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Abstract Feeding a growing population requires strik-
ing a balance between increasing production and de-
creasing environmental impacts in agricultural settings.
We established 12 experimental mesocosms with silt
loam atop a base of sand and examined the ability of
three emergent aquatic plants common to the USA to
remediate pesticides and nutrients in agricultural runoff.
Mesocosms were planted in monocultures of
Myriophyllum aquaticum, Polygonum amphibium, and
Typha latifolia, or left unvegetated to serve as controls.
All mesocosms were amended with target concentra-
tions of 10 mg L−1 (each) nitrate, ammonium, and
orthophosphate; 20 μg L−1 (each) of the pesticides
propanil and clomazone; and 10 μg L−1 of the pesticide
cyfluthrin. After a 6-h-simulated agricultural runoff with
amended water, mesocosms sat idle for 48 h before
flushing with unamended water for another 6 h. Outflow
water samples were collected and analyzed for contam-
inant concentrations. Most significant differences be-
tween vegetated mesocosms and controls occurred
when comparing mean contaminant transfer/
transformation rates post-amendment. Differences
among plant species occurred regarding retention of
dissolved nutrients orthophosphate, ammonium, and
nitrate. Similarly, all three plant species retained more
propanil than controls during post-amendment (8–48 h),
but individual plant differences occurred with regard to

clomazone and cyfluthrin retention. While variation in
mitigation of specific dissolved components of nutrients
suggests different mechanisms involved in nutrient cy-
cling within our mesocosms, consistent overall total
nutrient and pesticide reduction during the post-
amendment period indicate that holding runoff in vege-
tated ditches may reduce transport of agricultural con-
taminants to downstream aquatic ecosystems.
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Nonpoint source

1 Introduction

The global agricultural industry is responsible for pro-
viding food and fiber to nearly 7.7 billion people
(United Nations 2019). According to the World Bank
(2016), approximately 37% of the world’s land area are
used for agricultural purposes. In many countries where
arable land is decreasing due to urbanization, agriculture
is forced to intensify their cropping practices, including
the use of fertilizers and pesticides to increase crop
yields and minimize losses.

Unfortunately, agricultural systems are incapable of
complete utilization of applied fertilizers and pesticides.
Residual nutrients or pesticides not utilized by plants or
soil have the potential to be transported as nonpoint
source pollution either in dissolved or particulate
forms during storm or irrigation runoff. Such pollution
has received increased attention, especially due to
eutrophication of freshwater bodies and expansion of
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hypoxic zones along coastal waters of the USA. Van
Meter et al. (2018) reported the largest measured hypoxic
zone in the Gulf of Mexico, to date, occurred in August
2017 (22,720 km2). The 2019 hypoxic zone was the
eighth largest on record at 18,005 km2 (USEPA 2019).

Climate change has been identified as a primary
cause of environmental insecurity impacting freshwater
systems globally (Heathwaite 2010). Current challenges
of mitigating excess nutrients in agricultural runoff will
be exacerbated by precipitation changes in the future.
Sinha et al. (2017) suggested that by the end of the
century, under business-as-usual operations in the con-
tinental USA, riverine total nitrogen (TN) loading will
increase 19 ± 14% due to precipitation changes. In the
Mississippi-Atchafalaya River Basin, an 18% increase
in N loading is projected solely by climate-induced
precipitation changes. Compounding these problems is
the fact that positive changes in water quality are not
always immediate, even after implementation of man-
agement practices. Inherent delays, also known as time
lags, in water quality have been recorded in scientific
literature and serve as a major constraint for water policy
development (Vero et al. 2018). Meals et al. (2010)
reported time lags between 4 and over 50 years for
nitrate concentrations, while Tomer and Burkhart
(2003) found time lags of greater than 30 years in two
Iowa watersheds. For example, even if agricultural N
use efficiency reached 100%, legacy N within the Mis-
sissippi River Basin would prevent meeting national
target reduction goals for loadings to the Gulf ofMexico
(Van Meter et al. 2018). Therefore, business-as-usual
management practices or lack of support for conserva-
tion efforts will only result in continued water resource
degradation. As single stressors are rarely responsible
for nonpoint source pollution observed in agricultural
ecosystems, research on management practice efficien-
cy should include assessments of complex mixtures of
contaminants or multiple stressors and their impact on
ecosystem services (Chapman 2012, 2018).

