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Relationships between soil saturated hydraulic conductivity (Ks) and porosity (φ) have been developed 
over many years; however, use of these relationships for evaluating rain-induced seals is limited mainly 
because of difficulties in estimating seal pore-size characteristics. The objectives of this study were to 
evaluate the Ks of soil surface seals over a range of thicknesses, where seal thickness was determined 
using a High-Resolution-Computed-Tomography (HRCT) scanner, and to investigate relationships 
between Ks and φ of developing seals in samples with equivalent diameters (e.d.) ≥15 μm. A Mexico silt 
loam soil was packed to a bulk density (ρb) of 1.1 Mg m-3 in cylinders 160-mm i.d. by 160-mm long and 
subjected to 61-mm h-1 simulated rainfall having a kinetic energy (KE) of 25 J m-2 min-1 for 7.5, 15, 30, 
and 60 min to create a range in seal development. Thicknesses of the seal layers were determined by 
analysis of HRCT images of seals. The Ks values of the seals were estimated using an effective Ks value 
(Ks-eff). The Ks-φ relationship was described by a Kozeny and Carmen equation, Ks = Bφn; where B and n 
are empirical constants and n = 31. This approach explained 86% of the variation between Ks and φ 
within the soil seals. Knowledge of surface seal information and hydraulic conductivity can provide 
useful information to use in management of sites prone to sealing formation. 
 

Keywords : Saturated hydraulic conductivity, X-ray computed-tomography, Soil porosity, Soil surface 
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INTRODUCTION 
 

Saturated hydraulic conductivity of a soil measures the soil’s ability to transmit water. Studies have 
been done to estimate Ks from φ. In the 1960’s, development of Ks equations based on φ, specific surface, 
and pore radius were introduced (Millington and Quirk, 1961). Studies on this topic have used various 
input variables for estimating Ks, including soil texture, pore size, and organic matter (OM) (Cronican 
and Gribb, 2004). However, the extension of these models has been limited for prediction of Ks in soil 
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 



surface seals because of difficulties in estimating φ and pore-size distributions within seals (Ahuja et al., 
1989; Jabro, 1992; Park and Smucker, 2005; Wösten et al., 2001). 

Relationships between Ks and φ have been proposed (Ahuja et al., 1989; Franzmeier, 1991; Park and 
Smucker, 2005; Rawls and Brakensiek, 1989). Based on the concept that φ is related to hydraulic radius 
of pores, Kozeny (1953) proposed a conductivity theory from the geometric properties of porous media. 
In terms of Ks, Kozeny’s equation may be written as: 
 

Ks = Cφ3 S-2         [1] 
 

where φ is porosity (m3 m-3), S is the soil surface area per bulk volume (m3 m-3), and C is a constant 
(Ahuja et al., 1984). This equation was refined by Carman (1956) through the introduction of the 
concept of tortuosity T = (Le L-1)2 where L is the apparent path length (m) and Le (m) is the actual 
(tortuous) path length. Carman substituted C by C T-2 producing: 
 

 Ks = Cφ3 (TS)-2                       [2] 
 

The Kozeny-Carman equation [2] has been simplified by introducing the concept of an effective 
porosity (φe). Effective porosity is defined as the difference between total porosity and the water content 
at -33 kPa soil water potential (or the drainable porosity between saturation and field capacity) where φe 
(<φ), and thus represents a porosity less than the actual porosity. Effective porosity is the main 
contributor to water flow in saturated soil (Brooks and Corey, 1964; Brutsaert, 1967); and by assuming 
that T and S decrease with increasing φe by some power of φe, a simplified equation analogous to Eq. [2] 
may be written as (Ahuja et al., 1984, 1989): 
 

 Ks = Bφ            [3] 
 

where B and n are empirical constants. Ahuja et al. (1989) evaluated the distribution of Ks with φe from 
eight soil series and found the exponent n = 3.36. The equation explained 71% of the variation in Ks. 
Franzmeier (1991) used a similar approach from studies on Alfisols and Mollisols of Indiana and found 
an exponent n = 3.21. The equation explained 86% of the variation in Ks. Although Eq. [3] may fit data 
well, the parameters B and n are known to vary among data sets (Ahuja et al., 1989; Franzmeier, 1991). 

