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a b s t r a c t

Constructed wetlands are a suggested best management practice to help mitigate agricultural runoff
before entering receiving aquatic ecosystems. A constructed wetland system (180 m� 30 m), comprising
a sediment retention basin and two treatment cells, was used to determine the fate and transport of
simulated runoff containing the pyrethroid insecticides lambda-cyhalothrin and cyfluthrin, as well as
suspended sediment. Wetland water, sediment, and plant samples were collected spatially and tempo-
rally over 55 d. Results showed 49 and 76% of the study’s measured lambda-cyhalothrin and cyfluthrin
masses were associated with vegetation, respectively. Based on conservative effects concentrations for
invertebrates and regression analyses of maximum observed wetland aqueous concentrations, a wetland
length of 215 m� 30 m width would be required to adequately mitigate 1% pesticide runoff from a 14 ha
contributing area. Results of this experiment can be used to model future design specifications for
constructed wetland mitigation of pyrethroid insecticides.

Published by Elsevier Ltd.
1. Introduction

In 2001, the world market for pesticides was nearly $32 billion,
with insecticides making up 28% of those expenditures (Kiely et al.,
2004). Over 340 million kg of conventional pesticide active ingre-
dient were used in US agricultural applications that same year
(USEPA, 2004). Lambda-cyhalothrin [l-cyano-3-phenoxybenzyl-3-
(2-chloro-3,3,3-trifluoroprop-1-enyl)-2,2-dimethyl cyclopropanec
arboxylate] is a fourth generation pyrethroid insecticide sold under
such trade names as Karate�, Matador�, Grenade�, and Sentinel�

(EXTOXNET, 1996) (Table 1). In 2002, it was the third most
commonly applied pyrethroid insecticide in the US with over
117,000 kg active ingredient used (Gianessi and Reigner, 2006).
From 1991 to 2000, over 58,000 kg of active ingredient were applied
to corn (Zea mays), cotton (Gossypium hirsutum), soybeans (Glycine
max), rice (Oryza sativa), and wheat (Triticum aestivum L.) (USDA,
2004). Cyfluthrin [cyano (4-fluror-3-phenoxy-phenyl) methyl
3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate] is
lture (USDA) are offered on
olor, national origin, religion,
es or commercial products is
ation and does not imply

: þ1 662 232 2988.
oore).

Ltd.
also a fourth generation pyrethroid insecticide (Table 1). Sold
under the trade name Baythroid�, over 67,000 kg of active ingre-
dient were applied in the US in 2002 (Gianessi and Reigner, 2006).
Primarily used on cotton and corn, over 43,000 kg of active ingre-
dient cyfluthrin were used in the US between 1991 and 2000 (USDA,
2004).

Although pesticides have been used for centuries, dating back to
at least ancient Rome, little public concern over potential non-
target effects existed until the 1962 publication of Rachel Carson’s
Silent Spring (Delaplane, 2000). Since that time, intense scrutiny has
been placed not only on the pesticide industry, but also on the
impacts of pesticide usage upon water quality of the US. Organo-
chlorine insecticides, credited for many problems highlighted by
Carson were eventually phased out, replaced by organophosphates.
Although still in use, organophosphates are being replaced by the
more efficient pyrethroid class of insecticides (Amweg et al., 2006).
Even with advancements in pesticide chemical properties, USEPA
(2007) data reported over 1300 water bodies in the US were listed
as impaired due to pesticides.

While some have advocated elimination of pesticides across
the board, studies have indicated the dire consequences of such
action. Oerke et al. (1994) estimated declines in crop yields by as
much as 50% without the use of pesticides. Knutson et al. (1990)
suggested the significant decline in crop production may result in
increased acreage to compensate for production, increased food
expenditures, and increased inflation. Such a need for increased
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Table 1
Physical and chemical properties of lambda-cyhalothrin and cyfluthrin

Lambda-cyhalothrin Cyfluthrin

Structurea,b

Molecular weighta,b 449.9 434.29
Water solubility (mg/L)a,b 0.005 0.002
Vapor pressure (mm Hg at 25�)b,d 1.5� 10�9 3.24� 10�8

KOW
c,d 10,000,000 4.58� 105–6.4� 105

KOC
b,c 180,000 62,400

Hydrolysis (t½) (d)a,b 233.1 193 (25 �C at pH 7)

a Casjens (2002).
b EXTOXNET (1996).
c Schroer et al. (2004).
d Hand et al. (2001).
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crop acreage would put a strain on the intensively cultivated
Mississippi Delta’s agricultural ecosystem. To balance the value of
pesticide usage yet maximize environmental safety, management
practices targeting mitigation of pesticide runoff have been
developed.

