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Agricultural pesticide use is necessary to help meet the increased demand for a safe and secure food sup-
ply for the United States, as well as the global community. Even with proper application and careful man-
agement, the possibility of pesticide leaching and detachment in runoff still exists following certain
storm events. Several different management practices have been designed to reduce the impacts of pes-
ticides on aquatic receiving systems. Many such practices focus on the use of vegetation to slow runoff
and allow for sorption of the various contaminants. Three common drainage ditch macrophytes, Leersia

gﬁ};‘;\;orreﬁ:ediation oryzoides (cutgrass), Typha latifolia (cattail), and Sparganium americanum (bur-reed) were assessed for
Atrazine their ability to reduce effluent loads of atrazine, diazinon, and permethrin in simulated agricultural runoff
Diazinon water in 379 L individual mesocosms. Of the three macrophytes examined, L. oryzoides was the most
Permethrin effective at mitigating atrazine, and permethrin. L. oryzoides and T. latifolia significantly reduced overall

atrazine loads (45 * 7%, p = 0.0073 and 35 + 8%, p = 0.0421, respectively) when compared to unvegetated
controls (13 £ 20%). No significant differences in overall diazinon load retention were noted between
plant species. Each plant species significantly decreased the initial load (after 6 h) of trans-permethrin,
while both L. oryzoides and T. latifolia significantly reduced the overall trans-permethrin loads (88 + 5%,
p=0.0022 and 88 + 5%, p=0.0020, respectively) when compared to unvegetated controls (68 + 8%).
Reversible adsorption of atrazine and diazinon to plants, noted during the flushing events, was greater
than that observed in either cis- or trans-permethrin. These results demonstrate the ability of native ditch
vegetation to mitigate pesticides associated with agricultural runoff. Likewise, they provide farmers and
action agencies with supportive data for selection of vegetation in drainage ditches used as management
practices.

Published by Elsevier Ltd.

1. Introduction whether through storm or irrigation runoff, has the potential to
harm downstream aquatic resources.

Atrazine

The Lower Mississippi River region’s dominant land use is agri-
culture, accounting for over $6.8 billion in annual revenues (Black
et al., 2004). To sustain national and international demands for
food and fiber, much of the region’s 8.9 million ha are treated with
various pesticides throughout the planting and growing seasons.
Additionally, some 2.4 million ha of irrigated farmland in the
region use 4.5 million m? of surface water daily to maintain crop
health (Black et al., 2004). The mixture of pesticides and water,

* Corresponding author. Tel.: +1 (662) 232 2955; fax: +1 (662) 232 2988.
E-mail address: matt.moore@ars.usda.gov (M.T. Moore).

0045-6535/$ - see front matter Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.chemosphere.2013.04.099

[2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
triazine], a broadleaf herbicide, ranks second in use in the United
States only behind glyphosate, with an estimated 33-35 million kg
of active ingredient applied annually (Grube et al., 2011). Results
from a 1998 study of over 100 samples collected from Midwestern
US streams indicated that atrazine was detected in all samples at a
median concentration of 3.97 ug L~! and a maximum concentra-
tion of 224 pgL~' (Battaglin et al, 2000). The US Geological
Survey’s National Water Quality Assessment (NAWQA) Program
reported that out of approximately 2000 samples, atrazine had
an 89.93% detection rate, while close to 9% of samples were
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>1ugL™! (Gilliom et al, 2006). Concentrations as high as
691 pg L' have been reported in stream samples following storm
events soon after planting (Langan et al., 1993).

Diazinon [0,0-diethyl-O-(2-isopropyl-6-methyl-4-pyrimidinyl)
phosphorothioate], an organophosphate (OP) insecticide, is part
of a class of compounds originally designed to replace the more
persistent organochlorine insecticides. In the early 2000s, diazinon
ranked third among the most commonly used OP insecticides with
1.8-2.5 million kg of active ingredient applied annually (Grube
et al.,, 2011). Following the phase out of non-agricultural diazinon
products at the end of 2004, its use dropped to approximately
455000 kg of active ingredient annually in the US based on
2006-2007 market estimates (Grube et al., 2011). Data from the
NAWQA Program indicated a 13.34% detection rate of diazinon
from among 1990 collected water samples, with a maximum con-
centration of 3.8 pg L~ (Gilliom et al., 2006). Even with reduction
in use, diazinon still appears in surface water samples, especially in
intensive agricultural areas in California (de Vlaming et al., 2000,
2004). Some 57000 kg of active ingredient was applied in Califor-
nia during 2010 to a variety of crops including almonds, broccoli,
cherries, spinach, and processing tomatoes (California Department
of Pesticide Regulation, 2011).