Raindrops induce sealing of bare soils, decreasing total porosity, pore-size distribution, and Ks (Agassi 
et al., 1994; Arya et al., 1999; Baumhardt et al., 1990; Bradford et al., 1987; Hillel, 1998; Hudson, 1995; 
Marshall et al., 1996; Thompson and James, 1985). Raindrop energy is the major factor causing 
aggregate breakdown (Arend and Horton, 1942; Bertrand and Sor, 1962; Betzalel et al., 1995). When 
raindrops break aggregates, a seal is formed through a complex process of detaching and dispersing 
particles and subsequently infilling of pores, decreasing soil Ks (McIntyre, 1958; Ruan et al., 2001; Segeren 
and Trout, 1991). Raindrop impact causes physical disintegration and compaction, and physicochemical 
clay dispersion and detachment of the soil (Agassi et al., 1981; McIntyre, 1958). For steady-state 
conditions, the values of seal Ks may be estimated from Eq. [4] (Hillel, 1998; Sharma et al., 1981): 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
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K1 = (q1 L1) ψ                                                   [4] 
 

where K1 is the Ks of the seal, q1 is the flux through a seal, L1 is the thickness of the seal, and ψu is the 
suction gradient through the seal. Baumhardt et al. (1990), and Thompson and James (1985) present this 
equation as a function of the hydraulic impedance resulting from the relationship between infiltration 
rate and soil water pressure (Eq. [5]): 
 

 K1 = d            [5] 
 

where d is the seal thickness of 5 mm and Rs is the measured hydraulic impedance. 
Determinations of the Ks vs. φe relationship for surface seals based on seal thickness have been 

evaluated (Hillel and Gardner, 1970; Morin et al., 1981). Generally, studies have used a thickness of seal 
layer ≤5-mm thickness and found the seal had about five times lower conductivity than unsealed soil 
(Baumhardt et al., 1990; Šimůnek et al., 1998; Tackett and Pearson, 1965). Studies have found that seal 
thicknesses range from 0.1 to 10 mm; however, seal thickness is often assumed constant without 
considerations of the degree of seal development or rainfall duration because of difficulties in 
measurement (Bresson and Boiffin, 1990; Fohrer et al., 1999; Morin et al., 1981; Perez et al., 1999; Roth, 
1997; Wakindiki and Ben-Hur, 2002). Nevertheless, seal thickness is not constant nor is it often 
determined. Baumhardt et al. (1990) stated that their assumed seal thickness of 5 mm was arbitrarily 
based and was used for simplicity. Many past studies have used a similar assumption of 5-mm seal 
thickness for use in numerical models (Edwards and Larson, 1969; Moore, 1981). 

Computed tomographic scanners have become available for characterizing the pore size and pore 
geometry of soils (Anderson and Hopmans, 1994; Gantzer and Anderson, 2002; Hopkins et al., 1981). 
Studies of intact soil samples at resolutions of ≥70μm have been published (Anderson et al., 1988; 
Bresson et al., 2004). However, use of computed tomographic images for characterizing soil pores has 
been limited because of coarse image resolution (Bui et al., 1989; Udawatta et al., 2008). The High-
Resolution-Computed-Tomography scanner collects 3-dimensional analysis of macro- and meso-pore 
which approximates φe, characteristics that should be useful for gleaning information needed to 
determine the Ks in seals (Gantzer et al., 2006; Ketcham, 2005, 2006; Ketcham and Carlson, 2001). The 
objectives of this study were to estimate Ks-eff of soils over a range of seal thicknesses; seals were created 
using variable rainfall durations for soil with and without use of an anionic polyacrylamide (PAM) 
stabilizer. Seal thickness was determined using HRCT methods at a 15-μm resolution (e.d. of mesopores 
≥15 μm), allowing characterization of the relationship between Ks and φe of soil seals. 

 
MATERIALS AND METHODS 

Soil 

Mexico silt loam soil (fine, smectitic, mesic Vertic Epiaqualf) was air-dried and passed through a 4-
mm sieve. Soil characterization was conducted to determine properties including texture, pH, OM, and 
cation status (Table 1). Soil texture was determined by pipette (USDA-NRCS, 2004a), soil water pH by 
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 



glass electrode (McLean, 1982), OM by combustion (USDA-NRCS, 2004b), cation exchange capacity 
by ammonium acetate (Rhoades, 1982), and exchangeable cations by ammonium acetate (Thomas, 1982) 
methods. 

