14 of 15 collection days, respectively (p > 0.05). In 2004, for the third triﬂuralin
application on 0 DAA (the day of the third triﬂuralin application)
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Table 2
Initial and ﬁnal height and width of Salix alba ‘Britzensis’ and Sambucus nigra ‘Aurea’ plants grown in phytoremediation areas.
Year

Plant growth parametersa (cm)

Taxa

Initial height

Final height

Initial width

Final width

2004
Salix alba ‘Britzensis’
Sambucus nigra‘Aurea’

2-June
44 ± 1.0
51 ± 1.1

N/Ab
N/A

2-June
45 ± 0.7
50 ± 1.3

N/A
N/A

2005
Salix alba ‘Britzensis’
‘Aurea’

16-May
58 ± 0.0
55 ± 0.0

15-Jul
160 ± 1.9
91 ± 1.9

16-May
63 ± 0.8
66 ± 1.1

15-Jul
102 ± 1.8
90 ± 2.2

2006
Salix alba ‘Britzensis’
Sambucus nigra‘Aurea’

17-Jul
121 ± 2.5
71 ± 0.9

25-Aug
133 ± 3.6
78 ± 0.9

17-Jul
110 ± 3.6
73 ± 1.0

25-Aug
106 ± 3.1
87 ± 1.9

a
Plant height was measured from the top of the container rim to the highest terminal bud. Plant height or width ± standard error of the mean of 80 plants of each species
on each date. On 16 May 2005, standard errors of 0.0 correspond to pruning of Salix and Sambucus to 58 or 55 cm at the beginning of the experiment. Shorter plant heights
and widths from 15 July 2005 to 17 July 2006 resulted from pruning before the experiment began in May.
b
Data not available.

and 1 DAA, triﬂuralin quantity leaving Salix PAs (4.18 ± 0.98 mg
and 3.20 ± 0.76 mg) was greater than triﬂuralin quantities leaving Sambucus PAs (1.67 ± 0.33 mg and 1.49 ± 0.57 mg) and control
PAs (2.19 ± 0.36 mg and 1.42 ± SE 0.27 mg, p ≤ 0.05). Similarly
in 2005, on the day of the third triﬂuralin application, triﬂuralin quantities leaving Salix PAs (1.30 ± 0.49 mg) were greater
than quantities leaving Sambucus (0.376 ± 0.22 mg) and control
(0.15 ± 0.08 mg) PAs. On the day of the ﬁrst metalaxyl application,
water leaving Sambucus PAs contained larger quantities of metalaxyl (36.20 ± 22.41 mg) compared to Salix PAs (2.41 ± 2.41 mg) and
control PAs (1.00 ± 0.35 mg).
Phytoremediation area treatment did not affect NO3 − –N concentration in water leaving PAs on 8 of 9 collection days or
quantity on all 9 collection days, respectively (p > 0.05; data not
presented). On 30 May 2004, nitrate concentration in water leaving
Sambucus PAs (2.824 mg L−1 ± 0.246 mg L−1 ) was greater than that
leaving control PAs (1.656 mg L−1 ± 0.423 mg L−1 ), but nitrate concentration leaving Salix PAs (1.911 mg L−1 ± 0.138 mg L−1 ) was not
different from that of Sambucus or control PAs (p ≤ 0.05). Leverenz
et al. (2010) reported similar results that during the ﬁrst 5 months
planted and unplanted woodchip wetlands removed an average of
99.7% of the inﬂuent nitrate. However, there were no differences in
efﬂuent nitrate concentrations between wetlands planted with T.
latifolia and unplanted wetlands in 2008, or between planted and
unplanted wetlands during the ﬁrst 4 months of the 2007 study
(Leverenz et al., 2010). Wang and Duggin (2008) reported that there
was no difference in NO3 − –N removal between trees and pasture,
and among tree treatments. However, the tree treatments (two
species used: Eucalyptus camaldulensis Dehnh. and Casuarina cunninnghamiana Mq.) in a vegetation soil system retained 36.3% and
37.6% more NO3 − –N than bare soil for the A–B horizon interface
ﬂow and the B horizon ﬂow, respectively. Although the trees in
the study by Wang and Duggin (2008) were not grown in containers and therefore cannot be directly compared to our study it does
show that trees can be valuable components in a vegetated ﬁlter
strip for NO3 − –N removal.
We initially postulated that PAs with container-grown plants
would signiﬁcantly reduce chemicals leaving PAs through plant
and media uptake compared to control PAs given results of previous studies. Elsaesser et al. (2011), using the toxic units approach,
calculated pesticide toxicity was reduced 95% in two vegetated
wetland cells and 79% in non-vegetated cells, and mean reduction of pesticide peak concentration was 91% in vegetated wetland
cells and 72% in non-vegetated wetland cells. Stearman et al.
(2003) reported that during a two year period, constructed wetland cells vegetated with Scirpus vilidus removed 82.4% and 77.1%
of the herbicides metolachlor and simazine compared with 63.2%