Vegetated drainage ditches surrounding agricultural
production acreage are more than simple conduits for
water conveyance from the field to nearby rivers, lakes,
and streams. Research over the last two decades has
demonstrated these systems provide valuable ecosystem
services in edge-of-field agricultural areas including, but
not limited to, pollutant mitigation and processing, sed-
imentation, and flood control (Moore et al. 2001, 2008;
Taylor et al. 2015; Christopher et al. 2017; Soana et al.
2017; Kumwimba et al. 2018; Vymazal and Březubivá

2018). Trade-offs exist, however, between necessary
field drainage requirements, soil interaction, hydraulic
retention time, and plant community succession and
senescence. The objective of the current experiment
was to determine capabilities of three different aquatic
plants to mitigate a mixture of nutrients and pesticides
potentially found in agricultural runoff.

2 Materials and Methods

Twelve mesocosms (1.3 × 0.7 × 0.6 m) were established
using Rubbermaid® polyethylene stock tanks filled
with a 22-cm base of sand overlain with 16 cm of
Lexington silt loam. Three aquatic macrophytes com-
mon in Southern USA drainage ditches were chosen for
evaluation of the current experiment: Myriophyllum
aquaticum (parrot feather), Polygonum amphibium (wa-
ter knotweed), and Typha latifolia (common cattail). All
soils and plants were collected from previously un-
amended wetland cells at the University of Mississippi
Field Station, Abbeville, MS in early spring. Triplicate
mesocosms (similar density with mature plants) were
planted in monocultures of each of the three species to
be investigated, while three mesocosms were also left
unvegetated (soil only) to serve as controls. Water (mu-
nicipal source, city of Oxford, MS) (18–32 cm deep,
depending on the individual mesocosm) was added to
each system. Systems acclimated for 6 weeks prior to
experimental initiation.

An experiment was designed to determine the miti-
gation capability of different plant species to nutrient and
pesticide contaminants. Simulated runoff was made from
municipal source water (city of Oxford, MS) amended
with sodium nitrate, ammonium sulfate, and potassium
phosphate dibasic as nutrients. Pesticides were also
added to the simulated runoff including the herbicides
propanil (3′,4′-dichloropropionanilide) (as RiceShot®)
and clomazone [2-(2-chlorophenyl)methyl-4,4-dimeth-
yl-3-isoxazolidinone] (as Command 3ME®), as well as
the insecticide cyfluthrin [cyano(4-fluoro-3-
phenoxyphenyl)methyl-3-(2,2-dichloroethenyl)-2,2-di-
methyl-cyclopropanecarboxylate] (as Tombstone™).
Target concentrations for the nutrient contaminants were
10 mg L−1 each for nitrate (NO3

−), ammonium (NH4
+),

and orthophosphate (PO4
−3), while pesticide concentra-

tions were 20 μg L−1 each for propanil and clomazone
and 10 μg L−1 for cyfluthrin. Simulated runoff (138–
246 L) was prepared in polyethylene mixing chambers
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(189 L) and delivered to individual mesocosms via
FMI® piston pumps (Fluid Metering Incorporated,
Syosset, NY) calibrated to deliver the mixture (383–
683 mL min−1) to ensure a 6 h hydraulic retention time
(HRT) in each mesocosm. The mixture was delivered
from the mixing chambers, through the pumps, to indi-
vidual mesocosms via 0.64 cm × 0.95 cm (ID × OD)
vinyl tubing. The same size tubing was placed at the
outflow of each mesocosm and used to collect runoff
samples in prewashed 500-mL amber glass jars for pes-
ticides and new 237-mL polyethylene cups for nutrients
(Fig. 1).

To help simulate effects of water retention structures
(e.g., weirs) to improve system mitigation, the original
individual mesocosm water level was reduced by 1/3
(46–82 L) prior to addition of simulated runoff. The
simulated runoff was applied for 6 h, after which
mesocosms were left undisturbed for 48 h before being
flushed with unamended municipal water for 6 h (the
same volume as used in the simulated storm runoff.)
This combined scenario simulated drainages that, while
having standing water, still had storage capacity before
overflow would begin. The unamended flush after 48 h
simulated a second stormflow that would move the
water out of the system. In addition to background
samples, aqueous outflow samples were collected at 2,
2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, 24, and 48-h post-applica-
tion. Samples were again collected at 49, 51, 54, 72, and
168 h to determine mitigation following the unamended
water flush. Water quality measurements of dissolved
oxygen (DO) (mg L−1), temperature (°C), and pH (s.u.)
were taken at background, 2, 4, 8, 12, 24, 48, 54, 72, and
168 h using a Yellow Springs Instruments (YSI)-85
handheld portable meter (DO and temperature) and an
Oakton pH meter.