Constructed and natural wetlands have been successful in
mitigating runoff associated with agricultural pesticides (Wolver-
ton and Harrison, 1973; Higgins et al., 1993; Rodgers et al., 1999;
Moore et al., 2002; Schulz et al., 2003a,b; Schulz, 2004). One of the
three critical aspects of constructed mitigation wetlands is the
presence of vegetation. Benefits of plants include physical filtration,
surface area for microbial attachment, and stabilization of bed
sediments (Brix, 1994). Wetland plant organic matter may also aid
in mitigation by increasing the potential transfer of pesticides from
the water column to plant material (Moore et al., 2007). The
objective of this research was to evaluate the use of a constructed
wetland system in the Mississippi Delta, USA, for mitigating
lambda-cyhalothrin and cyfluthrin concentrations associated with
a simulated storm runoff event.
Table 2
Pesticide concentrations (mg/L) in Beasley Lake source water (from Moore et al.,
2007)

Sample collected Pesticide 5/19/03

Atrazine 0.227
Methyl parathion 0.015
Metolachlor 0.011
Chlorpyrifos 0.000
Cyanazine 0.002
Fipronil 0.011
Fipronil sulfone 0.001
pp0-DDE 0.002
pp0-DDD 0.003
pp0-DDT 0.014
Chlorfenapyr 0.004
Bifenthrin 0.006
Lambda-cyhalothrin 0.002
2. Methods

2.1. Study site description

Beasley Lake (Sunflower County, Mississippi, USA) is a 25 ha oxbow lake sur-
rounded by 850 ha of land within the watershed (Locke, 2004). In 2003, a con-
structed wetland system (180 m� 30 m), comprised a sediment retention pond
and two individual cells, was established adjacent to the lake (Weaver et al., 2004;
see Moore et al. (2007) for schematic diagram). Dominant vegetation included
Cyprus iria (rice field flatsedge), Sorghum halepense (johnsongrass), Digitaria
ischaemum (small crabgrass), Polygonum lapathifolium (pale smartweed), and
Alternanthera philoxeroides (aligatorweed) (Weaver and Zablotowicz, 2004). To
facilitate collection of water, sediment, and plant samples, 10 stations at distances
from inflow of 1 (site 1), 10 (site 2), 15 (site 3), 30 (site 4), 60 (site 5), 85 (site 6), 90
(site 7), 120 (site 8), 150 (site 9), and 170 m (site 10) were established within the
constructed wetland system (Moore et al., 2007).
2.2. Simulated storm runoff event

Simulated storm runoff was introduced to the constructed wetland system in
July 2003. Karate� (19 g lambda-cyhalothrin active ingredient total), Baythroid�
(79.5 g cyfluthrin active ingredient total), 568 L of suspended sediment slurry
(inflow suspended sediment concentration of 403 mg/L), and surface water from
Beasley Lake (Table 2) were mixed together in a 7570 L chamber for 1 h prior to
actual amendment into the sediment retention pond of the wetland system for four
consecutive hours. During the 4-h amendment, lake water was also constantly
added to the wetland system via the sediment retention pond. Amount of pesticides
used was based on the recommended application rates (0.12 kg lambda-cyhalothrin/
ha; 0.57 kg cyfluthrin/ha); wetland contributing acreage (14 ha); and assumed 1%
pesticide runoff (Wauchope, 1978). Simulated rainfall contributions to the storm
event were based on a 1.3 cm event, with assumed rainfall runoff of 50%
(w917,000 L). Source water from Beasley Lake was transported via pump into the
wetland system at a rate of approximately 3800 L/min for 4 h in order to complete
the simulated runoff event.

