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Abstract

Chemicals such as herbicides used in agriculture, can be a source of soil and ground water pollution. Computer
simulation models provide an efficient and cost-effective alternative that can be easily adapted to many field
situations with varying soil types and different land uses. In the present study HYDRUS-1D and modified PRZM-3
(Pesticide Root Zoone Model) models were used to simulate clodinafop-propargyl (Topik) herbicide in soil profile and
plant uptake under vetiver cultivation The measured data were obtained from treatments with two concentrations of
the herbicide applied to the vetiver grass (C1V and C2V) and without vetiver grass (C1S and C2S). The vetiver grass
uptake of clodinafop-propargyl was 1198.8 and 1107.4 mg.ha-1. The observed data showed that in surface layer,
0-10 cm, clodinafop-propargyl concentration was increased because of volatilization of herbicide from the deeper
soil layer to soil surface, upward flow of water in soil and cracks in soil surface. The measured data for C2V
treatment was used for calibration and the measured data from the other treatments were used for validation of
above models. The statistical parameters showed that modified PRZM-3 model was more accurate than
HYDRUS-1D for predicted of herbicide concentration in soil and vetiver uptake. The error of HYDRUS-1D model
was about 2.5 times higher than the modified PRZM-3 model. The predicted cumulative uptake of clodinafop-
propargyl by vetiver grass through modified PRZM-3 model was about 1.5 times higher than that predicted by
HYDRUS-1D model. In general, plant uptake of herbicide estimated by HYDRUS-1D model was more accurate than
modified PRZM-3 model.

Keywords: Herbicide; Modeling; Phytoremediation; Soil pollution;
Vetiver

Introduction
Herbicides include a specific group of chemical compounds that

play an important role in agriculture and public health [1]. In most
countries, the use of herbicides to remove weeds is one of the most
important ways to manage weeds. Despite many benefits such as
controlling pests and increasing yield, herbicide residues in soil can
pollute water resources, soil and in crop rotations it causes damage to
sensitive plants [2].

Phytoremediation refers to the technologies in which living plants
are used to clean up soil, air, and water contaminated with hazardous
chemicals [3]. Phytoremediation is a cost-effective plant-based
approach of remediation that takes advantage of the ability of plants to
concentrate elements and compounds from the environment and to
metabolize various molecules in their tissues. It refers to the natural
ability of certain plants called hyperaccumulators to bioaccumulate,
degrade, or render harmless contaminants in soils, water, or air. Toxic
heavy metals and organic pollutants are the major targets for
phytoremediation [4]. Phytoremediation is interested because of low
energy consumption and environmental compatibility [5]. The plant
species that is used for phytoremediation should have high tolerance to
toxins and pollutants.

Chrysopogon zizanioides, commonly known as vetiver is a
perennial bunchgrass of the Poaceae family. Vetiver is most closely
related to sorghum but shares many morphological characteristics with
other fragrant grasses, such as lemongrass (Cymbopogon citratus),

citronella (Cymbopogon nardus, C. winterianus), and palmarosa
(Cymbopogon martinii). Vetiver grass is known principally for soil and
water conservation. Its deep root system enables it to tolerate extreme
climatic conditions including prolonged droughts, flooding, fires and
frost. Vetiver grass is grown for many different purposes. The plant
helps to stabilise soil and protects it against erosion, but it can also
protect fields against pests and weeds. The vetiver grass has
extraordinary properties in soil and water conservation. The
morphological, physiological and unique traits of vetiver grass can be
used for prevention and treatment of chemical pollution in soil.
Therefore, use of vetiver grass on a large scale as a purification plant
was introduced [6]. Most of the roots in vetiver’s massive root system
are very fine, with average diameter 0.5-1.0 mm. This provides an
enormous volume of rhizosphere for bacterial and fungal growth,
which is required to absorb contaminants for break down processes
[7].

The clodinafop-propargyl is a systemic herbicide from
aryloxyphenoxy propionic acid groups that is recommended to combat
narrow-leaf weeds in wheat fields. The molecular formula for this
herbicide is C17H13CIFNO4 (Figure 1). One or two hours after
spraying clodinafop-propargyl, this herbicide is absorbed through the
weeds leaf and weed growth is stopped after 48 h. The impact of
herbicide on weeds that are sensitive to this herbicide will appear after
one to three weeks.

In different countries such as Iran, herbicides have been widely used
for weed control. Increasing of yield in agriculture heavily depends on
herbicides [8]. Clodinafop-propargyl herbicide is among widely
applied herbicides for grass weed control in wheat fields of Iran [9].
The excessive use of herbicide leads to herbicide accumulation in soils.
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This accumulation and its leaching is a source of agricultural pollution
[10,11]. Leached herbicides could exert eco-toxicity effects even at low
concentrations [12]. Therefore, herbicide pollution control in soil is
necessary. Measuring the concentration of herbicides in soil and
groundwater is too expensive, so the researchers followed suitable
methods to predict them. Using simulation techniques are effective
ways in terms of time and cost for a preliminary assessment of soil and
groundwater pollution, assisting in the land use planning, resource
management and monitoring programs. For this purpose, various
simulation models such as Internet Geographical Exposure Modeling
System (IGEMS), CHEMFLO, 2DFATMIC, 3DFATMIC, MULTIMDP
(MULTIMED Daughter Process), HYDRUS-1D and PRZM-3, have
been developed that two of the most frequently used are HYDRUS-1D
and PRZM-3.