Once aqueous samples were collected, they were
immediately taken inside to the United States Depart-
ment of Agriculture (USDA), Agricultural Research
Service (ARS) National Sedimentation Laboratory
(NSL) for preservation. A 200-mL sample was filtered

through a 0.45-μm membrane filter, and 14 mL were
transferred to a polypropylene tube for dissolved nutri-
ent (NO3

−-N; NH4
+-N; PO4

3−-P) analysis. Samples in
the polypropylene tubes were then frozen until analysis
on a Lachat QuikChem 8500 Series 2 Flow Injection
Analysis (Hach, Loveland, Colorado). Nutrient analyses
were based on APHA (2005) and QuikChem Methods
10-107-04-1-C (NO3

−/NO2
−), 10-107-06-1-J (NH4

+),
and 10-115-01-1A (PO4

3−). By multiplying the individ-
ual mesocosm outflow volume (over a prescribed time
series) by that time series nutrient concentration, a con-
taminant load (mg) was calculated and used to deter-
mine system retention.

Pesticide samples were preserved with 100-mL ethyl
acetate and 8-g KCl. Samples were concentrated to near
dryness using an Organomation OA-SYS heating sys-
tem with N-EVAP-112 nitrogen evaporator. An Agilent
Model 7890 gas chromatograph (GC) (Agilent Technol-
ogies, Santa Clara, CA) equipped with an Agilent 7693
autosampler and dual G4513A autoinjectors, dual split-
splitless inlets, dual capillary columns, Agilent
ChemStation, and autoinjector set at 1.0 μL injection
volume fast mode were used for all targeted pesticide
analyses according to Smith and Cooper (2004) and
Smith et al. (2007). The Agilent 7890 GC was equipped
with two micro electron capture detectors (μECDs).
Column oven temperatures were initially at 65 °C for
1 min; ramp at 10 °C min−1 to 175 °C and hold for
15 min; ramp at 10 °C min−1 to 225 °C and hold for
34 min. Carrier gas used was ultrahigh purity (UHP)
helium at 54.5 mL min−1, and inlet temperature at
250 °C. The μECD temperature was 325 °C with a
constant make-up gas flow of 60 mL min−1 UHP nitro-
gen. The analytical column was an Agilent HP 5MS
capillary column, 30 m × 0.25 mm i.d. × 0.25 μm film
thickness. Detection limit for propanil and cyfluthrin
was 0.05 μg L−1, while clomazone’s detection limit
was 0.10 μg L−1. Pesticide loads were calculated in an
identical manner to nutrient loads as described earlier.

Simple linear regressions and least squares fit on
retention of nutrients and pesticides, plant species, and
timing were both conducted using (R Core Team 2017).
Experimental phases were divided into initial flow (0–
6 h), initial stagnation (8–48 h), unamended flush (49–
54 h), and final stagnation (72–168 h). Significant dif-
ferences in effluent nutrient and pesticide concentrations
and loads between different plant species were deter-
mined with JMP 8.0 software (SAS, Cary, NC, USA)
using analysis of variance (ANOVA) at an alpha of 0.05.Fig. 1 Schematic of individual experimental mesocosms used
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ATukey’s HSD followed to determine levels of differ-
ences. Individual treatments were compared to controls
using Student’s t test at an alpha of 0.05.

3 Results and Discussion

3.1 Vegetation

Mesocosms with T. latifolia contained 38 (±1) plants
m−2, while P. amphibium mesocosms had 141 (±10)
plants m−2. Both these planting densities were similar
to those observed in the field by authors (unpublished
data). Individual stem counts for M. aquaticum were
unable to be determined due to extensive branching and
sensitivity of plant material structure; therefore, percent
cover was used to quantify vegetative material in these
mesocosms. Myriophyllum aquaticum mesocosms had
a mean (±SD) vegetative coverage of 82 (± 28) % of the
0.75 m2 system, which is typical of vegetated drainage
ditch coverage in the field.