Permethrin [3-phenoxybenzyl-(1RS)-cis, trans-3-(2,2-dichloro-
vinyl)-2,2-dimethylcyclopropanecarboxylate] is part of a class of
pyrethroid insecticides designed to replace OP insecticides. Be-
cause of its physicochemical properties such as solubility and rel-
atively short environmental half-life, permethrin is not detected
in surface water as often as atrazine or diazinon. NAWQA data re-
ported that, out of some 2000 samples, there was less than a 0.2%
detection rate for cis-permethrin, with a maximum observed con-
centration of 0.019 ug L~! (Gilliom et al., 2006). Peak permethrin
expected environmental concentrations range from 0.54 ug L™! in
California alfalfa fields to 5.32 pg L™! in Maine potato fields (USEP-
A, 2006a). California alone, in 2010, applied 133 845 kg of permeth-
rin active ingredient on over 236000 ha of cropland (California
Department of Pesticide Regulation, 2011).

Many best management practices (BMPs) have been suggested
to remediate pesticides associated with storm or irrigation runoff.
A common factor among most of the practices is utilization of veg-
etation, whether it be in a constructed wetland, drainage ditch,
grassed waterway, buffer or stiff-grass hedge. Improved financial
and research investments are being made in the field of phyto-
remediation which uses plants to help remediate contaminated
soil and water resources (Suresh and Ravishankar, 2004). Several
recent studies have demonstrated the ability of emergent vegeta-
tion to mitigate pesticides (Anderson et al., 2011; Elsaesser et al.,
2011; Locke et al., 2011). The challenge for scientists is to search
for specific plant(s) species which provide the greatest remediation
potential in a wide array of environmental circumstances. For the
current study, three emergent macrophytes were chosen for eval-
uation: Typha latifolia L. (broad-leaved cattail), Sparganium ameri-
canum Nutt. (American bur-reed), and Leersia oryzoides (L.) Sw.
(rice cutgrass). Typha is ubiquitous across the entire United States
and all ten provinces of Canada (USDA, 2013). The perennial, rhizo-
matous T. latifolia can tolerate perennial flooding as well as re-
duced soil conditions (Stevens and Hoag, 2006). Sparganium is
found in 35 states of the continental US and at least seven Cana-
dian provinces (USDA, 2013). A relative of the cattail but shorter
in stature, leaves of the perennial Sparganium can be stiff and erect,
but they also will become limp and float on the water surface in
moving water situations (Favorite, 2006). As with Typha, Leersia
is ubiquitous across the continental United States and is located
in eight Canadian provinces (USDA, 2013). This rhizomatous,
cool-season, perennial grass is valuable for erosion control because
of its extensive root system. Mature Leersia can tolerate seasonal to
permanent flooding situations (Darris and Bartow, 2004).

Bouldin et al. (2004) reported that L. oryzoides occurred in 25-
80% of drainage ditches surveyed in the lower Mississippi Delta,
while T. latifolia was present in 13-40%. It is plausible, then, given
the numerous examples of atrazine, diazinon, and permethrin
being detected in water samples of agricultural watersheds, that
these pesticides could come into contact with drainage ditch veg-
etation. The objective of the current study was to examine T. latifo-
lia, S. americanum, and L. oryzoides for their individual ability to
mitigate atrazine, diazinon, and permethrin concentrations in sim-
ulated storm-induced agricultural runoff water.