and 64.3% removal by wetland cells without plants. Wilson et al.
(2000) reported that after 3 days of growing in a nutrient solution containing metalaxyl, plant tissues of T. latifolia had signiﬁcant
accumulations of radiolabeled metalaxyl primarily in the leaves.
Metalaxyl concentration in the nutrient solution after 7 days had
decreased by 34%, and nearly all of the radiolabeled metalaxyl
removed from the nutrient solution was detected in the plants.
Li et al. (2002) showed that triﬂuralin uptake, metabolism, and the
formation of bound residues occurred in L. multiﬂorum growing
in solutions containing triﬂuralin. However, in the current study
there was no evidence of signiﬁcant metalaxyl or triﬂuralin phytoremediation by container-grown Salix or Sambucus plants in PAs
compared to control PAs without plants. In contrast to the closed
systems used by Wilson et al. (2000) and Li et al. (2002), in which
plant roots were suspended in a chemical containing solution, our
system was an open, free-ﬂowing system. In the current study,
Salix and Sambucus roots were conﬁned to the volume of the container with access to water from the container substrate via ﬁve
drainage holes in the bottom of each container. However, it is
unlikely that container substrate or drainage holes restricted root
access to chemicals and nitrates in the water in PAs in our study.
Plants growing in PAs did not wilt at any time during the study and
no supplemental irrigation was added from the top of the container,
except naturally occurring precipitation, indicating that water and
the chemicals in the water in PAs were readily available to roots
in container substrate. A limitation of the current study is that a
plant tissue analysis was not performed; therefore plant uptake of
metalaxyl or triﬂuralin could not be conﬁrmed.
3.1.1. Analysis two: phytoremediation of nursery runoff by
phytoremediation areas
Because the presence of container-grown plants in PAs did not
increase phytoremediation of metalaxyl, triﬂuralin, or NO3 − –N; we
suspect that the remediation which occurred was related to other
remediation processes in addition to plant uptake. Even though
phytoremediation areas containing container-grown plants held
approximately 290 L compared to 440 L of water in PAs without
plants, consistent differences in chemical concentration or quantity
did not occur in PAs with and without plants. Therefore, data were
pooled to investigate the effect of channeling runoff through PAs,
and water leaving all 12 PAs (PAs with and without plants) was
compared to runoff collected from NBs.
Channeling runoff through PAs reduced triﬂuralin concentrations and quantity on 10 of 11 collection days (2004) and on 11
of 12 collection days (2005; Fig. 2A–D). On the day of application
for applications 1, 2, and 3 in 2004, the PAs reduced triﬂuralin concentrations in runoff by 80% (from 0.129 ± 0.025 mg L−1
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Fig. 2. Triﬂuralin concentration and quantity measured from nursery beds (NB) and water exiting phytoremediation areas that nursery runoff was channeled through.
Three applications of triﬂuralin were made in 2004 and 2005 with measurements taken on the day of application (day 0) and at 1, 2, and 4 days after application (DAA).
Triﬂuralin was applied at 6.25 g active ingredient (ai) per NB (3.37 kg ai ha−1 ) at each application. In 2004, on 4 DAA and for application 1, there was no triﬂuralin detected
leaving production areas. No samples were collected on 4 DAA for application 3 due to heavy rain. For each application when treatment main effect or treatment by day
interaction were signiﬁcant (p < 0.05) treatment means were sliced by day and means separated using a t-test (NS , *, **, *** Nonsigniﬁcant or signiﬁcant at p < 0.05, 0.01, or
0.001, respectively). n = 12.