2.3. Collection of water, sediment, and plant samples

Grab samples of wetland water were collected in 1-L amber glass bottles at
15 min intervals for the first hour, then again at 0.06, 0.08, 0.13, 0.17, 0.38, 1, and 2 d
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at individual sampling sites according to Moore et al. (2007). When water was
available, collections were also made on 7, 13, 27, 41, and 55 d post-application. With
no inflow after the 4-h event and little natural rainfall throughout the experiment,
certain wetland sampling stations were dry after 7 d. Collected samples were stored
on ice immediately and returned to the laboratory for extraction within 24 h of
collection. Sediment and plant material (10 g wet weight) were collected at 0.04,
0.13, 0.38, 1, 2, 7, 13, 27, 41, and 55 d. Sediment samples, collected with a shovel, were
limited to the top 3 cm, and only leaves and shoots exposed in the water column
(from sediment surface to water surface) were collected as plant samples. Samples
were wrapped in foil, stored on ice, and transported to the laboratory. Upon arrival,
samples were stored in a freezer (�20 �C) until being dried for analysis.

2.4. Pesticide extraction and analysis

Lambda-cyhalothrin and cyfluthrin analyses were conducted on unfiltered
water, sediment, and plants to determine pesticide concentrations in the three
environmental matrices. Extraction methods used were similar to those of Bennett
et al. (2000). Briefly, water samples were extracted by liquid–liquid extraction using
ethyl acetate. Individual water sample volumes were recorded (500–800 mL) prior
to addition of 200 mL of ethyl acetate and 100 mg of potassium chloride for a single
extraction. Prior to extraction, sediment and plant samples were air-dried and
ground to pass through a 2 mm sieve. Both sediment and plant samples were
extracted by ultrasonication using ethyl acetate. Extracts were also subjected to
silica gel cleanup before analysis.

Lambda-cyhalothrin and cyfluthrin were analyzed using an HP 6890 gas chro-
matograph equipped with a 30 m HP-1MS column. A multi-level calibration
procedure was used with standards (AccuStandard, New Haven, CT; 99% purity) and
updated every ninth sample. Limits of detection (LOD) for both lambda-cyhalothrin
and cyfluthrin in water were 1 ng/L. Limits of quantification for both insecticides
were 10 ng/L. For both sediments and plants, lambda-cyhalothrin and cyfluthrin
LOD were 10 ng/kg. LOC for both insecticides in sediments and plants were 100 ng/
kg. Mean extraction efficiencies, based on fortified samples, were >90% for water,
sediment, and plants.

2.5. Data analysis

Mass balances were determined using a model previously developed by Bennett
et al. (2005) and Moore et al. (2006, 2007). Data on water, plant, and sediments
collected along transects of the sediment detention pond, vegetated wetland cell 1
and vegetated cell 2 at each sample time point (0.04, 0.13, 0.38, 1, 2, 7 and 13 d) were
used to calculate mass balances. Because of dry conditions 13 d after experiment
initiation, water data were unavailable at some locations. Hence, no further mass
balances were derived for comparisons of the three environmental matrices (water,
plant, and sediment).

3. Results

3.1. Lambda-cyhalothrin concentrations

Thirty minutes following exposure initiation, mean lambda-
cyhalothrin concentrations were restricted to the sediment deten-
tion pond (8.75� 5.8 mg/L) and wetland cell 1 (28.5�12.5 mg/L).
Table 3
Mean (�standard error) insecticide concentrations (mg/L) in wetland water

Time (d) Sediment

Detention pond (sites 1–2) Wetland 1

LC CYF LC

0.01 17.4� 0.22 64.3� 11 11.4� 4.2
0.02 8.75� 5.8 20.6� 15 10.1� 4.3
0.03 4.65� 0.4 11.5� 3.5 13.2� 1.9
0.04 4.58� 3.8 9.17� 7.0 17.8� 3.0
0.06 21.4� 2.4 52.6� 15 13.7� 2.4
0.08 2.21� 2.2 6.06� 5.1 13.4� 2.2
0.13 1.57� 0.12 4.47� 0.78 5.83� 0.7
0.17 14.1� 9.9 40.2� 31 2.87� 0.5
0.25 0.13� 0.13 1.35� 0.47 0.79� 0.3
0.38 0.45� 0 3.01� 0 1.24� 0.9
1 1.37� 0 3.2� 0 0.42� 0.2
2 bd 0.77� 0 0.33� 0.1
7 bd 0.22� 0 0.04� 0.0
13 ns ns ns
27 ns ns ns
41 ns ns ns
55 ns ns ns