2. Materials and methods

Using twelve, 379 L Rubbermaid oval high density polyethylene
containers (1.32m x 0.70 m x 0.66 m), mesocosms were con-
structed by layering 16 cm of Lexington silt loam atop a base of
22 cm of sand. Mesocosms were then planted with plant stocks
from one of three, rooted, emergent aquatic plant species: cutgrass
(L. oryzoides L. Sw.), broad-leaf cattail (T. latifolia L.) or bur-reed (S.
americanum Nutt.). Plant stocks and sediment were both collected
from the University of Mississippi Field Station, Abbeville, MS.
Three replicate mesocosms were used for each plant species, as
well as unvegetated sediment controls. All mesocosms were ran-
domly arranged. Plants within the mesocosms were allowed
6 wk to equilibrate prior to test initiation.

2.1. Simulated runoff

Pesticide stocks (1000 mg L~!) for atrazine, diazinon, and per-
methrin (Table 1) were each prepared from commercial formula-
tions using Atrazine 4L, Diazinon 4E, and Hi-Yield 38 Plus
(permethrin). Mixing chambers were prepared with a calculated
volume of well water and target concentrations of atrazine
(20 pg L"), diazinon (20 pg L), and permethrin (10 pug L) to de-
liver a constant exposure for 6 h. Prior to exposure, water depth in
each mesocosm (ranging from 8.1-22 cm) was reduced to 2/3 of
the original volume (ranging from 5.4-15 cm depth) to simulate
hydraulic effects of low-grade weirs commonly used in Mississippi
Delta drainage systems (Kroger et al., 2008).

Pesticide-enriched water was pumped into individual meso-
cosms using Fluid Metering Incorporated (FMI) piston pumps,
models QD-1 and QD-2 connected with 0.95 cm (od) x 0.64 cm
(id) vinyl tubing to simulate a storm runoff event. Water travelled
through each mesocosm, exiting at the surface through a clear vi-
nyl discharge hose (0.95 cm x 0.64 cm) at the opposite end of the
mesocosm. Pump flow rates were adjusted so that all mesocosms
maintained a 6 h hydraulic retention time (HRT). Mesocosms were

Table 1
Selected physicochemical parameters of atrazine, diazinon, and permethrin.
Atrazine Diazinon Permethrin

Molecular weight (g mol~!)? 215.7 304.35 391.3
Vapor pressure (mm Hg)? 3.0x 1077 7.28 x 1077 338 x 1077
Water solubility (mg L) 33 40 0.2
log Ko™ 2.68 33 6.1
log Ko< 1.4-2.2 3.0-33 4.0-4.9
Photolysis (Ty2) (d)*ef 335 88 110
Hydrolysis (Ty2) (d)&" 244 138 37.7

3 EXTOXNET (1996).

b USDA ARS (1995).

¢ Ciba-Geigy Corporation (1994).
9 Solomon et al. (1996).

€ Frank et al. (1991).

' Laskowski (2002).

% Li and Feldbeck (1972).

N Kegley et al. (2007).
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exposed to flowing pesticide enriched water for 6 h, allowed to sit
undisturbed for 42 h, then exposed to flowing unamended well
water for an additional 6 h to simulate flushing effects of a second
storm event. Individual discharge hoses were placed in catchment
basins (208 L) to collect remaining outflow.

2.2. Sample collection and analysis

Water samples were collected in 1 L amber glass bottles before
pesticide exposure and at 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, 24, 48, 49,
51, 54,72 and 168 h after pesticide exposure from a clear vinyl out-
flow hose at the opposite end from the inflow. When water was not
being pumped through mesocosms, samples were collected by dip-
ping bottles at the water surface by the outflow hose. All water
samples were analyzed for concentrations of atrazine, diazinon,
and permethrin using an Agilent Model 7890 gas chromatograph
(GC) equipped with dual Agilent 7683B series autoinjectors, dual
split-splitless inlets, dual capillary columns, an Agilent ChemSta-
tion, and the autoinjector set at 1.0 pL injection volume. Addition-
ally, the GC was equipped with two micro-electron capture
detectors. The analytical column used for atrazine was an Agilent
HP 5MS capillary column, 30 m x 0.25 mm id x 0.25 pm film
thickness. Both diazinon and permethrin utilized an Agilent HP
1MS capillary column, 30 m x 0.25 mm i.d. x 0.25 pm film thick-
ness. Column oven temperatures for atrazine were initially at
75 °C for 1 min; ramp at 10-175°; held at 175° for 15 min; ramp
at 10-225° and held for 15 min. Diazinon column oven tempera-
tures were initially at 85 °C for 1 min; ramp at 25-185° and held
for 20 min. Column oven temperatures for permethrin were ini-
tially at 75 °C for 1 min; ramp at 35-230° and held for 15 min.
Retention times for atrazine, diazinon, cis-permethrin and trans-
permethrin were 14.79, 11.20, 15.43, and 15.89 min, respectively.
Permethrin concentrations were reported separately as either the
cis- or trans-isomer, since the former is considered more toxic than
the latter (EMEA, 1998).