Figure 1: Molecular structure of clodinafop-propargyl.

Gupta et al. [13] studied the persistence and mobility of 2,4-D in
unsaturated soil zone under real field conditions for the wheat crop
with different irrigation treatments. They measured 2,4-D residues in
soil by sampling and then transport of herbicide into the soil were
simulated using HYDRUS-1D model. The measured and simulated
values had good correlation. They also reported that 2, 4-D soil
residues depend on irrigation method and with proper irrigation it can
be kept at an optimal level to avoided soil pollution.

Kodešová et al. [14] studied the impact of soil micromorphology on
soil hydraulic properties, water flow and herbicide transport in the
field with three soil types. They used HYDRUS-1D model to simulate
solute transport. As a result of complex interactions between
meteorological conditions and the soil pore structure, the single and
dual-porosity models describe the herbicide behavior in soil with high
clay content and high cation exchange capacity, while the dual-
permeability model performs better in simulating the herbicide
transport in soil with high organic matter.

Noshadi et al. [15] were used PRZM-3 and LEACHM models to
simulate the residual concentration of 2, 4-D in silty clay soil under
maize cultivation. The result showed that both models provided
satisfactory prediction but PRZM-3 was more suitable than
HYDRUS-1D model.

Noshadi et al. [15] modified PRZM-3 model. They solved water
movement in soil equation (Richard’s equation) with numerically
method of MC-Cormack. They indicated that simulation of 2, 4-D
transport in soil profile with modified PRZM-3 model was better than
unmodified PRZM-3 model.

Clodinafop-propargyl herbicide is widely applied in wheat fields of
Iran. The area of wheat cultivation in Iran is approximately 6.6 million
hectares, within several different regions that experience arid (34.0%),
semi-arid (45.8%), mediterranean/semi-humid (15.2%), and humid
(5.0%) climates [16]. Clodinafop-propargyl causes hepatocellular
hypertrophy, necrosis of the liver and thymic atrophy at the highest
dose level (EPA, 2003) [17]. The Agency’s Cancer Assessment Review
Committee (CARC) classified clodinafop-propargyl as “likely to be

carcinogenic to humans” (EPA, 2004) [18]. There is little information
about phytoremediation and residue of clodinafop-propargyl
herbicides in soil. To date, no attempt has been made to model this
herbicide fate in soil profile and its remediation with vetiver grass.
Therefore, determining the clodinafop-propargyl herbicide residues in
soil profile and impact of vetiver grass in reducing soil contamination
is very important. The calibrated and validated models such as
HYDRUS-1D and PRZM-3 for prediction of clodinafop-propargyl
herbicide fate in soil and its phytoremediation is necessary. The
purpose of this research is calibration and validation of modified
PRZM-3 and HYDRUS-1D models to predict concentration of
clodinafop-propargyl in soil profile and plant uptake under vetiver
grass cultivation and the suitability of the models were investigated.

Simulation Models
The HYDRUS-1D model is an unsaturated soil zone numerical

model for analysis of water flow and solute transport [19]. The
unsaturated soil hydraulic properties can be described using van
Genuchten [20], Brooks and Corey [21], modified van Genuchten
(Vogel and Císlerová, [22]), Durner [23], and Kosugi [24] type
analytical functions. This model incorporates hysteresis and allow
consideration of both equilibrium and nonequilibrium flow. The
governing equations for nonequilibrium flow pertain to dual-porosity
or dual-permeability flow regimes, in which a fraction of the liquid
phase is assumed to be mobile (moving relatively rapidly) and another
fraction is assumed to be immobile (moving relatively slowly or not at
all) Simunek et al. [25].

The program numerically solves both the Richards’ equation for
unsaturated water flow and the Fickian-based advection–dispersion
equation for solute transport Gupta et al. [13]. In HYDRUS-1D, one-
dimensional movement of water in soil described by numerical
solution of Richard`s equation:∂�∂� = ∂∂� � � ∂ℎ∂� + cos� − �  (1)

Where θ is volumetric soil water content (L3L-3), t is time (T), k is
the unsaturated soil hydraulic conductivity (LT-1), h is water pressure
head (L), α is angle between the flow direction and the vertical axis (for
vertical movement of water in soil α=0, for horizontal movement α=90
and 0<α<90 is for other direction.), S is the roots water uptake term
(L3L-3T-1) and x is spatial coordinate (L) (positive upward).

In this model, various relationships are defined for description of
soil hydraulic properties such as water retention curve and unsaturated
hydraulic conductivity. The most common relationship is the Van
Genuchten - Mualem as follows Van Genuchten [20].ℎ =   ��+ �� − ��1 + �ℎ � ^� � > 1 (2)

� ℎ = ����� 1− 1− �� 1� � 2
 (3)

Where θr and θs is the residual and saturated water content (L3L-3),
ks is the saturated hydraulic conductivity (LT-1), Se is relative
saturation term, l is the pore connectivity parameter, α is reciprocal of
the air entry pressure (L-1), n is related to the slope of the retention
curve at the inflection point and m = 1−1/n.

Citation: Noshadi M, Foroutani A, Sepaskhah A (2017) Analysis of Clodinafop-propargyl Herbicide Transport in Soil Profile under Vetiver
Cultivation using HYDRUS-1D and Modified PRZM-3 Models. Toxicol Open Access 3: 120. 