Soil was packed in cylinders 160-mm i.d. x 160-mm long. A layer of fine mesh polyester fabric (6 
threads mm-1) was attached to the cylinder bottom to contain soil and allow water to pass. Soil samples 
were packed in four stages. The first stage used a quarter of the air-dried soil, packed using 10 drops of a 
2-kg packing hammer from a height of 250 mm, for a packing energy of 4.9 J per drop for 49 J total 
packing energy. This process was continued for the other three packing stages. After packing each stage, 
the soil surface was scarified with a fork to reduce any layering. The bulk density of the packed sample 
cylinders was 1.11 ± 0.01 Mg m-3 (Grossman and Reinsch, 2002). The sample had a length of 120 mm 
leaving 40-mm head space of empty cylinder on top. To reduce interfacial flow of water along the soil-
core interface during testing, bentonite slurry was used along the interface around test cylinders to a 
depth of 50 mm. Soil samples were allowed to slowly wet from the bottom with de-aerated tap water 
over 24 h. 

An amendment of 20-kg ha-1 PAM solution (P) was used along with an untreated check with no PAM 
(NP). Anionic polyacrylamide suspension (Cytec A110, Superfloc, 80% a.i., 18% charge density, 15-Mg 
mol-1 molecular weight) was mixed in a flask with 600-mL tap water having an electrical conductivity of 
0.3 dS m-1 and a pH of 6.9, using a magnetic stirrer for 24 h at 21°C. Polyacrylamide solution with a 
concentration of 600 mg L-1 was uniformly sprayed on the soil surface with a pressurized hand sprayer 
24 h before each experimental run. 

 
Table 1. Physical and chemical properties of the Mexico silt loam soil for a depth of 0-300 mm 

 
 
Simulated Rainfall 

Increasing duration of simulated rainfall was used to create increasing thickness of seals. A drop-
former rainfall simulator was used (Regmi and Thompson, 2000). Simulated rainfall using reverse 
osmosis water was applied at an intensity of 60.6 ± 0.5 mm h-1. This intensity was chosen to represent an 
intense rainstorm having a 1-hour duration, 10-year return frequency across mid-Missouri (Hershfield, 
1961). Drop formers were 305-mm lengths of 0.76-mm i.d. plastic tubing spaced 38 mm apart in an 
equilateral triangular grid. A stainless steel drop distribution screen similar to Bryan and De Ploy (1983) 
was suspended 0.45 m below drop formers to rework drops into a broader drop-size distribution closer to 
natural rainfall. Drop fall height was 13.8 m, allowing for drops 4.3 mm and smaller to reach 95% of 

Cation
Organic Exchange

Soil Depth Texture Sand Silt Clay Matter pH Capacity Ca Mg Na K

mm

Mexico 0-300 Silt loam 55 723 222 28.9 7.4 23.1 16.6 2.4 1.0 0.3

------------ cmol c  kg -1 ---------------------- g kg -1 ----------

Extractable Bases
NH4OAc
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
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terminal velocity. Rainfall kinetic energy was 25 J m-2 min-1. As rainfall proceeded, ponded water in the 
cylinder head space was vacuum aspirated through 10-mm diameter vacuum-tubing placed on the soil 
surface and positioned around the inside cylinder diameter to prevent ponding. 

 

Effective Saturated Hydraulic Conductivity 

Laboratory determination of Ks-eff of soil after being subjected to rainfall was done using the constant 
head method (Klute et al., 1986). The Ks-eff was calculated using Eq. [6] (Jury and Horton, 2004): 

 

Ks-eff =         [6] 

 

where LT is the total length of soil sample (mm), L1 is the seal thickness (mm), L2 is the thickness of soil 
below the seal (mm), K1 is a Ks for the seal (mm h-1), and K2 is a Ks for soil below the seal (mm h-1). A 
high-flow-filter-paper disc was placed on the soil surface to reduce disturbance during testing. Water 
was siphoned onto the filter-paper disc until the water level reached 10 mm above the soil surface. After 
30 min or until the hydraulic head stabilized, the effluent was collected during three 10-min periods. A 
total of 150 cores were analyzed (two amendment levels [0- and 20-kg ha-1 PAM] by five rainfall 
durations [0, 7.5, 15, 30, and 60 min] by 15 replicate cores) for hydraulic conductivity. 
 

High Resolution Computed Tomography 

A double-cylinder core-sampler 13.5-mm i.d. by 16.0-mm long was used to collect seal samples using 
a nylon cylinder 11.5-mm i.d. by 10-mm long by 0.5-mm wall thickness after the rainfall testing. The 
sampler was pressed into the surface and excavated. The excavated seal sample was dried for 24 h at 
25°C. After each sample was dried, silica flour was used to confine the sample by filling the upper and 
lower ends of the cylinder not filled with soil. Samples were then sealed with a tight fitting end-cap 
fastened with plastic tape to ensure samples would not move inside the cylinders. Samples were placed 
inside a foam-lined box designed to cushion samples from shock, and the box was hand carried to the 
HRCT facility for scanning. A total of nine small HRCT cores (two amendment levels by four rainfall 
durations along with an unamended core not subjected to rainfall) were used to collect HRCT seal 
information. 