Water quality parameters (dissolved oxygen, temperature, pH,
and conductivity) were measured in each mesocosm before the
experiment, and at 4, 9, 12, 24, 48, 72, and 168 h after initiation
of the experiment using an Oakton pH meter and YSI 85 multi-
probe meter. Influent pesticide loads were calculated by multiply-
ing the inflow concentration (ugL~!) by the FMI pump rate for
each mesocosm during the given time. Effluent loads were esti-
mated by multiplying outflow concentrations by the amount of
water exiting each tub over associated time periods. Percent de-
crease in pesticide loads exiting mesocosms after the 6 h simulated
runoff, percent of pesticide load released from mesocosms during
the clean water flush, and total percentage decrease in pesticide
loads (2-168 h) exiting mesocosms were calculated from the total
influent loads and amount of each pesticide in the effluent over the
given time frames. In order to evaluate the potential of vegetation
to mitigate atrazine, diazinon, and permethrin from the water col-
umn during times of stagnation, percent decreases in concentra-
tion were calculated for periods when water was not flowing
through the mesocosms (6-48 and 54-168 h after initiation of
the experiment) when inflow and effluent loads could not be calcu-
lated. Significant differences in effluent pesticide loads between
treatments were determined using analysis of variance (ANOVA)
between individual treatments, with an alpha level of 0.05.

3. Results

Dissolved oxygen and pH levels within mesocosm replicates
were similar in vegetated systems, while unvegetated controls
had increased levels of both water quality parameters. Mean dis-
solved oxygen concentrations in vegetated mesocosms ranged

from 1.2 £ 0.47 mg L' (L. oryzoides) to 3.9 + 1.4 mg L™ (T. latifolia).
Unvegetated controls had a mean dissolved oxygen concentration
of 7.8 +1.2mgL~!. Ranges of pH were 5.7-6.3 (L. oryzoides) to
5.7-6.7 (S. americanum), while unvegetated controls had pH rang-
ing from 5.8-8.7.

Mean atrazine load decreases after the initial 6 h runoff ranged
from 51 £ 6% (unvegetated control) to 65 + 2% in L. oryzoides (Ta-
ble 2). Following the 6 h unamended water flushing event, percent
loads released ranged from 19 +6% (L. oryzoides) to 38 +16%
(unvegetated control). Total percentage load decreases among
the different plant species were 31 +4, 35+8, and 45 = 7% for S.
americanum, T. latifolia, and L. oryzoides, respectively (Fig. 1). The
unvegetated control had a total percentage load decrease of
13 +£20%, which was significantly different from T. latifolia
(Fe3,8)=4.4254; p =0.0411) and L. oryzoides (p = 0.0073).

No significant differences existed among different plant species
and the unvegetated control with regard to mean diazinon load de-
creases after 6 h. Mean decreases ranged from 41 + 45% (T. latifolia)
to 69 £ 4% (L. oryzoides) (Table 3). Likewise, no significant differ-
ences existed between the unvegetated controls and different
plant species for the mean percentage diazinon lost after the flush-
ing event or the total percentage load decrease. Overall percentage
load decreases ranged from 25 +47% (T. latifolia) to 61 +7% (L.
oryzoides).

No significant differences in mean percentage decrease of cis-
permethrin load following the initial 6 h runoff were noted, which
ranged between 73 + 7% (unvegetated control) to 88 + 2% (T. latifo-
lia) (Table 4). Further, no significant differences were noted in the
total percentage load decrease, especially with the minimal de-
crease from each treatment following the 6 h flush. Total percent-
age load decreases ranged from 72 * 6% (unvegetated control) to
87 + 1% (T. latifolia) (Table 4).