3.2 Water Quality

Control mesocosms consistently measured higher levels
of both DO (range 6.15–10.5 mg L−1) and pH (range
5.57–7.43) than vegetated mesocosms. Mean (±SD)
unvegetated control DO measurements were always
significantly higher (α = 0.05) than M. aquaticum and
P. amphibium (Table 1). Control mesocosms ranged in
pH from 5.57–7.43 and most often had significantly
greater pH measurements than in vegetated systems.
Except one data point (M. aquaticum at 54 h), all mea-
sured plant mesocosm pH values were less than 7,
indicating that accelerated breakdown of pesticide con-
taminants through alkaline hydrolysis would likely not
occur (Brogan and Relyea 2014).

3.3 Pesticides

Only T. latifolia and P. amphibium mesocosms exhibited
initial (6 h) clomazone load retention above 40%
(Tables 2 and 3), yet there was still no significant differ-
ence among any of the plant species and the control nor
among the plant species themselves. The only significant
difference (p = 0.0222) was noted at the initial stagnation
period (8–48 h) where neither Typha nor Polygonum
retained clomazone loads, while Myriophyllum and the
unvegetated control retained 100% and 67%,

respectively. Some retention with the mesocosms may
have occurred with binding of clomazone to limited
quantities of organic matter, although that parameter
was not measured in the current study. Van Scoy and
Tjeerdema (2014) noted microbial degradation of
clomazone is possible in favorable conditions. With a
log KOW of 2.55, Henry’s Law Constant of 4.14 ×
10−8 atm m3 m−1, and hydrolytic stability at a pH range
of 4.5–9.5 for 41 d, the physicochemical characteristics of
clomazone indicate the tendency of the chemical to reside
in the aqueous phase (Van Scoy and Tjeerdema 2014).
Because of its high water solubility, hydrolytic stability,
low Kd, and slow degradation in natural sunlight, a rela-
tively large amount of clomazone was lost during the
unamended water flush (49–54 h) (Table 3).

Propanil load retention in the first 6 h of experimenta-
tion indicated no significance between treatments (three
plant species) and control, nor between individual plant
species themselves. However, significant differences did
occur between the control and all three plant species in
the initial stagnation period (8–48 h). During this time,
P. amphibium, T. latifolia, and M. aquaticum retained
100%, 98%, and 86% of the applied propanil loads,
respectively, with p values < 0.05. During the unamended
flush (49–54 h), M. aquaticum also managed to retain
100% of the applied propanil load, which was signifi-
cantly different from the control (p < 0.0001), and by the
final stagnation period (72–168 h), all mesocosms had
retained 100% of measured propanil loads, including the
control (Tables 2 and 3). Propanil is hydrophilic with a
log KOW of 2.29 and has a Henry’s Law Constant of
1.74 × 10−4 atm m3 m−1, yet with a KOC ranging between
152 and 800, there is the potential for the pesticide to bind
with soil particles (USDA ARS 1995). Danchour et al.
(1986) noted the stability of propanil in aqueous solutions
ranging from pH 5–8. The more acidic the solution, the
slower the observed biodegradation (Danchour et al.
1986). Mesocosm water in the current experiment ranged
in pH from 4.90 to 7.60 (Table 1), suggesting propanil
would be stable in the aqueous phase. However, based on
other physicochemical parameters of propanil (KOW and
Henry’s Law Constant), it is possible that the pesticide
could passively diffuse through plants, move through the
lipid bilayer, and travel into cell fluids (Pilon-Smits
2005). Brogan and Relyea (2017) discovered that sub-
merged aquatic plants were capable of increasing both the
surrounding environmental pH and DO, which could
drive alkaline hydrolysis of certain pesticides. All plant
species utilized in the current study were emergent; thus,
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gas exchange is facilitated directly through shoots and
leaves above the water column rather than through gas
films on submerged leaf surfaces (Colmer and Pedersen
2008). Although plant samples were not taken during the
experiment, this may provide some evidence for the
observed rapidly declining propanil concentrations in
outflow water.

There was no significant difference in retention of
cyfluthrin loads within the first 6 h of experimentation
between the unvegetated control and vegetated treat-
ments (Tables 2 and 3). Cyfluthrin load retention within
the first 6 h ranged from 76 to 86% among all treatments
and controls. This is likely due to cyfluthrin’s strong
tendency to sorb to soil and low tendency to penetrate

Table 1 Mean (±SD) water quality measurements in vegetated and control mesocosms before, during, and after simulated pesticide and
nutrient amendment

Sample Temperature (°C)