ns¼No sample; bd¼ below detection; LC¼ lambda-cyhalothrin; CYF¼ cyfluthrin.
Concentrations in wetland cell 2 were below detection limits
(Table 3). Four hours following exposure initiation, lambda-cyha-
lothrin had migrated into wetland cell 2 (mean aqueous concen-
tration of 5.03� 3.2 mg/L). Outflow (190 m) aqueous concentrations
were below detection with the exception of the samples collected at
6 (0.36 mg/L), 9 (0.62 mg/L), 24 (0.43 mg/L), and 48 h (0.77 mg/L). From
7 to 55 d, aqueous concentrations were again below detection limits.
By plotting maximum observed aqueous concentrations versus
sample distance from inflow, trends of decreasing concentration
with distance were noted (Fig. 1). When comparing concentrations
of lambda-cyhalothrin in the entire wetland system throughout the
55 d experiment, the mean concentrations were 4.17� 0.48 mg/L,
121�59 mg/kg (dry weight), and 65.9� 21 mg/kg (dry weight) in
water, sediment, and plant compartments, respectively. Overall,
water and sediment were responsible for 3 and 63%, respectively, of
the measured lambda-cyhalothrin concentrations, while wetland
plants were associated with 34% of measured lambda-cyhalothrin
concentrations. The sediment detention pond retained 30� 7% of
lambda-cyhalothrin aqueous concentrations, while the majority
(52� 6%) was retained in wetland cell 1.

3.2. Lambda-cyhalothrin mass

The total nominal mass of lambda-cyhalothrin (as active
ingredient) added to the wetland system was 19 g. In comparison,
the total calculated mass of lambda-cyhalothrin for the entire
wetland system (mtotal (detention þwetland 1 þwetland 2)) at the 3 h
sampling point was 29.5 g. Mass balance assumptions of wetland
water volume and sediment and plant biomass can lead to over-
estimates of actual pesticide mass present in the system. The mass
balance model used for this study has been used in similar wetland
studies with success (Bennett et al., 2005; Moore et al., 2006, 2007).
Within the sediment detention pond, overall measured lambda-
cyhalothrin percent mass was 43�19, 28� 18, and 30�14%,
respectively, for water, sediments, and plants. Sediment-associated
lambda-cyhalothrin measured mass in wetland cells 1 and 2 was
50�17 and 39�18%, respectively. Plant-associated lambda-cyha-
lothrin measured mass were 33�17 and 55�19%, respectively, for
wetland cells 1 and 2. When calculating overall measured mass
percentages for the 55-d experiment (Table 4), 6.3� 3.4, 47�14,
and 49�15% was associated with water, sediments, and plants,
respectively, indicating the importance of both sediments and
plants in transferring lambda-cyhalothrin from the water column.
Throughout the study, mass data indicated the initial cell (sediment
(sites 3–6) Wetland 2 (sites 7–10)

CYF LC CYF

34.4� 11.8 ns ns
28.5� 12.5 bd 0.29� 0.0
44.0� 5.20 bd 0.29� 0.05
48.6� 7.5 0.81� 0.8 10.92� 0.68
30.9� 6.9 0.53� 0.53 2.16� 1.8
30.0� 5.2 3.02� 3.0 6.86� 6.6

0 12.4� 1.4 3.2� 1.7 6.74� 3.5
6 7.66� 1.3 5.03� 3.2 13.2� 8.3
1 2.97� 0.86 1.05� 0.79 3.94� 2.4
3 3.99� 1.9 0.26� 0.08 2.32� 0.56
6 1.29� 0.47 0.8� 0.48 2.35� 0.87
5 0.98� 0.14 0.24� 0.12 1.09� 0.34
4 0.46� 0.12 0.01� 0.01 0.34� 0.11

ns 0.04� 0.04 5.20� 5.1
ns bd 0.21� 0.09
ns bd 0.12� 0.03
ns bd 0.14� 0.05
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Fig. 1. Maximum observed aqueous concentrations in Beasley Lake wetland system.
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detention pond) played an extremely limited role in overall pesti-
cide retention. Less than 1% of the overall measured lambda-
cyhalothrin mass was retained in the sediment detention pond,
while 53 and 47% were in cells 1 and 2, respectively.
Table 4
Lambda-cyhalothrin mass for Beasley Lake constructed wetland system

Time Cell Water (%) Sediment (%) Plants (%) Mass (g) Total mass (g)