S. americanum, L. oryzoides, and T. latifolia each demonstrated a
significant difference in mean percentage decrease of trans-per-
methrin load following the initial 6 h runoff (Fsg)=10.5662;
p=0.0404, 0.0017, and 0.0011, respectively) when compared to
the unvegetated control. Mean percentage decreases ranged from
70 £ 6% (unvegetated control) to 89 + 6% (T. latifolia) (Table 5). As
with cis-permethrin, there was little variation and no significant
differences in the mean percentage of trans-permethrin load re-
leased following the 6 h flushing event. However, both L. oryzoides
(p=0.0022) and T. latifolia (p = 0.0020) were significantly better at
decreasing the percentage of total effluent load of trans-permeth-
rin when compared to the unvegetated control (Fzg)=9.1543)
(Table 5).

4. Discussion

Of the three plant species examined, L. oryzoides was most
effective at mitigating atrazine, diazinon, cis-permethrin and
trans-permethrin. This cool season grass is better known for its
erosion control capabilities (due to dense colony formation) and
wildlife habitat improvement than its phytoremediation potential.
Perhaps one of the reasons for the mitigation success of L. oryzoides
has to do with its ubiquitous presence and ability to adapt to
changing hydrological regimes. Few studies are available on using
L. oryzoides for phytoremediation, although Ampiah-Bonney et al.
(2007) reported arsenic phytoextraction coefficients up to 2.8 over
a 16 wk exposure for the plant. Moore et al. (2009) reported similar
mitigation results for cis- and trans-permethrin and L. oryzoides
(71+2 and 81+ 1%, respectively) as those discovered in the
current study. In the 2009 study, Moore et al. utilized a 4 h HRT
(as opposed to the 6 h HRT in the current study) immediately
followed by an 8 h flush of unamended water (as opposed to the
current study where 42 h passed before flushing occurred.).
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Table 2
Mean loads and percent decrease of loads of atrazine entering and exiting mesocosms (+SE).
S. americanum L. oryzoides T. latifolia Unvegetated

Total inflow (mg) 1.62£0.73 1.23£0.64 1.01£0.39 1.31£0.60
0-6 h outflow (mg) 0.68 £ 0.22 0.44 +£0.15 0.37 £ 0.06 0.62+0.13
48-51 h flush outflow (mg) 0.46+0.11 0.24 +0.08 0.27 +0.05 0.45 +0.06
Total outflow (mg) 1.14 £ 0.56 0.68 +0.39 0.64+0.18 1.07 £0.30
% Decrease after 6 h 59+6 65+2 62+8 51+6
% Released after flush 29+3 19+6 27+3 38+16
Total% decrease 3114 45+7° 35+8° 13£20°

Significant differences denoted by lowercase letters.

100 -
90 -
— 80
X
= 70
(4]
3 :
g 60 . O Sparganium
Q o americanum
£ 50 -
S O Leersia oryzoides
£ 40 —
wv -
& 30 : .
2 & W Typha latifolia
g 20 4 \
2 10/ ;;' O Unvegetated
= g control
g 0 . .
O 10 e\(\&\ e\(\&\
K@ K@
Q'?l QQ/
20 o <

<&
30 1

Fig. 1. Mean (£SE) total system removal of atrazine, diazinon, cis-permethrin and
trans-permethrin by aquatic vegetation and the unvegetated control.

T. latifolia was somewhat less successful than L. oryzoides,
although it did demonstrate a significant difference from the
unvegetated control with respect to total percent decrease in atra-
zine load in the current study. The obvious danger in using plants
to mitigate herbicides is that the chemical itself will damage the
plants, rendering them ineffective. Langan and Hoagland (1996)
reported high levels of atrazine (1500 ug L~') significantly affected
the growth of T. latifolia for a 10 wk period, although slightly
enhanced plant growth was noted in atrazine treatments of

10 ug L=, Concentrations in the current study were within the
0-20 pg L' range, and no observable effects on plant growth were
noted. Page et al. (2011) determined the mean atrazine removal
rate to be 50% over a 3 yr period in a constructed wetland vege-
tated with Typha, Phragmites, Eleocharis, Schoenoplectus, and
Baumea.