Collection Time Control Myriophyllum Typha Polygonum

Background 0715 26.3 (0.19)a 25.9 (0.12)a 25.9 (0.06)a 26.6 (0.20)a

2 h 0945 27.0 (0.12)a 27.0 (0.07)a 26.7 (0.03)a 27.0 (0.12)a

4 h 1145 27.0 (0.09)a 27.0 (0.07)a 26.8 (0.07)a 27.1 (0.09)a

8 h 1545 25.0 (0.09)a 24.9 (0.06)abc 24.7 (0.03)b 25.1 (0.10)ac

12 h 1945 25.3 (0.03)a 25.3 (0.06)ac 24.9 (0.00)b 25.3 (0.07)ac

24 h 0745 22.4 (0.00)a 22.4 (0.07)ab 22.2 (0.00)b 22.6 (0.06)c

48 h 0745 24.4 (0.03)a 24.2 (0.15)ab 24.0 (0.09)b 24.5 (0.03)a

54 h 1345 30.3 (0.12)a 31.1 (0.64)a 30.1 (0.06)a 30.2 (0.12)a

72 h 0745 25.6 (0.09)ab 25.3 (0.24)b 25.1 (0.09)b 26.0 (0.07)a

168 h 0745 27.5 (0.07)a 27.2 (0.27)ab 26.9 (0.09)b 27.8 (0.12)a

Sample Dissolved oxygen (mg L−1)

Collection Time Control Myriophyllum Typha Polygonum

Background 0715 6.15 (0.20)a 2.59 (0.72)b 2.95 (0.40)b 2.49 (0.49)b

2 h 0945 7.72 (0.19)a 5.10 (0.73)b 5.62 (0.20)b 4.72 (0.61)b

4 h 1145 7.55 (0.15)a 5.51 (0.90)b 6.07 (0.17)ab 4.75 (0.54)b

8 h 1545 7.67 (0.08)a 6.36 (0.65)b 6.67 (0.06)ab 5.54 (0.08)b

12 h 1945 8.39 (0.08)a 6.18 (0.87)b 6.60 (0.07)b 4.54 (0.38)b

24 h 0745 7.20 (0.14)a 2.50 (0.68)b 3.13 (0.17)b 1.50 (0.11)b

48 h 0745 9.27 (0.52)a 4.17 (0.67)b 3.83 (0.09)b 3.10 (0.51)b

54 h 1345 10.5 (1.55)a 9.96 (0.75)a 11.0 (0.31)a 9.26 (0.31)a

72 h 0745 7.75 (0.59)a 2.56 (0.77)b 2.80 (0.14)b 1.83 (0.08)b

168 h 0745 7.50 (0.73)a 2.34 (0.54)b 2.08 (0.20)b 1.54 (0.18)b

Sample pH (s.u.)

Collection Time Control Myriophyllum Typha Polygonum

Background 0715 5.57 (0.15)a 5.40 (0.12)ab 5.17 (0.03)b 5.20 (0.12)b

2 h 0945 6.30 (0.15)a 6.03 (0.13)ab 5.70 (0.06)b 5.80 (0.15)b

4 h 1145 6.53 (0.15)a 6.33 (0.12)ab 5.97 (0.07)b 5.93 (0.09)b

8 h 1545 6.23 (0.07)a 5.97 (0.09)b 5.77 (0.03)b 5.73 (0.03)b

12 h 1945 6.37 (0.09)a 6.00 (0.10)b 5.67 (0.03)bc 5.60 (0.06)c

24 h 0745 5.73 (0.07)a 5.30 (0.06)b 5.00 (0.06)c 5.03 (0.03)c

48 h 0745 6.40 (0.15)a 5.33 (0.03)b 4.90 (0.06)c 5.00 (0.06)bc

54 h 1345 7.37 (0.33)a 7.60 (0.23)a 6.70 (0.31)a 6.53 (0.19)a

72 h 0745 6.81 (0.32)a 5.57 (0.07)b 5.23 (0.03)b 5.10 (0.10)b

168 h 0745 7.43 (0.37)a 5.90 (0.21)b 5.33 (0.17)b 5.33 (0.09)b

Significant differences among rows are noted by different letters
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plant tissue (Casjens 2002). With a log KOW of 5.95,
cyfluthrin is not anticipated to be significantly taken up
through the plant cell membrane but instead through the
root epidermis (Imfeld et al. 2009). Like clomazone and
propanil, significant differences existed in the initial
stagnation period (8–48 h), where P. amphibium and
T. latifolia significantly reduced cyfluthrin loads as
compared to the controls (p = 0.0035 and p = 0.0037,
respectively) (Table 3). Polygonum amphibium retained
significantly less cyfluthrin after the flush event as com-
pared to the control (p = 0.0063), T. latifolia (p =
0.0104), andM. aquaticum (p = 0.0273). Aqueous pho-
tolysis and hydrolysis are two primary pathways for
abiotic degradation of cyfluthrin, and this may help
explain cyfluthrin breakdown in open, unvegetated con-
trol treatments.