Page 2 of 11

Toxicol Open Access, an open access journal

Volume 3 • Issue 1 • 1000120Toxicol Open Access, an open access journal
ISSN:2476-2067

doi:10.4172/2476-2067.1000120



The flow and solute equations incorporate a sink term to account
for water uptake by roots. Water and salinity stresses were defined
according to the functions proposed by Feddes et al. [26] and the Maas
[27] salinity threshold and slope function, respectively. Soil
evaporation and plant transpiration rates were obtained by combining
the daily values of reference evapotranspiration (ETo), determined
with the FAO Penman-Monteith method and the dual crop coefficient
approach Allen et al. [28]. Nutrient uptake was simulated by
considering unlimited passive uptake for nitrogen species Šimůnek and
Hopmans [29].

For solute transport, HYDRUS-1D model considers advective-
dispersive transport in the liquid phase as well as diffusion in the
gaseous phase. Convective transport involves the passive movement of
dissolved constituents with flowing water. Dispersive transport is a
result of differential water flow velocities at the pore scale.
Displacement of solutes is generally described by the convection-
dispersion equation. For one-dimensional vertical transfer in a variably
saturated medium where neither adsorption nor degradation occurs, it
is expressed as follows:∂ θC∂t = ∂∂z θD∂C∂z − ∂ vθC∂z  (5)

Where θ is the volumetric water content, C is the solute
concentration, t is time, D is the hydrodynamic dispersion coefficient,
z is the positive depth measured downward, and v is the average pore
water velocity. For a two-region and dual-porosity type solute
transport, Eq. (5) becomes∂∂t θmCm + ∂∂t θimCim + ∂∂t fρSm + ∂∂t 1− f ρSim  = − ∂∂z vθmCm − θmλmCm− θimλimCim   
(6)

Where the subscripts “m” and “im” refer to mobile and immobile
regions, respectively; f=θm θ-1 is equivalent to the fraction of
adsorption sites in contact with the mobile liquid; ρ is the soil bulk
density; S is the sink term in the flow equation (adsorbed
concentration); λ is the first-order degradation constant; and v is the
average pore water velocity in the mobile region:v = qθm−1     (7)

Where q is the water flux. Introducing linear adsorption and
assuming uniform water flow in homogenous soil leads to the
following equations:θm+ fρKd ∂Cm∂t + θim+ 1− f ρKd ∂Cim∂t =
Dθm∂2Cm∂z2 − vθm∂Cm∂z − θmλmCm− θimλimCim  (8)

Where Kd is the distribution coefficient or first-order entrainment
(detachment) coefficient. Diffusion transfer of solutes between the two
water regions is modeled as a first-order process. First-order
degradation is assumed to take place in the immobile region:θim∂Cim∂t + 1− f ρKd∂Cim∂t + θimλimCim = α Cm− Cim             

 (9)

Where α is the mass transfer coefficient. Combining Eqs. (8) and (9)
yields

θm+ fρKd ∂Cm∂t =  Dθm∂2Cm∂z2 − vθm∂Cm∂z − θmλmCm
− α Cm− Cim  

(10)

This equation describes the solute transport in a two-region flow
system considering adsorption and degradation in both mobile and
immobile regions Ladu et al. [30].

PRZM3 model links two subordinate models, PRZM and VADOFT,
in order to predict pesticide transport and transformation down
through the crop root and unsaturated zone. PRZM3 is a specific
model for simulating pesticides as it is capable of simulating transport
and transformation of the parent compound and as many as two
daughter species. PRZM3 model has two major deficiencies. First,
PRZM does not solve Richard's equation for simulating water
movement in soil profile, but uses simple drainage rules to move water
through the soil profile and due to the significant role of moisture in
pesticide transport. This simplification leads to both inaccuracies in
the final intended pesticide simulation results and increase in water
balance error. Secondly, the major problem with the interfacing of
these two models is that while VADOFT solves the Richards' equation
for water flow in a variably saturated medium, PRZM uses simple
drainage rules to move water through the soil profile. Because of this
incompatibility, there may be times when PRZM produces too much
water for VADOFT to accommodate within one day. The result of this
would be water ponded at the interface, which is belong neither to
PRZM or VADOFT. This is very likely to happen in agricultural soils,
where subsoils are typically of lower permeability than those of the
root zone, which have been tilled and perforated by plant roots and
soil biota. Therefore, Noshadi and Jamshidi [31] modified this model
and eliminated simplifications assumed in the original code of PRZM3
regarding unsaturated flow equation (RE) and water movement
equations and resolved the equations with an accurate numerical
solution using MC-Cormack method which is numerically stable and
avoids mass-balance errors. In addition, the soil water was divided the
soil water into mobile and immobile domains (MIM).

Materials and Method
This research was conducted in soil columns in the college of

agriculture, Shiraz University, Shiraz, Iran. The experimental design
was a randomized complete block. Fifteen soil columns were
constructed from PVC pipes with a height of 120 cm and diameter of
40 cm. The soil columns were filled with field soil collected from the
depths of 0-30, 30-60, 60-90, 90-120 cm, separately. They were
collected and packed separately to simulate real field conditions. Some
physical characteristics of soil are shown in Table 1. At three depths of
30, 60 and 90 cm, output valves were installed in the soil columns and
a half-pipe with a diameter of 50 millimeters was filled with gravel and
connected to the outlet valves with an inclined slope to exit drainage
water easily (Figure 2). At the bottom of each soil column, metal mesh
was placed to allow drainage water exit as free drainage condition.
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Figure 2: The vertical cross section of soil column

In soil, organic matter was measured by wet oxidation method. Soil
hydraulic conductivity was measured by inverse whole method for
each soil depth, separately.