In the current study, T. latifolia significantly decreased trans-
permethrin in the initial effluent loads. Likewise, Moore et al.
(2009) reported cis- and trans-permethrin overall mass retentions
of 67 £ 6 and 78 + 2%, respectively, with T. latifolia.

Various studies have also examined the ability of T. latifolia to
remediate other pesticides in addition to atrazine. Noting that T.
latifolia is potentially a good candidate for phytoremediation, Wil-
son et al. (2000) reported a reduction of 65% in simazine activity
after 7 d (simazine is another triazine herbicide in the same family
as atrazine). In a two-cell wetland dominated by T. latifolia and
Phalaris arundinacea, Elsaesser et al. (2011) reported a decrease
in toxicity of dimethoate, dicamba, trifloxystrobin and tebuconaz-
ole by 95% in vegetated cells versus 79% in the non-vegetated cell.
Within this same study, the vegetated cells reduced toxic effects
within a distance of 40 m, while 64 m was required for the same
removal efficiency in the non-vegetated cell.

As with L. oryzoides, little data is available for S. americanum
with regard to pesticide mitigation. S. americanum was a small
component of the overall vegetative structure reported by Elsaes-
ser et al. (2011) which successfully mitigated dimethoate, dicamba,
trifloxystrobin, and tebuconazole concentrations. Moore et al.
(2009) found overall mass retentions of 67 + 8 and 76 + 4%, respec-
tively, for cis- and trans-permethrin and S. americanum, similar to
the 85 + 11 and 78 + 3%, respectively, reported in the current study.

Table 3
Mean loads and percent decrease of loads of diazinon entering and exiting mesocosms (+SE).
S. americanum L. oryzoides T. latifolia Unvegetated
Total inflow (mg) 0.59+0.23 0.49+0.28 0.26+0.12 0.41x0.12
0-6 h outflow (mg) 0.21 £0.04 0.15+0.04 0.12+0.02 0.20+0.03
48-51 h flush outflow (mg) 0.07 £ 0.01 0.04 +0.01 0.04 +0.01 0.09 £ 0.01
Total outflow (mg) 0.29 £ 0.09 0.18 £ 0.08 0.16 £ 0.05 0.28 £ 0.06
% Decrease after 6 h 64+2 69+4 41+45 53+10
% Released after flush 145 803 16+5 24+ 12
Total% decrease 50+5 61+7 2547 2820
Table 4
Mean loads and percent decrease of loads of cis-permethrin entering and exiting mesocosms (+SE).
S. americanum L. oryzoides T. latifolia Unvegetated
Total inflow (mg) 0.16 £0.02 0.13+£0.02 0.10+0.03 0.14+0.05
0-6 h outflow (mg) 0.02 £0.01 0.02 £0.01 0.01+0.0 0.04 +0.01
48-51 h flush outflow (mg) 2x107320 3x1073+0 2x1073%0 2x1073%0
Total outflow (mg) 0.02 £ 0.02 0.02 £0.01 0.01x0 0.03 +0.01
% Decrease after 6 h 86+ 10 87+7 882 737
% Released after flush 1.0+1 203 202 1.0+1
Total% decrease 85+ 11 85+10 871 72+6
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Table 5
Mean loads and percent decrease of loads of trans-permethrin entering and exiting mesocosms (+SE).
S. americanum L. oryzoides T. latifolia Unvegetated
Total inflow (mg) 0.12+£0.01 0.10+0.01 0.08 £ 0.03 0.10+£0.04
0-6 h outflow (mg) 0.02+0 0.01x0 0.01+0 0.03 £0.01
48-51 h flush outflow (mg) 1x103+0 0.0+0 1x1073+0 2x103+0
Total outflow (mg) 0.03+0 0.01 £0.01 0.01 £0.01 0.03 £0.01
% Decrease after 6 h 79 £2° 88 £ 5P 89 +6° 70 £+ 6°
% Released after flush 1.0+1 0.0£0 1.0+1 1.7+3
Total% decrease 7832 88 +5° 88 +5P 68 +8°

Significant differences denoted by lowercase letters.