3.4 Nutrients

No significant differences were noted in PO4
−3-P reten-

tion within the first 6 h after simulated drainage water
was added. Vegetated systems mitigated 39–53% of
PO4

−3-P loads, while control systems retained 42%
(Tables 2 and 3). Significant differences existed during
the initial stagnation period, whereM. aquaticum (37 ±
11%) and T. latifolia (43 ± 1%) both significantly de-
creased (either through sorption or uptake) more PO4

−3-
P than control systems (15 ± 2%) (p = 0.0157 and
0.0407, respectively). The second stagnation period
likewise showed significant differences, with
T. latifolia (89 ± 4%) and P. amphibium (91 ± 1%) sig-
nificantly decreased (sorption or uptake) more PO4

−3-P
than control systems (39 ± 4%) (p = 0.0233 and 0.0208,

Table 2 Mean (±SE) concentrations in vegetated and control mesocosms at 6 h (1 hydraulic retention time) after initial flow, initial
stagnation period (8–48 h), unamended water flush (49–54 h), and final stagnation period (72–168 h)

Contaminant Time (h) Control Myriophyllum Typha Polygonum

Clomazone (μg L−1) 6 0.54 (0.10) 0.36 (0.13) 0.44 (0.11) 0.35 (0.07)

8–48 0.24 (0.11) 0.89 (0.82) 0.69 (0.55) 0.24 (0.23)

49–54 3.17 (1.90) 1.35 (0.72) 2.35 (0.71) 1.08 (0.35)

72–168 0.75 (0.54) 0.64 (0.36) 0.51 (0.39) 0.47 (0.08)

Propanil (μg L−1) 6 3.89 (0.23) 3.50 (0.28) 3.68 (0.15) 3.29 (0.22)

8–48 3.13 (0.48) 1.02 (0.36) 1.72 (0.55) 1.16 (0.45)

49–54 0.77 (0.19) BD BD BD

72–168 0.11 (0.11) BD BD BD

Cyfluthrin (μg L−1) 6 4.76 (1.30) 2.44 (0.37) 2.81 (0.40) 2.69 (0.54)

8–48 1.43 (0.24) 0.52 (0.11) 0.67 (0.19) 0.54 (0.16)

49–54 0.62 (0.36) 0.14 (0.01) 0.14 (0.01) 0.15 (0.16)

72–168 0.14 (0.01) 0.05 (0.05) 0.05 (0.05) 0.08 (0.02)

PO4
−3-P (mg L−1) 6 3.58 (0.17) 3.70 (0.29) 3.26 (0.23) 3.64 (0.22)

8–48 3.17 (0.08) 2.85 (0.19) 2.77 (0.25) 3.28 (0.24)

49–54 1.83 (0.47) 1.36 (0.38) 1.25 (0.31) 1.58 (0.44)

72–168 0.83 (0.20) 0.49 (0.2) 0.31 (0.25) 0.40 (0.33)

NH4
+-N (mg L−1) 6 3.46 (0.18) 3.52 (0.28) 3.04 (0.21) 3.21 (0.18)

8–48 2.79 (0.16) 2.38 (0.32) 2.16 (0.42) 1.98 (0.46)

49–54 1.20 (0.42) 0.59 (0.26) 0.33 (0.13) 0.05 (0.01)

72–168 0.27 (0.20) 0.10 (0.04) 0.03 (0.01) 0.07 (0.03)

NO3
—N (mg/L−1) 6 4.27 (0.20) 4.68 (0.34) 4.01 (0.27) 4.41 (0.24)

8–48 3.92 (0.05) 3.72 (0.28) 3.57 (0.26) 3.80 (0.40)

49–54 2.84 (0.45) 1.94 (0.31) 2.03 (0.28) 1.51 (0.19)

72–168 1.11 (0.86) 0.47 (0.46) 0.34 (0.33) 0.11 (0.10)

PO4
−3 -P, phosphorus as orthophosphate; NH4

+ -N, nitrogen as ammonium; NO3
—N, nitrogen as nitrate; BD, below analytical detection

limits (0.05 μg L−1 )