Scanning was done at the HRCT Facility of the University of Texas at Austin, the Department of 
Geological Sciences. The HRCT settings were 180 kV and 0.088 mA with a focal spot size of ~0.02 mm. 
A series of 27 slices were acquired with each sample rotation, in which 1600 angular projections were 
obtained over 214 s. The inter-slice spacing was 14.8 μm, and each 1024 by 1024 slice image had a field 
of view of 13.8 mm, resulting in a pixel spacing of 13.5 μm. The raw detector data were first corrected 
for X-ray spikes, ring artifacts, and rotational inconsistencies, and then reconstructed as 8- and 16-bit 
TIFF images to facilitate analysis. A total of 600-700 images were acquired for each sample. 

 

Image Analysis 

To minimize artifacts such as cracks created during drying, HRCT-images were divided into seven 
sub-volumes from 0- to 4.5-mm image-thickness (Fig. 1). Sub-volumes were inspected to ensure they 

-  211  -

Environment and Food Safety for the Future Generation

- 237 -

JS Award Lectures-01

Tier System for Plant Absorption and Translocation of Pesticides 
Using Rice Cultivation Model and Mobility Parameters

(물리화학적 특성과 벼 재배모델에 의한 농약의 흡수이행성 Tier System 개발)

Young-Joon Choi* ‧ Young-Deuk Lee1 

최영준* ‧ 이영득1

Dongbang Agro Corporation and 
1Division of Life and Environmental Science, Daegu University

동방아그로 기술연구소, 1대구대학교 생명환경학부

Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 



contained no such artifacts; five sub-volumes without artifacts were used. These sub-volumes were 
analyzed to determine φ with an e.d. ≥15 μm. Soil profiles were conducted using ImageJ image-
processing software (Rasband, 1997-2007). 

Data collected from HRCT images were used to determine seal thickness. The values of φ were 
produced from 2-dimensional HRCT images having a thickness of 0 to 4.5 mm, starting from the surface 
(107 slices per no-rainfall-sample by 42.1-μm thickness and 310 slices per sample by 14.8-μm thickness). 
Voxel segmentation was done by converting gray-scale images into binary images using the threshold 
feature of the ImageJ program. The values of HRCT-gray-scale were measured from relatively large 
identified air-filled areas, including boundary regions. These areas had a lower limit of 20-51 (mean = 
42.8). The upper limit was used as the threshold value to differentiate voids from solids: values lower 
than 51 were classified as voids and values greater than 51were classified as solids (mean = 90.6). 
Threshold segmentation of HRCT images is necessary to separate voxels containing solids or voids. 
Equivalent diameter was calculated using Eq. [7], as presented by Gantzer and Anderson (2002): 

 

De = 2√           [7] 
 
where De is the e.d. (mm) and s is the pore area (mm2). The 3D-objects-counter plug-in counts the 
number of pores and determines a pore volume for each image stack (Cordelieres and Jackson, 2005). 
 

 
Fig. 1. An example of a high-resolution-computed-tomography (HRCT) image, divided into seven sub-

volumes for ImageJ processing. 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
Corresponding author : E-mail. residue@dbagro.co.kr; Tel. +82-41-830-8392
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Tier System for Plant Absorption and Translocation of Pesticides 
Using Rice Cultivation Model and Mobility Parameters

(물리화학적 특성과 벼 재배모델에 의한 농약의 흡수이행성 Tier System 개발)

Young-Joon Choi* ‧ Young-Deuk Lee1 

최영준* ‧ 이영득1

Dongbang Agro Corporation and 
1Division of Life and Environmental Science, Daegu University

동방아그로 기술연구소, 1대구대학교 생명환경학부

Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 



Effective Saturated Hydraulic Conductivity 

The response of Ks-eff in Mexico soil exposed to increasing rainfall duration and PAM is presented in 
Fig. 4. The values of Ks-eff decreased with rainfall duration and were 88% less for a 60-min rainfall 
compared to no rainfall. All durations were significantly different from each other (P<0.001). During 60 
min of rainfall, the average Ks-eff for soil treated with PAM stabilizer was 41% greater than that for 
untreated Mexico soil. The effect of PAM was significant at all rainfall durations (P<0.001). Analysis of 
residual errors from the analysis of variance using the model log Ks-eff = Rainfall duration + PAM + 
(Rainfall duration * PAM) + error, were not different from a normal distribution. Our results agree with 
many studies showing that seal formation greatly decreases infiltration rate and Ks-eff. 