Researchers have examined additional plant species’ abilities to
mitigate atrazine, diazinon, and permethrin. Above-ground leaf
biomass of switchgrass (Panicum virgatum) was capable of detoxi-
fying atrazine at concentrations of 10 ug g~' (Murphy and Coats,
2011). Locke et al. (2011) reported a 70% reduction in maximum
aqueous atrazine concentration in a wetland cell 90% covered with
Alternanthera philoxeroides (alligator weed), and 89% atrazine
reduction in a wetland cell with 48% A. philoxeroides and 48%
Echinocloa crusgalli. A constructed wetland vegetated with
Phragmites australis, Eleocharis sphacelanta, Schoenoplectus validus,
Baumea articulate, and Typha orientalis retained 49% of the mean
measured atrazine mass after 7 d (Page et al., 2010).

Phytoremediation of diazinon-contaminated waters has been
the focus of several studies, particularly those in California where
the OP is still detected in storm and irrigation runoff. Experimental
ditches vegetated with Hordeum vulgare (barley), Lolium multiflo-
rum (annual ryegrass), and Chenopodium album (lamb’s quarter)
reduced the inflow diazinon concentration by half after 55 m travel
distance in the ditch, whereas the non-vegetated ditch required a
distance of 158 m to decrease the pesticide concentration by half
(Moore et al., 2008). Ditch pH ranged from 7.1-7.6 for both vege-
tated and non-vegetated systems, and the dissolved oxygen
concentration ranged from 6.2-9.5 mgL~! (Moore et al., 2008).
Anderson et al. (2011) determined treatment systems containing
Juncus phaeocephalus, Juncus patens, and Hydrocotyle spp. were par-
tially effective at removing diazinon concentrations, although an
OP-hydrolyzing enzyme was necessary to effectively remove any
remaining diazinon. In a constructed wetland vegetated primarily
by A. philoxeroides bordering Beasley Lake in the Mississippi Delta,
43% of the measured diazinon mass from a simulated storm runoff
event was associated with the plants, while 23% was in sediments,
and 34% remained in the water column (Moore et al., 2007).

Garcinufio et al. (2006) studied effects of permethrin on Lupinus
angustifolius in hydroponic solutions. Results indicated that 55% of
permethrin mass was either degraded or irreversibly bound to L.
angustifolius. Additionally, no permethrin was detected in cotyle-
don tissue, preventing the plant from becoming a source of
contamination for the duration of its life cycle (Garcinufio et al.,
2006). Within plant material, permethrin is believed to be
degraded through hydrolysis followed by rapid conjugation with
sugars. Factors such as light, heat, and humidity may also contrib-
ute to the pesticide degradation within vegetation (Garcinufio
et al., 2006). Moore et al. (2008) reported approximately 33% of
measured cis- and trans-permethrin mass associated with plant
material (H. vulgare, L. multiflorum, and C. album). Additionally,
vegetated ditches had a permethrin half-distance of 21-22 m,
while the non-vegetated ditch had a permethrin half-distance of
50-55 m (Moore et al., 2008).

Other pyrethroids have been examined for their ability to be
successfully remediated by plants. Due to fast adsorption to Lemna
spp. roots and fronds, both cypermethrin concentration and toxic-
ity to Hyalella curvispina decreased faster in planted microcosms
than in ones without the vegetative cover (Mugni et al., 2011).
Water quality in these systems ranged in temperature from

17.5-19°C; pH from 7.0-7.7; and dissolved oxygen from
2.0-6.5mg L' (Mugni et al., 2011). Comparing high, intermediate,
and low plant densities, Leistra et al. (2003) reported lambda-
cyhalothrin concentrations in plant material up to 50% of the max-
imum dose after 24 h. The higher the plant density, the lower the
percentage of lambda-cyhalothrin tended to be found in sediment.
Value of pH reported by Leistra et al. (2003) were much higher
(7.6-10) than those observed in the current study.