Water Air Soil Pollut (2020) 231: 140140 Page 6 of 10



respectively). Current study results are similar to those
of Kasak et al. (2018) who found T. latifolia PO4

−3

removal up to 41.8% during the warm period of study.
They also noted a strong negative correlation between
PO4

−3 removal efficiency and flow rate, indicating
shorter retention times decrease overall P removal ca-
pability when PO4

−3 inflow concentrations range from
0.04 to 0.1 mg L−1) (Kasak et al. 2018). Moore and
Krӧger (2011) and Moore et al. (2013) reported
T. latifolia PO4

−3 mitigation of 40 ± 1% and 46.5 ±
11.9%, respectively, with both studies utilizing a 4-h
HRT. These retentions are slightly lower than the current
study’s T. latifolia 6-h HRT PO4

−3-P mitigation of 53 ±
2%. Mitigation of PO4

−3 in control (unvegetated) sys-
tems after 4 h was 41.7% and 40.8% in Moore and
Krӧger (2011) and Moore et al. (2013), compared to
the current study results at 6 h of 42 ± 14%.

Orthophosphate mitigation byM. aquaticum in the cur-
rent study (50 ± 6%) at 6 h was similar to that reported
by Moore and Krӧger (2011) (59 ± 5%). Moore and
Krӧger (2011) utilized an inflow PO4

−3-P concentration
of 5 mg L−1, while Moore et al. (2013) used a series of
PO4

−3-P concentrations (5, 2.5, 2.5, and 2.5 mg L−1)
spreading over four different application times (first two
in the summer, last two in the winter).

As with PO4
−3-P retention, no significant differences

were noted for NH4
+-N retention within the first 6 h, after

simulated drainage water was added between vegetated
systems and the control (Tables 2 and 3). Both T. latifolia
and P. amphibium significantly retained more NH4

+-N
than control mesocosms during the initial stagnation
period (p = 0.0116 and p = 0.0092, respectively). Addi-
tionally, P. amphibium retained significantly more NH4

+-
N than the control during the unamended water flush

Table 3 Mean (±SE) contaminant load retention (%) in vegetated and control mesocosms at 6 h (1 hydraulic retention time) after initial
flow, initial stagnation period (8–48 h), unamended water flush (49–54 h), and final stagnation period (72–168 h)

Contaminant Time (h) Control Myriophyllum Typha Polygonum

Clomazone 6 5 (43)a 8 (39)a 44 (13)a 63 (13)a

8–48 67 (33)a 100 (0)a 0 (0)b 0 (0)b

49–54 − 244 (244)a 20 (33)a 16 (14)a 52 (31)a

72–168 61 (31)a 72 (3)a 56 (29)a 89 (6)a

Propanil 6 69 (5)a 71 (4)a 63 (4)a 71 (3)a

8–48 60 (5)a 86 (14)b 98 (2)b 100 (0)b

49–54 51 (9)a 100 (0)b 100 (0)b 100 (0)b

72–168 100 (0)a 100 (0)a 100 (0)a 100 (0)a

Cyfluthrin 6 76 (9)a 86 (7)a 79 (3)a 82 (2)a

8–48 59 (3)a 75 (9)ab 90 (2)b 90 (5)b

49–54 42 (15)a 41 (20)a 60 (12)a − 58 (27)b

72–168 58 (30)a 100 (0)a 40 (31)a 100 (0)a

PO4
−3-P 6 42 (14)a 50 (6)a 53 (2)a 39 (12)a

8–48 15 (2)a 37 (11)b 43 (1)b 35 (6)ab

49–54 47 (5)a 49 (3)a 46 (0)a 47 (3)a

72–168 39 (4)a 48 (25)ab 89 (4)b 91 (1)b

NH4
+-N 6 52 (12)a 58 (14)a 62 (2)a 47 (18)a

8–48 32 (9)a 63 (10)ab 81 (10)b 83 (13)b

49–54 56 (1)a 67 (3)ab 61 (7)ab 78 (9)b

72–168 79 (11)a 29 (18)b 29 (19)b 1 (1)b

NO3
−-N 6 54 (11)a 56 (4)a 59 (2)a 50 (10)a

8–48 10 (4)a 35 (20)ab 37 (5)ab 49 (8)b

49–54 46 (3)a 55 (5)a 50 (1)a 58 (5)a

72–168 87 (11)a 72 (27)a 98 (1)a 93 (2)a

PO4
−3 -P, phosphorus as orthophosphate; NH4

+ -N, nitrogen as ammonium; NO3
—N, nitrogen as nitrate. Significant differences among rows

are noted by different letters
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(49–54 h) (p = 0.0324). However, after the final stagna-
tion period, the control retained significantly more NH4