Soil
depth

(cm)

OM

(%)

K

(cmd-1)

FC

(cm3cm-3)

PWP

(cm3cm-3)

ρb

(g cm-3) Soil texture

0-30 1.57 16.47 0.27 0.12 1.23 Silty clay loam

30-60 1.07 10.83 0.31 0.16 1.46 Silty loam

60-90 0.915 10.83 0.31 0.16 1.46 Silty loam

90-12
0 0.682 10.83 0.31 0.16 1.46 Silty loam

Table 1: Soil physical characteristics

The TDR probes were placed at soil depths of 15, 45, 60 cm to
measure the soil water content. Irrigation was scheduled based on the
soil water deficit according to field capacity. The total irrigation water
depth at the end of the growing season was 490 mm.

Vetiver (Chrysopogon zizanioides L.) grasses were obtained from
Agricultural Ministry of Iran. At first, the vetiver grasses were
transplanted to the pots in green house to adapt to the new conditions
for 2 weeks. Then, all vetiver grass shoots were cut to have identical
heights of 30 cm and 3 vetiver grasses were planted in each soil

column. Finally, one of them was kept which was more suitable in each
soil column.

After transplanting vetiver grasses, all the shoots were cut to have
identical heights of 30 cm and then planted in 9 soil columns on July
11th. After one week, and settlement of plants, the treatments of
clodinafop-propargyl were applied to the soil with three replications.

Potential evapotranspiration was calculated using the Penman-
Monteith FAO Allen et al. [28], using meteorological station in College
of Agriculture. There is no crop coefficient (Kc) available for vetiver
grass. The vetiver grass and sudan grass are similar to each other, and
both of them are from the Gramineae family with high root depth
(about 3 meters) Darajeh et al. [32]. Therefore, in this study, sudan
grass crop coefficient (Kc) was used for vetiver grass.

To investigate the dissipation of clodinafop-propargyl in vetiver and
soil, this herbicide was dissolved in water and sprayed on the soil’s
surface. The recommended dose of clodinafop-propargyl is 0.8 L ha-1

(EC 8%) or 130.1 mg kg-1 Armin et al. [33]. The applied herbicide
concentrations were 0.0 (C0), 484.6 (C1) and 969.2 (C2) mg kg-1 which
concentrations of C1 and C2 were much higher than the
recommended rate of application to investigate the phytoremediation
ability of vetiver grass in very high herbicide concentrations. The aim
of this research was measuring and simulating the soil residue and
potential contamination of this herbicide in high concentrations.

The vetiver grasses were harvested at 128 days after herbicide
application, and soil samples were collected from different depths, in
41, 62, 83, 104 and 128 days after herbicide application. For each
treatment of vetiver crop (CV), a treatment with no plant (CS) was
designated as a control in order to monitor the herbicide
concentrations throughout the soil profile without plant. Additionally,
treatment with three replications was considered, in which no
herbicide was added to the soil and crop (C0V) to investigate the yield
of vetiver grass in normal condition. The treatments list is shown in
Table 2.

Treatment
Clodinafop-propargyl
concentration mg.kg-1 Description

C1V 484.6
With vetiver and herbicide in C1

concentration

C2V 969.2
With vetiver and herbicide in C2

concentration

C1S 484.6
No vetiver with herbicide in C1

concentration

C2S 969.2
No vetiver with herbicide in C2

concentration

C0V - With vetiver and no herbicides

Table 2: Description of different treatments

At 41, 62, 83 and 104 days after herbicide application, soil samples
were taken from depths of 0 to 70 cm at 10 cm increments. Since the
herbicide might have been diffused to the deeper depths of the soil
profile, at the last sampling, 128 days after application, soil samples
were taken from 0 to 120 cm of soil profile. The soil and vetiver
samples were kept in -20°C for about 2 weeks until they were moved to
the laboratory for herbicide’s residual concentration analysis.
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Soil extraction
Sieved and air-dried soil samples (10 g) and 10 mL twice distilled

water were mixed and was shaken for 5 minutes. A volume of 6 mL
acetonitrile was added to the samples and then shaked for 45 minutes.
Then 0.75 g of NaCl salt and 3g of MgSO4 was added to the samples
and shaked for 1 minute. The samples were then centrifuged at 1500
rpm for 10 minutes to form a three-layer separation. Then 3 mL of the
supernatant layer were removed and transferred to another tube and
75 mg PSA salt and 360 g MgSO4 was added. Then the samples were
shaked for 1 minute and centrifuged for 10 minutes. They were then
passed through the 45 micrometers filter and injected into the Agilent
7890AGC-MS [34].

In GC-MS for clodinafop-propargyl measurement, injection
volume, inlet temperature, carrier gas and flow rate, were 1 mL, 250°C,
helium and 1.2 ml.min-1, respectively. The column was MS-5975C
Agilent, 30 m* 250 μm. The temperature programming is shown in
Table 3.