to 0.026 ± 0.008 mg L−1 ), 92% (from 0.082 ± 0.011 mg L−1 to
0.006 ± 0.003 mg L−1 ), and 66% (from 0.073 ± 0.009 mg L−1 to
0.025 ± 0.004 mg L−1 ), respectively (Fig. 2A). Similarly, on the
day of application for applications 1, 2, and 3 in 2005,
PAs reduced triﬂuralin concentrations in NB runoff by 82%
(from 0.100 ± 0.023 mg L−1 to 0.018 ± 0.005 mg L−1 ), 84% (from
0.128 ± 0.022 mg L−1 to 0.020 ± 0.009 mg L−1 ), and 95% (from
0.169 ± 0.038 mg L−1 to 0.008 ± 0.003 mg L−1 ; Fig. 2B). Overall average triﬂuralin concentrations from water leaving PAs
were 64% (0.021 ± 0.003 mg L−1 ) and 90% (0.007 ± 0.001 mg L−1 )
lower than triﬂuralin concentrations in NB runoff in 2004
(0.059 ± 0.005 mg L−1 ) and 2005 (0.065 ± 0.007 mg L−1 ). Overall
average triﬂuralin quantities leaving PAs were reduced by 72%
(from 7.31 ± 0.67 mg to 2.03 ± 0.29 mg) in 2004 compared to
runoff from NBs and reduced by 94% (from 7.81 ± 0.86 mg to
0.51 ± 0.07 mg) in 2005 compared to runoff from NBs.
Total quantity of triﬂuralin captured in NB runoff during the
period of analysis following each application in 2004 and 2005 was
<1% of that applied. Total quantity of triﬂuralin captured in this
experiment was similar to that reported by Wilson et al. (1996)
where 0.3% and 1.1% of applied triﬂuralin moved in nursery runoff
during the ﬁrst 5 days after treatment and 0.9% and 0.3% of applied
triﬂuralin was recovered from nursery runoff in clay/gravel and
grass waterways (Brigg et al., 1999). Wilson et al. (1995) reported
1%, 4%, and 4% of applied granular triﬂuralin was detected in runoff
from gravel, plastic, and fabric ground covers, respectively, during
a 30-day period following application of 2.2 kg active ingredient
ha−1 .
Triﬂuralin is subject to degradation by soil microorganisms,
UV light (Leitis and Crosby, 1974), and volatilization (Extension

Toxicology Network, 1993; Wheeler et al., 1979); and these processes likely contributed to the remediation of triﬂuralin in PAs.
Dimou et al. (2004) reported that as dissolved organic matter
(DOM) in natural waters increased, triﬂuralin photolysis decreased.
Although microorganisms and sediment in PA water may have
reduced triﬂuralin photolysis by absorbing and scattering light,
these can also be mechanisms to remediate triﬂuralin. Triﬂuralin
is strongly adsorbed on soils and not highly water soluble. Therefore, it was likely that triﬂuralin entering PAs that came in contact
with sediments or container substrate was bound and, although
no longer available for photolysis, did not move out of PAs. Dimou
et al. (2004) reported that triﬂuralin photolysis was increased by
a reaction with hydroxyl radicals produced from NO3 − –N photolysis because the rate of triﬂuralin degradation increased by
up to 63% when 10 mg L−1 NO3 − –N was in the water solution.
Although NO3 − –N concentrations in our experiment did not reach
the 10 mg L−1 concentration reported by Dimou et al. (2004), we
hypothesize that NO3 − –N presence contributed to triﬂuralin photolysis and removal in PAs.
Metalaxyl concentration was lower in water leaving PAs compared to NB runoff on 2 of 15 collection days (Fig. 3A). On
the day of application for applications 1 and 3, metalaxyl concentrations were reduced by 90% (from 2.189 ± 0.937 mg L−1
to 0.231 ± 0.080 mg L−1 ) and 63% (from 2.210 ± 0.453 mg L−1 to
0.812 ± 0.304 mg L−1 ) as NB runoff was channeled through PAs
(Fig. 3A). The overall average metalaxyl concentration in water
leaving PAs was 62% lower (reduced from 0.576 ± 0.119 mg L−1 to
0.217 ± 0.031 mg L−1 ) than in NB runoff. Dunn et al. (2011) reported
similar percent reductions in metalaxyl concentrations in overland
ﬂow through buffer zones of 34% and 88% at distances of 10 m and
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Table 3
Nitrate concentration and quantity measured from 3 m × 6 m nursery beds (NB)
and water exiting phytoremediation areas (PA) that nursery runoff was channeled
through. Nitrates were analyzed for day 4 after application of triﬂuralin in 2004 and
2005 and metalaxyl in 2006. In 2004 and 2005, total applied N was 224.06 g per NB
(121 kg ha−1 ). In 2006, total applied N was 291.72 g per NB (157 kg ha−1 ).
Year

Date

Location

Nitrate (mg L−1 )

2004

30 May

NB
PA
NB
PA
NB
PA
NB
PA
NB
PA
NB
PA
NB
PA
NB
PA
NB
PA

2.137
2.130
1.288
2.269
0.984
2.132
9.116
4.327
2.139
0.917
0.604
0.283
6.771
0.235
8.322
2.583
1.470
0.941

18 Jul
26 Aug
2005

27 May
15 Jul
3 Sep

2006

14 Jul
4 Aug
9 Sep

aA
a
b
a
a
a
a
b
a
b
a
b
a
b
a
b
a
b

Nitrate (mg)
157
157
172
226
111
214
584
356
315
160
054
027
373
006
627
250
169
090

a
a
a
a
a
a
a
a
a
b
a
a
a
b
a
b
a
b

A
Means within each column for each day with the same letter are not signiﬁcantly
different (p ≤ 0.05). Means separated by Duncan’s multiple range test. n = 12.