1 h DP 100 0 0 0.07 17.2
W1 92 8 0 2.60
W2 10 90 0 14.5

3 h DP 44 0 56 0.05 29.5
W1 8 92 0 10.4
W2 17 83 0 19.0

9 h DP 100 0 0 4.00E�03 106.6
W1 0 100 0 89.5
W2 2 0 98 17.1

24 h DP 13 0 87 0.09 31.3
W1 3 57 40 1.50
W2 1 95 4 29.7
3.3. Cyfluthrin concentrations

Unlike lambda-cyhalothrin, cyfluthrin was measured entering
wetland cell 2, some 30 min following exposure initiation (0.29 mg/
L) (Table 3). At the end of the simulated event (4 h), cyfluthrin had
a mean aqueous concentration of 13.2� 8.3 mg/L in wetland cell 2.
Cyfluthrin was measured in collected outflow (190 m) aqueous
samples beginning at 0.03 d (0.15 mg/L) and continuing for the
duration of the 55 d experiment, peaking at 12 h (3.77 mg/L) before
declining to 0.05 mg/L (55 d). When comparing concentrations of
cyfluthrin in the entire wetland system throughout the 55 d
experiment, the mean concentrations were 11.4�1.3 mg/L,
8.03�1.8 mg/kg (dry weight), and 284� 55 mg/kg (dry weight) in
the water, sediment, and plant compartments, respectively. In
contrast to lambda-cyhalothrin, wetland plants were associated
with 94% of the overall measured cyfluthrin concentrations, while
water and sediment were responsible for 4 and 2%, respectively.
48 h DP 0 77 23 0.05 2.52
W1 4 56 40 0.60
W2 7 87 6 1.87

7 d DP 0 89 11 0.75 8.40
W1 0 0 100 0.46
W2 0 1 99 7.19

13 d DP 0 100 0 3.00E�03 3.29
W1 0 100 0 0.03
W2 0 1 99 3.26

27 d DP nd 100 0 1.00E�03 1.00E�03
W1 nd nd nd nd
W2 nd nd nd nd

41 d DP nd nd nd nd 0.75
W1 nd nd nd nd
W2 nd 3 97 0.75

55 d DP nd nd nd nd 3.22
W1 nd 0 100 1.95
W2 nd 0 100 1.27

DP¼ detention pond; W1¼wetland 1; W2¼wetland 2; nd¼ pesticide not
detected.
3.4. Cyfluthrin mass

The total nominal mass of cyfluthrin added to the wetland
system was 79.5 g, four times more than the 19 g of lambda-
cyhalothrin. At the 3 h sample collection, just 1 h prior to the end of
the simulated storm input, the total calculated mass of cyfluthrin
for the entire wetland system (mtotal (detention þwetland 1 þ wetland 2))
was 13.2 g. Total measured cyfluthrin mass had increased to 49 g by
the 9 h sample collection. Within the sediment detention pond,
overall measured cyfluthrin percent mass for the study was 44�15,
0.5� 0.5, and 56�15%, respectively, for water, sediment, and
plants. Sediment-associated cyfluthrin measured mass in wetland
cells 1 and 2 was below 10% (8� 6 and 5� 2%, respectively). Plant-
associated cyfluthrin measured mass was 73�10 and 75�11%,
respectively, for wetland cells 1 and 2. Evaluating the entire 55 d
experiment (Table 5), the overall measured mass percentages for
water, sediment, and plants were 18� 9, 7� 3, and 75� 8%,
respectively, signifying the crucial role of vegetation in transferring
cyfluthrin from the water column. As with lambda-cyhalothrin,
mass data indicated the limited role of the sediment detention
pond in overall pesticide retention. Only 1% of the overall measured
cyfluthrin mass was retained in the sediment detention pond,
while 21 and 78% were in cells 1 and 2, respectively.



Table 5
Cyfluthrin mass data for Beasley Lake constructed wetland system

Time Cell Water (%) Sediment (%) Plants (%) Mass (g) Total mass (g)