Ramp Temperature gradient Final temperature *

1 10°C min-1 To 130°C

2 4°C min-1 To 230°C

3 10°C min-1 To 290°C

Table 3: Temperature programming in GC-MS for clodinafop-
propargyl measurement. *Contact time for the final temperatures was
six minutes.

The stock solution of clodinafop-propargyl containing 1000 mg.L-1

was obtained from agricultural ministry of Iran. From this stock
solution, 20, 10, 5, 2.5, 1.0, 0.5 and 0.1 mg.L-1 were prepared by serial
dilution. Each solution with three replications was injected into GC-
MS and calibration curve was obtained.

Vetiver extraction
On November 15th, 128 days after application, the vetiver grass was

removed from the soil and both roots and shoots were separated,
weighted and air-dried in the laboratory. Washed vetiver plant samples
were cut into small pieces and were frozen at -20°C until laboratory
analysis. The frozen vetiver and soil samples at -20°C causes non-
significant and long-term changes in microbial abundance and activity.
It will also reduce the vapor pressure gradient. Therefore, at -20°C the
herbicide concentration will be kept constant until analysis Zelles et al.
[35]; Pesaro et al. [36].

The chopped plant sample (10 g) was taken in beakers. After 1 hour,
the plant material was crushed and mortar with acetone (20 ml). The
contents were filtered through filter paper. The extraction was repeated
twice with 10 ml acetone each time. Then it was transferred to rotary
evaporator and residue was dissolved in acetone and aqueous phases
were then centrifuged to remove non-dissolved material. Then to
measure the value of herbicide absorbed by the roots and shoots,
samples were injected into the HPLC system. The column of HPLC
was C-18 with 25 m length and carrier phases were water and
acetonitrile at a ratio of 4 to 6. Flow rate and wavelength were 0.7
ml.min-1 and 305 nm, respectively.

Model validation
In this study, concentration distribution of clodinafop-propargyl in

soil profile was simulated by HYDRUS-1D and modified PRZM-3
models. For evaluation of simulation precision some statistical
parameters including NRMSE, d, CRM and Error were used Loague
and Green [37]. NRMSE (normal root mean square error) provides the
total difference between the measured and simulated data
proportioned against means of measured data values. The lower limit
for NRMSE is zero, which occurs when there is no difference between
such paired data. Obviously, a small value of NRMSE indicates more
accurate simulation.

����� = 1�∑� = 1� �� − �� 2�  (1)

Where n is the number of observations, is measured values, is
predicted values and is mean of measured values.

The index of agreement, d, was calculated for assessing the accuracy
of simulated data. The maximum value for (d) is one, which occurs
when simulated values are completely identical to the measured values.

d = 1− ∑i = 1n Oi− Pi 2∑i = 1n Ói + Ṕi 2  (2)

Where  and 

CRM (coefficient of residual mass) shows trends of model
estimation towards more or less. A positive value indicates that the
model is underestimated and negative value means the model is
overestimated. For the best fit between the simulated and measured
values, CRM value should be zero.

CRM = ∑i = 1n Oi−∑i = 1n Pi∑i = 1n Oi  (3)

Error percentage is defined as a percentage of the difference
between an approximate or simulated value and an exact or measured
value. A lower value for error percentage means that the simulation
result is closer to the measured values.%Error = Value��������� − Value��������Value�������� * 100  (4)

Results and Discussion

Measured data
Clodinafop-propargyl concentration in soil profile at different days

after herbicide application for different treatments is shown in Figure
3. It illustrates that the herbicide diffused downwards to 90 cm of soil.
In general, results demonstrated that in soil profile at last sampling
date, 128 days after herbicide application, the concentrations of
clodinafop-propargyl in C1V and C2V treatments were 17.0% and
25.8% lower than C1S and C2S treatments, respectively.
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Figure 3: Clodinafop-propargyl concentration in soil profile at
different days after application for different treatments

In C1V treatment at 40, 62, 83, 104 and 128 days after herbicide
application, the concentration of clodinafop-propargyl in 0-10 cm soil
depth was 0.98, 0.31, 0.230, 0.384 and 0.215 mg.Kg-1 soil, respectively.
In the same dates, the concentration of clodinafop-propargyl in 10-20
cm soil depth was 0.319, 0.112, 0.215, 0.143 and 0.132 mg.Kg-1soil,
respectively (Figure 3). Therefore, in 0-10 cm soil depth, at 62, 83, 104
and 128 days after this herbicide application, soil residues were 216.3,
134.7, 291.8 and 119.4% higher than 40 days after application,
respectively. But in 10-20 cm soil depth at 62, 83,104 and 128 days after
application, soil residues were 64.9, 32.6, 55.2 and 58.6% lower than 40
days after application, respectively. As a result, the observed data
showed that in surface layer, 0-10 cm, the clodinafop-propargyl
concentration was increased. Upward movement of clodinafop-
propargyl towards the surface of soil was occurred in all treatments
(Figure 3). This might be due to the upward flow of water in soil, that
transport the herbicide to upper soil layers which is known as wick
effect. The cracks in soil surface maybe another reason, because with
cracks in soil surface, lack of sufficient contact time for washing
herbicide into the lower soil layers, decrease leaching efficiency. The
volatilization of herbicide in deeper soil layers could be another reason
for upward flow of herbicide.