Fig. 3. Metalaxyl concentration and quantity measured from 3 m × 6 m nursery beds
(NB) and water exiting phytoremediation areas that nursery runoff was channeled
through. Three applications of metalaxyl were made in 2006 with measurements
taken on the day of application (day 0) and at 1, 2, 4, and 8 days after application
(DAA). For each application metalaxyl was applied at 0.646 g active ingredient (ai)
per NB (0.347 kg ai ha−1 ). For each application when treatment main effect or treatment by day interaction were signiﬁcant (p < 0.05) treatment means were sliced by
day and means separated using a t-test (NS , *, **, *** Nonsigniﬁcant or signiﬁcant at
p < 0.05, 0.01, or 0.001, respectively). n = 12.

30 m when compared to concentrations at the ﬁeld’s edge (0 m).
However these reductions were not signiﬁcant at the 0.05 probability level.
The quantity of metalaxyl in PAs was lower than the amount
in NB runoff on 4 of 15 collection days, with differences occurring on the day of application for all 3 application days and 1 DAA
for application 1 (Fig. 3B). Channeling water through PAs reduced
the overall average metalaxyl quantity leaving NBs by 48% (from
34.32 ± 7.98 mg to 17.69 ± 2.78 mg). On the day of application for
applications 1, 2, and 3; 97.48 ± 30.40 mg, 90.78 ± 37.94 mg, and
162.66 ± 44.25 mg, respectively, of the applied 646 mg of metalaxyl
per NB per application was recovered in runoff from NBs (Fig. 3B).
The large quantity of metalaxyl moving in runoff on the day
of application can be explained by the high water solubility of
metalaxyl, which resulted in high losses from NBs on the day of
application. The majority of metalaxyl moved from NBs into PAs on
the day of application resulting in an initial buildup of metalaxyl in
PAs, with smaller quantities lost in runoff on the remaining sample
days. Although the initial loss of metalaxyl from NBs was diluted by
water in PAs, the initial quantity along with additional metalaxyl
moving into PAs was large enough to equal or exceed metalaxyl
losses from NBs on subsequent DAA. This explains the few differences in metalaxyl concentration and quantity that occurred
following the day of application and why metalaxyl concentrations
and quantities in PAs were higher than NB runoff when differences
did occur.
Unlike triﬂuralin, metalaxyl is highly water soluble (Toxicology
Data Network, 2003) and more prone to movement in runoff as
was evident in the concentrations and quantities captured on the
days of application in this experiment. Similar to triﬂuralin, metalaxyl is subject to degradation in soil by microorganisms (Droby