1 h DP 89 0 11 0.16 10.5
W1 72 3 25 8.80
W2 91 9 0 1.56

3 h DP 74 0 26 0.10 13.2
W1 43 0 57 4.02
W2 73 2 25 9.08

9 h DP 62 3 35 0.04 49.0
W1 15 1 84 3.96
W2 5 0 95 45.0

24 h DP 11 0 89 0.23 22.1
W1 2 2 96 9.45
W2 9 2 89 12.4

48 h DP 7 0 93 0.09 12.7
W1 2 0 98 3.72
W2 6 3 91 8.88

7 d DP 20 0 80 5.00E�03 67.3
W1 0 5 95 7.62
W2 0 3 97 59.7

13 d DP nd 46 54 0.18 21.6
W1 nd 39 61 2.90
W2 17 5 78 18.5

27 d DP nd 22 78 0.12 10.1
W1 nd 20 80 2.47
W2 1 6 93 7.51

41 d DP nd 74 26 0.03 5.95
W1 nd 48 52 1.89
W2 1 20 79 4.03

55 d DP nd 0 100 5.00E�03 3.22
W1 0 43 57 1.14
W2 2 0 98 2.07

DP¼ detention pond; W1¼wetland 1; W2¼wetland 2; nd¼ pesticide not
detected.
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4. Discussion

Water solubility (5 and 2 mg/L) and Koc values (180,000 and
62,400) for lambda-cyhalothrin and cyfluthrin, respectively, indi-
cate these pyrethroids’ tendency to partition out of the water
column. Accidental spills, spray drift, or storm runoff following
a recent pyrethroid application may result in introduction into
aquatic receiving systems, causing harm to fish, invertebrates, and
other associated fauna. While no USEPA-approved acute or chronic
freshwater ambient water quality criteria exist for either lambda-
cyhalothrin or cyfluthrin, several toxicity assessments have been
conducted on both pesticides (Hill, 1989; Mokry and Hoagland,
1990; Farmer et al., 1995; Heckmann and Friberg, 2005; Lauridsen
and Friberg, 2005). Schroer et al. (2004) suggested 10 ng/L as
a potential regulatory acceptable environmental concentration of
lambda-cyhalothrin. Conducted in The Netherlands, this study
provided 5th and 10th percentile hazard concentrations (HC5 and
HC10) for both laboratory and field exposures. Laboratory and field
HC5s for lambda-cyhalothrin were 2.7 and 4.1 ng/L, respectively,
while HC10s for both laboratory and field exposures were 5.1 ng/L
(Schroer et al., 2004). Wetland cell 2 outflow data indicated
aqueous lambda-cyhalothrin concentrations exiting the system
between 6 and 48 h were above these levels (ranging from 360 to
777 ng/L). The potential for impairment to aquatic species would be
present in water bodies with these inflow lambda-cyhalothrin
concentrations. Fewer studies are available for cyfluthrin. Mokry
and Hoagland (1990) reported a 48 h LC50 for Daphnia magna at
0.17 mg/L cyfluthrin, and Munn et al. (2006) reported a 48 h EC50 for
D. magna and cyfluthrin of 0.083 mg/L. Wetland cell 2 outflow
cyfluthrin concentrations were above the 48 h EC50 from 45 min
post-amendment through 41 d.

Ecological effects of lambda-cyhalothrin on macroinvertebrate
drift have been reported by Farmer et al. (1995), Lauridsen and
Friberg (2005), and Heckmann and Friberg (2005). Farmer et al.
(1995) reported several ecological effects of a 1.7 g a.i./ha (lambda-
cyhalothrin) dose on aquatic ecosystems. Initial knockdown of
surface-dwelling insects was followed by a period of recovery.
Increased algal blooms and copepod abundance were noted as
indirect effects, yet no adverse effects on algal chlorophyll content,
productivity, or community metabolism were noted (Farmer et al.,
1995). Heckmann and Friberg (2005) noted macroinvertebrate
recovery 2 weeks following a 30 min pulse exposure of lambda-
cyhalothrin. In a study conducted in Denmark, lambda-cyhalothrin
pulse concentrations of 0.001, 0.01, 0.1, and 1.0 mg/L were applied to
experimental channels, resulting in catastrophic drift (Lauridsen
and Friberg, 2005). A drift response threshold of 0.01 mg/L lambda-
cyhalothrin was reported for Baetis rhodani and Leuctra fusca/dig-
itata, two insect species (Lauridsen and Friberg, 2005).

Because agriculture is often the target of non-point source
contamination of aquatic receiving systems, the industry has
invested significant resources into developing and refining various
land management practices to alleviate potential water quality
concerns. One such practice, constructed wetlands, has been
successful at mitigating various pesticide concentrations exiting
agricultural production acreage (Moore et al., 2000, 2002, 2007;
Sherrard et al., 2004). Both biotic and abiotic functions within
constructed wetlands work in conjunction to remediate pesticide
runoff.