At 128 days after herbicide application in C1V treatment, the
concentration of clodinafop-propargyl in 0-10 and 10-20 cm depths
decreased by 44.0 and 7.0%, relative to 104 days after application,
respectively. But it was increased 83.0 and 145.4% in 20-30 and 30-40
cm depths, respectively, which can be mostly attributed to the leaching
process. A similar trend was observed for C2V and C2S treatments. In
all treatments clodinafop-propargyl herbicide leached down gradually
with time to soil depths of 90 cm.

The concentration of clodinafop-propargyl in 0-10 cm soil depths
was decreased over time with a steeper slope in C2S than C2V, which
represents the transport of herbicides down to lower depths in absence
of vetiver grass (Figure 3). Concentrations of the herbicide did not
increase significantly over time at depths of 40-50 and 50-60 cm. This
demonstrates that not only vetiver grass can absorb this herbicide, but
also its roots can stabilize herbicide at lower soil depths.

The concentration of accumulated clodinafop-propargyl herbicide
in the roots and shoots of the vetiver grass is shown in Table 4. The
total concentration of clodinafop-propargyl taken up by vetiver in C1V
and C2V treatments were 0.404 and 0.54 mg.kg-1dry matter. The values
of clodinafop-propargyl concentration in vetiver shoots of treatment
were 115.5 and 242.6% higher than that vetiver roots in C1V and C2V

treatments, respectively (Table 4). These results demonstrate that
herbicide concentration in vetiver grass increased with an increase in
herbicide application. The higher concentration was observed in the
vetiver shoots.

Treatment
Clodinafop-propargyl
(mg.kg-1dry matter) Vetiver

C1V 0.128 Roots

0.276 Shoots

total 0.404

C2V 0.122 Root

0.418 Shoot

total 0.54

Table 4: The clodinafop-propargyl concentration in roots and shoots of
the vetiver grass

Dried weight of vetiver shoots and roots for all treatments are
shown in Table 5. Dry weight of vetiver shoots in C1V and C2V
treatments was decreased by 70 and 81% compared with C0V
treatment, respectively. Additionally, dry weight of vetiver roots in C1V
and C2V treatments was decreased by 44 and 60%, compared with the
control treatment (C0V), respectively. There was also a significant
difference among the dry weights of vetiver shoots and roots in
different treatments at 5% level of probability, using Duncan multiple
test. According to Tables 4 and 5, the vetiver removal of clodinafop-
propargyl from soil in C1V and C2V treatments were 1198.8 and
1107.4 mg.ha-1.

Treatments Dry weight (kg ha-1) Total

Shoots Roots (kg ha-1)

C0V 12024.7 a 3468.9 a* 15439.6 a

C1V 3453.0 b 1920.4 b 5373.4 b

C2V 2250.8 c 1365.4 c 3616.2 c

Table 5: Dried weight of vetiver shoots and roots. *Means followed by
the same letters in columns are not significantly different at 5% level of
probability, using Duncan multiple test.

Calibration of models
The C2V treatment was used for calibration and other treatments

were used for validation of modified PRZM-3 and HYDRUS-1D
models. The calibration parameters for both models have been shown
in Table 6.

Estimation of both models for C2V treatment at the first sampling
date (41 days after application) are favorable, but as time is elapsed,
because of differences between the measured and simulated data in
surface layer, 0-10 cm soil depth, the prediction of both models were
not suitable (Figure 4). However, prediction of modified PRZM-3
model was better than HYDRUS-1D model over the time. As
mentioned before, in the surface layer due to the upward movement of
herbicides as a result of upward flow water (wick effect), the
phenomenon of volatilization and the fractures on the soil surface,
herbicide concentration has increased over time in the surface layer. As
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shown in Figure 4, the modified PRZM-3 model for prediction of
herbicide concentration is more suitable than HYDRUS-1D model.
Both models are not able to consider the fractures on the soil surface.
However, phenomenon of volatilization is considered in both models.
The PRZM-3 model is a specialized model to consider all dissipation
processes of the herbicides in soil and groundwater. Therefore, this
phenomenon could be considered more accurately in this model. As
mentioned before, in modified PRZM-3 model, the solving method of

water movement in soil was modified. Therefore, the modified
PRZM-3 model had better prediction than the HYDRUS-1D model in
surface layer of soil (Table 6). According to this table, the average
values of NRMSE, d and CRM during the simulation in modified
PRZM-3 model were 0.37, 0.89 and 0.03, respectively, and in
HYDRUS-1D model were 0.63, 0.64 and 0.09, respectively. The
increasing of NRMSE mainly is due to poor prediction of models in
the soil surface layer (Figure 4).

Model Kd DL μw μs DIFG DIFW Beta UPTAKE ENPY

cm3 mg-1 Cm day-1 day-1 cm2 day-1 cm2 day-1 - - kcal mole-1

HYDRUS-1D 0.065 3.5 0.015 0.015 1730 0.45 0.72 - -

modified PRZM-3 0.065 3.5 0.015 0.015 1730 - - 0.11 19.2

Table 6: Calibration parameters in HYDRUS-1D and modified PRZM-3 model. Kd: adsorption/partition coefficient for soil; .DL: Longitudinal
dispersivity; μw: Decay rate in dissolved phase; μs: Decay rate in adsorbed phase; DIFW: Molecular diffusion coefficient in water; DIFG: Molecular
diffusion coefficient in soil air; Beta: Adsorption isotherm coefficient; UPTAKE: plant pesticide uptake efficiency factor. ENPY: enthalpy of
vaporization of the pesticide.