Physicochemical properties of the examined pesticides also play
a significant role in their environmental fate within the wetland
system. With a high water solubility and low K, atrazine has a
surface water half-life of >200 d (USDHHS, 2003). Although diaz-
inon is highly water soluble as well (Table 1), it possesses a greater
sorption constant than atrazine. In sterile, acidic (pH 5) water,
diazinon’s half-life was 12 d, while increasing to 138 d in sterile,
neutral water (USEPA, 2006b). Additionally, Bondarenko et al.
(2004) reported 2-4 times increased degradation of diazinon in
water at 21 °C than at 10 °C. Current experiments were conducted
in the summer with water temperatures at or above 20 °C; how-
ever the aqueous pH ranged from 5.7-8.7. Given the temperature
and slightly acidic conditions in the vast majority of the meso-
cosms, it is estimated that the aqueous half-life of diazinon would
likely be somewhere closer to 12 d instead of the138 d time period.
Permethrin, on the other hand, has an aqueous half-life of 19-27 h
(Imgrund, 2003). Its high K, value, one order of magnitude greater
than diazinon, makes permethrin a likely candidate for rapid sorp-
tion onto any available organic carbon source. Because of these two
characteristics, one would expect to see less permethrin in the
water column than either atrazine or diazinon.

Alkaline hydrolysis in the surface water near aquatic vegetation
(Myriophyllum spicatum, Elodea nuttalli, and Sagittaria sagittifolia)
was considered the main dissipation process for lambda-cyhaloth-
rin (Leistra et al., 2003). Similar conclusions have been drawn by
Brogan and Relyea (2013). In a study using the submerged macro-
phytes Elodea canadensis, M. spicatum, Ceratophyllum demersum,
and Vallisneria americana, Brogan and Relyea (2013) concluded
the toxicity of malathion was mitigated not by sorption, but in-
stead through the plants’ effects on water quality (increasing
pH), causing rapid hydrolysis and detoxification of the pesticide
in water. Values of pH in Brogan and Relyea (2013) were much
higher (9.2-9.4) than those observed in the current study.

5. Conclusions

L. oryzoides was the capable of significantly decreasing a portion
of most of the pesticide loads associated with the storm runoff
event. It was able to decrease the initial atrazine load (62 + 8%);
minimize atrazine load lost after flushing (19 + 6%); significantly
decreased the overall atrazine load lost during the experiment
(45 +7%); decrease the amount of diazinon lost after flushing
(8 £3%); significantly decrease initial loads of trans-permethrin
(88 £5%); and significantly decrease the overall trans-permethrin
load lost during the experiment (88 +5%). With its widespread
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abundance and adaption to a variety of habitats, L. oryzoides is a
feasible macrophyte to incorporate into a phytoremediation
scheme for runoff containing atrazine, diazinon, and permethrin.
T. latifolia successfully reduced the total amounts of both atrazine
(35+8%) and trans-permethrin (88 +5%) loads lost during the
experiment, while also significantly reducing the initial load of
trans-permethrin (89 + 6%). S. americanum only demonstrated sig-
nificant success at decreasing the initial trans-permethrin load
(79 £ 2%). Although T. latifolia and S. americanum were not as effi-
cient mitigators as L. oryzoides, they can still be useful in the overall
mitigation design of vegetated remediation systems. The loss of
pesticide following the flushing event demonstrated that plant
sorption is at least partially reversible, depending on both the plant
species and pesticide chemistry. Atrazine demonstrated the most
reversibility among the pesticides studied, while both permethrin
isomers had very little loss following the flush. This indicated more
of an irreversibly bound relationship among plants and pesticides.

The concept that vegetation can play an essential role in con-
taminant removal is widely recognized among the scientific com-
munity, even though available plant partitioning studies
demonstrate wide variability among pesticides. Although direct
uptake by plant cells would be the normal method for metabolism
of organic contaminants such as pesticides, physicochemical prop-
erties of the pesticides, as well as biochemical characteristics of the
plant will affect contaminant uptake and distribution. Without
question, considering the current study and other available phyto-
remediation research, vegetation plays a role in not only the direct,
but also indirect, removal processes of pesticides in aquatic
systems.
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