An important environmental characteristic in constructed
wetland systems is pH. Cyfluthrin dissipates (half-life of 12.2 d)
through aqueous photolysis at pH 7, and it also degrades abiotically
through hydrolysis (Casjens, 2002). No hydrolysis was reported to
have occurred with lambda-cyhalothrin in water of 5–7 pH (NPTN,
2001). Leistra et al. (2003) determined that lambda-cyhalothrin is
relatively stable to aqueous hydrolysis in acid or neutral pH
systems. With reported wetland water pH values of 4.85–5.21
(Weaver et al., 2004), pyrethroid degradation was likely not influ-
enced by hydrolysis.

To further understand the fate of lambda-cyhalothrin and
cyfluthrin within the vegetated wetland system, mass balance
calculations were performed to determine partitioning between
water, sediment and plant components. At the 3 h sample collec-
tion, lambda-cyhalothrin mass was primarily in sediment (Table 4).
This contradicts Roessink et al. (2005) who reported no lambda-
cyhalothrin from sediment samples collected after pesticide
application to the water column. Cyfluthrin, at 3 h, was still
predominantly in the aqueous phase (Table 5). Gupta and Gajbhiye
(2005) examined cyfluthrin dissipation in water and waterþ
sediment, noting that cyfluthrin water (only) dissipation was along
the line of first-order kinetics with a half-life of 8.4–10.5 d. When
examining cyfluthrin dissipation in water and sediment combined,
two distinct trends were noted, where up to 10 d, the half-life
ranged from 3 to 4.3 d, while after 10 d, cyfluthrin half-life
increased to 13.5–13.9 d (Gupta and Gajbhiye, 2005). By 9 h after
introduction during the current study, lambda-cyhalothrin mass
was evenly distributed, percentage wise, among water, sediment,
and plants. Cyfluthrin demonstrated a different distribution, with
71% of mass being associated with plants at 9 h within the overall
system.

Lambda-cyhalothrin sorption to macrophytes has been previ-
ously reported (Hand et al., 2001; Moore et al., 2001). Different
macrophyte densities have reportedly influenced the fate and
bioavailability of lambda-cyhalothrin in wetland systems (Hand
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et al., 2001; Leistra et al., 2003; Van Wijngaarden et al., 2006). In
contrast to Moore et al. (2001), where 87% of measured lambda-
cyhalothrin’s concentrations were associated with plants, the
current study revealed only 34% of measured lambda-cyhalothrin
concentrations were sorbed to plant material. Lambda-cyhalothrin
residue in plants within a high plant density ditch enclosure
reached 50% of original dose after 24 h, while intermediate and low
plant densities only had 3–11% pesticide residue after 1–2 d (Leistra
et al., 2003). This study concluded that the lower percentage of
lambda-cyhalothrin in ditch sediment was a result of higher plant
densities (Leistra et al., 2003). In evaluating the fate of both
lambda-cyhalothrin and cyfluthrin, it appears the majority of
lambda-cyhalothrin sorbed to sediment material, while cyfluthrin
mainly partitioned to plant organic material. Earlier studies on
cyfluthrin’s sorption to plants reported a low tendency to actually
penetrate plant tissues for minimal pesticide translocation (Tomlin,
1997; Casjens, 2002). Hand et al. (2001) determined that macro-
phytes have considerable impact on fate of adsorptive pesticides
such as lambda-cyhalothrin.

In the current study, estimates of constructed wetland length
needed for sufficient mitigation of both lambda-cyhalothrin and
cyfluthrin were determined by performing regression analyses on
data from Fig. 1. Utilizing available conservative toxicity endpoints
(lambda-cyhalothrin 21 d D. magna NOEC¼ 0.003 mg/L; cyfluthrin
48 h D. magna EC50¼ 0.083 mg/L), wetland lengths of 217 and 210 m
would be needed for mitigation inflow concentrations of lambda-
cyhalothrin and cyfluthrin, respectively. While these regression
equations are only rough estimates, they do provide initial data for
further wetland design parameters, as well as an efficient starting
point for those interested in implementing such management
practices. Constructed wetlands should be considered one potential
management tool available to farmers, landowners, and conserva-
tionists. As with other practices, when used as part of a suite of
management opportunities, one can expect improved water quality
for receiving aquatic ecosystems.
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