and Coffey, 1991; Huaguo et al., 1995). Sukul and Spiteller (2001)
reported that after 60 days, 5.3–14.7% degradation of metalaxyl
in sterilized soil was due to abiotic factors other than light and
that 35.8–57.3% metalaxyl degradation in non-sterilized soil was
due to microbes. Photodegradation of metalaxyl in soils and aqueous solutions have been reported at various rates by Sharom and
Edgington (1982), Sukul et al. (1992), and Yao et al. (1989). Plant
uptake, runoff dilution, degradation by microorganisms in PAs,
adsorption to container substrates, and photolysis were mechanisms that likely contributed to reductions in metalaxyl as runoff
moved through PAs.
Pyrethroids were found to be overwhelmingly associated with
suspended solids in constructed wetlands with sedimentation the
primary mechanism for the high pesticide removal efﬁciency and
most pyrethroids and chlorpyrifos were moderately persistent in
wetland sediments under ﬂooded, anaerobic conditions but significantly persistent under dry, aerobic conditions (Budd et al., 2011).
Although no pyrethroids were evaluated in this study, metalaxyl
adsorption to soils has been reported by Sukul and Spiteller (2001).
During periods when irrigation is not applied the drains in PAs
could be closed to keep PAs ﬂooded and anaerobic. This would
help keep pesticides bound in sediments, such as pyrethroids, from
becoming more highly persistent under aerobic conditions with
the potential to accumulate over time and be discharged during
a heavy rain event. Furthermore, the PAs used in this experiment
can be cleaned periodically and accumulated sediment removed
to reduce the potential for long term buildup of sediment bound
pesticides.
3.1.2. NO3 − –N phytoremediation
Phytoremediation areas reduced NO3 − –N concentration and
quantity moving in runoff on 7 of 9 days and 4 of 9 days sampled
during the 3 growing seasons of the experiment (Table 3). In 2004
there were no differences in NO3 − –N concentration or quantity lost
from PAs compared to losses from NBs except on 18 July. In 2005
NO3 − –N concentration in water leaving PAs was lower than NB
NO3 − –N concentration on the three sample dates. Nitrate–nitrogen
quantity lost from PAs (584 ± 189 mg) in 2005 was 49% lower than
NO3 − –N in NB runoff (356 ± 79 mg) on 15 July with no differences
on 27 May or 3 September. On each NO3 − –N collection day in
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2006, NO3 − –N concentration and quantity in water leaving PAs
was lower compared to NB runoff. Phytoremediation areas reduced
the NO3 − –N quantity in runoff from NBs by 98% (373–6 mg), 60%
(627 mg to 250 mg), and 47% (169–90 mg) on 14 July, 4 Aug, and 9
Sept, respectively. Dunn et al. (2011) reported 38% (signiﬁcant at
the 0.05 probability level) and 84% (not signiﬁcant at the 0.05 probability level) reduction of NO3 − –N in overland ﬂow in buffer zones
at 10 m and 30 m from the ﬁelds edge (0 m) compared to concentrations at the ﬁeld’s edge. Nitrate–nitrogen in runoff water channeled
through PAs with container-grown plants was likely absorbed by
plants growing in PAs. Nitrate–nitrogen in aqueous solution is also
subject to photolysis (Mack and Bolton, 1999). Nitrate–nitrogen
could also have been removed through denitriﬁcation by microorganisms in PAs (Reeves, 1972). A combination of these processes
likely contributed to NO3 − –N reductions as runoff was channeled
through PAs.
Reductions in triﬂuralin, metalaxyl, and NO3 − –N in water leaving PAs compared to runoff from NBs likely resulted from a
combination of the processes described above as well as dilution
by water in PAs. The amount of dilution would depend on a number of factors including: volume of runoff entering each PA, rate at
which runoff entered PA, rate of water draining out of PA, level of
water in PA prior to irrigation event (losses from evaporation and
plant transpiration), and presence of plants or no plants in the PA.
The average runoff volume collected on each sample day was 106 L
per NB. If the water level in PAs was just below the bottom of the
drainage pipe, runoff volume entering PAs would have displaced
approximately the same volume of water leaving the PA through
the drain on the opposite side. Phytoremediation areas also slowed
down the movement of runoff into the environment, allowing time
for other processes involved in phytoremediation to occur. Pesticide removal from container production sites in gravel subsurface
ﬂow constructed wetlands was greatest at a lower ﬂow rate in vegetated cells compared with higher ﬂow rates and non-vegetated
cells (Stearman et al., 2003).

from 9.116 ± 0.006 mg L−1 and 8.332 ± 0.583 mg L−1 , close to the
10 mg L−1 federal drinking water standard, to 4.327 ± 0.769 mg L−1
and 2.583 ± 0.697 mg L−1 (Table 3; USEPA, 2009). In areas where
aquatic organisms and human drinking water supplies are located
the use of PAs would reduce environmental contamination and
possible harmful effects to aquatic organisms from runoff containing triﬂuralin or NO3 − –N.
Effectiveness of PAs in reducing triﬂuralin, metalaxyl, and
NO3 − –N in this experiment likely resulted from a number of
processes including: dilution by water in the PA, plant uptake,
degradation by microorganisms in PAs, adsorption to organic container substrates, and PA sediments, photolysis, and volatilization.
In addition to reducing nutrients and pesticide losses, PAs including
container-grown S. alba ‘Britzensis’ and S. nigra ‘Aurea’ as components of the PA provide the additional beneﬁt of utilizing the land
area occupied by PAs for container plant production. Phytoremediation areas would be easier to clean than constructed wetlands and
would allow for accumulated sediment to be removed in order to
prevent potential long-term buildup of sediment bound pesticides
in PAs. Future research should target the evaluation of additional
commercially produced species that could be grown in PAs for
runoff phytoremediation and commercial sale, and the various
mechanisms of nutrient and pesticide removal from runoff in PAs.
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