+-
N than M. aquaticum (p = 0.0339), T. latifolia (p =
0.0348), and P. amphibium (p = 0.0042). Mean NH4

+-N
retention values in the current study (Table 3) were
similar to those reported by Moore and Krӧger (2011)
who found 65 ± 3%, 67 ± 0.2%, and 70 ± 6% NH4

+ re-
tention after a 4-h HRT in control, T. latifolia, and
Myriophyllum spicatummesocosms when target influent
NH4

+-N concentrations were 5 mg L−1. Lu et al. (2018)
reported 93%NH4

+ removal efficiency of influent NH4
+-

N concentrations ranging from 7.48 to 13.68 mg L−1 in
both control and M. spicatum microcosms (0.6 m3), but
only after a 20-d HRT.

Mitigation of NO3
−-N loads after 6 h was similar

among control and vegetated systems with no signifi-
cant differences, ranging from 50 ± 10% (P. amphibium)
to 59 ± 2% (T. latifolia) (Tables 2 and 3). The only
significant difference existed during the initial stagna-
tion period (8–48 h) retention between control
mesocosms (10 ± 4%) and P. amphibium (49 ± 8%)
(p = 0.0402). Results from the current study regarding
T. latifolia NO3

−-N load retention after 6 h (59 ± 2%)
were similar to those reported by Moore and Krӧger
(2011) (50 ± 4%) and Moore et al. (2013) (59 ± 6%). In
both the aforementioned studies, HRTs were 4 h. Al-
though the current study found no significant differ-
ences between the unvegetated controls and vegetated
systems for retention after 6 h, Soana et al. (2017) and
Castaldelli et al. (2018) found that vegetated sediments
were able to convert and remove more NO3

− than bare
or unvegetated sediments via denitrification. In low
NO3

− loading situations, Messer et al. (2017) reported
that plant uptake was responsible for 2–3 times more N
removal than denitrification, while the processes were
responsible for nearly the same N removal when NO3

−

loading was high. In pulse events, like those observed in
drainage ditches surrounding agricultural fields, plant
uptake and microbial assimilation are likely responsible
for the majority of NO3

− removal. However, they serve
as temporary sinks, and NO3

− may be remineralized
over a longer period of time (Messer et al. 2017).

Novel approaches to mitigation of pesticides and nu-
trients in agricultural runoff will be necessary as storm
runoff extremes attributed to climate and anthropogenic
changes pose significant threats to aquatic ecosystems
(Yin et al. 2018). In order to meet goals established to
reduce environmental hotspots, such as hypoxia in the
Gulf of Mexico, nations must agree to not only large-

scale but also long-term agricultural management prac-
tices (Van Meter et al. 2018). One possible solution is the
integration of vegetated drainage ditches, already in the
production landscape, as a part of a watershed manage-
ment approach. The current study examined the ability,
on a mesocosm scale, of three emergent aquatic plants
(T. latifolia,M. aquaticum, and P. amphibium) to mitigate
pesticides and nutrients. Of the three species examined,
P. amphibium demonstrated the greatest capacity to mit-
igate both pesticides and nutrients, followed closely by
T. latifolia.Myriophyllum aquaticum was the least effec-
tive species, with minimal demonstrated mitigation capa-
bility for selected pesticides and nutrients. Success of
P. amphibium in contaminant mitigation may be tied to
its role as a primary producer, sequestering and releasing
nutrients, as well as acting as a substrate for macro- and
microfauna (Partridge 2001). It is commonly theorized
that biofilms present on stems of aquatic plants serve as
important microbial habitat and likely play a significant
role in pesticide and other contaminant mitigation using
aquatic plants. Even ifM. aquaticum was found to be an
effective treatment, caution should be exercised regarding
its use in certain areas where it is considered a non-native
invasive plant. Research should continue to identify
aquatic vegetation capable of mitigating pollutant mix-
tures to address current and future water quality chal-
lenges. The importance of prioritizing physical (e.g.,
plant density) and structural characteristics (e.g., emer-
gent vs. submerged or floating, leaf surface area, stem
lipid content, etc.) of aquatic vegetation could then be
appropriately used for pollutant mitigation measures in
various edge-of-field conservation practices.
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