Figure 4: Measured and simulated concentrations of
clodinafoppropargyl in soil profile using the modified PRZM-3 and
HYDRUS-1D models in C2V treatment (calibration) at different
days after application: a) 41 days, b) 62 days, c) 83 days d) 104 days,
e)128 days

Validation of models
As mentioned before, C2S, C1V and C1S treatments were used for

Validation. In C2S treatment similar to C2V treatment, simulation of
modified PRZM-3 model was better than HYDRUS-1D model. As
shown in Figure 5, over time, the herbicide moved upwards and
accumulated into the soil surface layers. In this treatment the mean
values of NRMSE, d and CRM during the simulation in the modified

PRZM-3 model were 0.42, 0.92 and 0.0, respectively, and in
HYDRUS-1D model they were 0.64, 0.68 and 0.11, respectively.
Therefore, modified PRZM-3 model predicted the herbicide
concentration with higher accuracy than HYDRUS-1D. As C2V
treatment, the main reason of reduction in the accuracy is inability of
suitable prediction in the soil surface layer.

Figure 5: Measured and simulated concentrations of clodinafop-
propargyl in soil profile using the modified PRZM-3 and
HYDRUS-1D models in C2S treatment (validation)at different days
after application: a) 41 days, b) 62 days, c) 83 days d)104 days, e)128
days.
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Figures 6 and 7 showed the results of the measured and simulated
clodinafop-propargyl concentration in soil by modified PRZM-3 and
HYDRUS-1D models at different sampling times for C1V and C1S
treatments, respectively. Based on statistical parameters (Table 7 and
Figures 6 and 7) the prediction in these two treatments has been
similar to C2V treatment (Table 7). Similar to other treatments, the
modified PRZM-3 model predicted the herbicide concentration with
higher accuracy than HYDRUS-1D model.

The measured and predicted of clodinafop-propargyl concentration
in soil was compared with each other and to 1:1 line in Figure 8. The
best prediction of both models was for C2V treatment (calibration
treatment), but modified PRZM-3 model superiority is obvious.

Between three validation treatments, both models had best
prediction in C2S treatment and worst prediction in the C1S treatment.
In all treatments, the modified PRZM-3 model had better prediction
than HYDRUS-1D model (Figure 8).

Day after
application

Treatment C1V (Validation) C2V (Calibration) C1S (Validation) C2S (Validation)

Statistical
parameters HYDRUS-1D

Modified
PRZM-3 HYDRUS-1D

Modified
PRZM-3 HYDRUS-1D

Modified
PRZM-3 HYDRUS-1D

Modified
PRZM-3

41

NRMSE 0.37 0.43 0.29 0.18 0.16 0.21 0.2 0.37

D 0.93 0.89 0.9 0.97 0.96 0.91 0.97 0.9

CRM -0.08 -0.07 -0.08 -0.05 -0.12 -0.16 -0.04 -0.19

62

NRMSE 0.74 0.67 0.32 0.33 0.74 0.75 0.39 0.34

D 0.5 0.5 0.69 0.72 0.44 0.5 0.87 0.92

CRM 0.26 0.13 -0.14 -0.18 0.06 -0.05 0.2 0.05

83

NRMSE 0.75 0.47 0.95 0.65 0.86 0.59 0.61 0.45

D 0.55 0.85 0.49 0.85 0.44 0.84 0.75 0.92

CRM 0.38 0.3 0.09 -0.02 0.24 0.2 0.1 0.06

104

NRMSE 1.23 0.68 0.91 0.45 0.73 0.36 0.88 0.3

D 0.41 0.86 0.49 0.91 0.43 0.91 0.37 0.97

CRM 0.46 0.31 0.36 0.26 0.38 0.32 0.13 0.06

128

NRMSE 0.88 0.49 0.69 0.23 0.83 0.44 1.1 0.63

D 0.47 0.88 0.62 0.98 0.57 0.91 0.46 0.91

CRM 0.54 0.4 0.23 0.12 0.43 0.34 0.17 0.03

Mean

NRMSE 0.79 0.55 0.63 0.37 0.66 0.47 0.64 0.42

D 0.57 0.8 0.64 0.89 0.57 0.81 0.68 0.92

CRM 0.31 0.22 0.09 0.03 0.2 0.13 0.11 0

Table 6: The statistical parameters of clodinafop-propargyl prediction in HYDRUS-1D and modified PRZM-3 models.

Validation and calibration of vetiver uptake
The measured and simulated values of cumulative absorbed

herbicide by vetiver grass for C2V and C1V treatments are shown in
Figure 9. It should be noted that the amount of absorbed herbicide by
the vetiver has been measured only in the last sampling date, 128 days
after herbicide application.

As shown in Figure 9, simulated value of the cumulative absorbed
herbicide in 128 days after herbicide application for C1V (validation)
and C2V (calibration) treatments in modified PRZM-3 model were
0.038 and 0.042 μg.cm-2, respectively, and in HYDRUS-1D model were
0.026 and 0.027 μg.cm-2, respectively, and the measured values were
0.022 and 0.02 μg.cm-2, respectively.

The simulation error for cumulative absorbed herbicide by vetiver
grass using modified PRZM-3 model for C1V and C2V treatments were

75.8% and 110.3%, respectively, and using HYDRUS-1D model they
were 21.8% and 34.8%, respectively. Therefore, the prediction of
HYDRUS-1D model for clodinafop-propargyl uptake by vetiver grass
is closer to the measured values. This is may be due to uptake
mechanisms in modified PRZM-3 model. In this model plant uptake
values only occur when the soil moisture is above the wilting point,
specified by the user for each soil horizon, and sufficient nutrients are
available. No temperature rate adjustment is performed, but all uptakes
are stopped when soil temperature is below 4°C. If the uptake target is
not met during a given time interval, whether due to nutrient,
temperature, or moisture stress, then a deficit is accumulated and
applied to the next time interval's target. If uptake later becomes
possible, the program will attempt to make-up the deficit by taking-up
nitrogen at a rate higher than the normal daily target, up to a user-
specified maximum defined as a multiple of the target rate. The deficit
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is tracked for each soil layer, and is reset to zero at harvest, i.e. it does
not carryover from one crop season to the next [38].

Figure 6: Measured and simulated concentrations of clodinafop-
propargyl in soil profile using the modified PRZM-3 and
HYDRUS-1D models in C1V treatment (validation) at different
days after application: a) 41 days, b) 62 days, c) 83 days d) 104 days,
e) 128 days.

Dissipation equations
Terrestrial field dissipation (TFD) half-life is a physical-chemical

property of pesticides. The half-life of a substance is defined as the time
it takes for a substance to decrease its amount by half. The dissipation
kinetics of the herbicides was determined by exponential relationships,
which applied between soil residue concentrations against time,
corresponding to first order rate equation.�� =  �0�–��  (5)

Where: C: value of pesticide at time t, mg/ha; C0: initial value of
pesticide, mg/ha; k: dissipation rate constant, days-1; t: time, days

The half-life (t1/2) was determined from the k value (t1/2=Ln 0.5/k)
for each experiment (Table 7). The mean half-lives of clodinafop-
propargyl in C1V, C1S, C2V and C2S treatments in 0-30 cm soil profile
were 17.3, 17.3, 13.9 and 14.3 days, respectively.

Conclusions
In this study, four herbicide treatments were used to investigate the

herbicide concentration and its movement in soil profile at different
days after application. The herbicide uptake by vetiver grass was also
determined and predicted. All treatments were simulated by modified
PRZM-3 and HYDRUS-1D models. The error percentage of the
modified PRZM-3 and HYDRUS-1D model for herbicide
concentrations in soil profile in all treatments was -6.3% and -15.8%,

respectively. In general, the statistical parameters in model validation
treatments showed that the accuracy of modified PRZM-3 model in
estimating the concentration of the herbicide residues in soil profile
were higher than that in HYDRUS-1D model.

Figure 7: Measured and simulated concentrations of clodinafop-
propargyl in soil profile using the modified PRZM-3 and
HYDRUS-1D models in C1S treatment (validation) at different days
after application: a) 41 days, b) 62 days, c) 83 days d) 104 days, e)
128 days.

Figure 8: Comparison of measured and predicted of clodinafop-
propargyl as soil residues with 1:1 line for treatments of: a) C2V
(calibration), b) C1V, c) C1S and d) C2S (validation) treatments.
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Figure 9: The measured and simulated values of cumulative
absorbed clodinafoppropargyl by vetiver grass: a) C2V treatment
(calibration) and b) C1V treatment (validation)

Treatment
Soil depth
(cm) Dissipation equation R2

Half-lives
(days)

C1V

0-10 C=16484 e-0.04t 0.04t 0.46 17.3

10-20 C=15439 e-0.04t 0.62 17.3

20-30 C=4407 e-0.04t 0.42 17.3

C1S

0-10 C=21041 e-0.04t 0.52 17.3

10-20 C=11477 e-0.04t 0.55 17.3

20-30 C=8563 e-0.04t 0.5 17.3

C2V

0-10 C=19677 e-0.05t 0.44 13.9

10-20 C=23096 e-0.05t 0.63 13.9

20-30 C=11184 e-0.05t 0.56 13.9

C2S

0-10 C=31515 e-0.04t 0.51 17.3

10-20 C=37904 e-0.06t 0.75 11.6

20-30 C=9253 e-0.05t 0.5 13.9

Table 7: Dissipation equation and half-life of clodinafop-propargyl in
soil profile

The clodinafop-propargyl concentration in vetiver shoots of
treatments were 115.5% and 242.6% higher than that vetiver roots in
C1V and C2V treatments, respectively. These results demonstrated that
herbicides uptake by vetiver grass increased with an increase in
herbicide application. The highest accumulation was observed in the
vetiver shoots. The predicted cumulative uptake of clodinafop-
propargyl by vetiver grass through modified PRZM-3 model (0.042
and 0.038 μg.cm-2 for C2V and C1V treatment, respectively) was about
1.5 times higher than the HYDRUS-1D model prediction (0.027 and
0.026 μg.cm-2 for C2V and C1V treatment, respectively). The
simulations error of uptake this herbicide by modified PRZM-3 model
in C2V and C1V treatments was 110.3% and 75.8%, respectively, and
for HYDRUS-1D model were 34.8% and 20.45, respectively. In general,
vetiver uptake prediction by the HYDRUS-1D model was more
accurate than the modified PRZM-3 model.
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