Raindrop energy induces breakdown and compaction of soil thus promoting seals (Morin et al., 1981). 
Shainberg et al. (1990) found that the impact of raindrops of an 80-mm rainfall decreased infiltration rate 
from 50 to 2 mm h-1 for soil which contained 19% clay content and >1% OM. The study of Edwards and 
Larson (1969) showed infiltration rate decreased from 30 to 10 mm h-1, and the values of Ks-eff also 
decreased from 20 to 1 mm h-1 for a silt loam soil subjected to a 140-mm rainfall. Our results mirror the 
finding of these studies. 

 
Table 2. Saturated hydraulic conductivity of the seal layer (K1) determined from measured effective 
saturated hydraulic conductivity (Ks-eff) of a Mexico silt loam soil, subjected to variable duration 
simulated rainfall (intensity = 61 mm h-1 and kinetic energy of 25 J m-2 min-1) 

 
 

 

Rainfall Soil 
Duration Stabilizer†

min
0 No PAM 0.58 ±0.01 72.9 ±8.9

7.5 No PAM 0.52 ±0.03 30.0 ±2.3 1.78 ±0.28 4.29 ±0.10
PAM 0.54 ±0.02 38.1 ±2.7 3.08 ±0.47 4.84 ±0.21

15 No PAM 0.53 ±0.01 21.8 ±0.8 1.85 ±0.10 7.35 ±0.15
PAM 0.53 ±0.02 31.3 ±1.6 2.68 ±0.23 6.07 ±0.16

30 No PAM 0.53 ±0.02 13.7 ±0.9 0.98 ±0.08 7.09 ±0.13
PAM 0.54 ±0.01 22.1 ±1.0 2.01 ±0.13 7.82 ±0.23

60 No PAM 0.51 ±0.02 8.7 ±0.8 0.62 ±0.06 7.50 ±0.08
PAM 0.53 ±0.01 17.7 ±1.1 2.22 ±0.10 8.69 ±0.11

±STD of selected sub-volumes among seven subvolumes (n  = 5).
†No PAM: 0 kg ha-1; PAM: 20 kg ha-1.
‡Measured HRCT-porosity.
§Effective K s .
¶Seal K s  using measured HRCT-porosity.
#HRCT-measured seal thickness.

    mm
          –  

mm h-1
      K s-eff§

          –  
mm3 mm-3 mm h-1

       K 1¶Ø ‡        L 1#
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
Corresponding author : E-mail. residue@dbagro.co.kr; Tel. +82-41-830-8392
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
Corresponding author : E-mail. residue@dbagro.co.kr; Tel. +82-41-830-8392
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 



investigating the relationships between the calculated Ks and φ (or HRCT porosity) of soil seals. This 
study used simulated rainfall with an intensity of 61 mm h-1 for 7.5, 15, 30, and 60 min to create a range 
in seal formation and an HRCT scanner to determine relationships between Ks and φ of soil having an 
e.d. ≥15 μm within seals. The values of measured Ks-eff and K1 decreased by 88% and 99% with a rainfall 
of 60 min compared to no rainfall. For soils treated with PAM, the values of Ks-eff and K1 decreased by 51% 
and 72% compared to soils without PAM after a 60-min rainfall. Polyacrylamide stabilizer reduced 
surface sealing and increased Ks in both the sealed (upper) and unsealed (lower) layers. Our results fit 
well with the Kozeny and Carmen equation with an n value of 30.7. (K1 = 5.08 * 108 * φ30.7). Both Ks 
values in sealed and unsealed layers obey a power law relationship between Ks and φ. 

We conclude that porosity can be measured in detail using HRCT scanner image data. 
Relationships between Ks and HRCT-φ in the seals can be estimated using a Kozeny and Carman 
equation. This method is a valuable addition that will allow for detailed (mm scale) quantitative analysis 
of soil surface seals. 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
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Tier system for evaluation of the carry-over potential of soil or water residues to plants was proposed 
by a series of studies on absorption and translocation of various pesticides to rice plants. Total of 14 
pesticides, classified as suspected endocrine disruptors, which comprised alachlor, carbaryl, 
carbendazim, cypermethrin, 2,4-D, dicofol, endosulfan, fenvalerate, malathion, methomyl, 
metribuzin, parathion, trifluralin and vinclozolin were subjected to parametric and empirical 
experiments to stepwise evaluate the degree of upward movement to plants. Environmental parameters 
of pesticides, including log Pow and soil adsorption coefficients, were measured to predict the relative 
mobility and availability of soil/water residues. Simplified culture systems of rice plants under 
hydroponic solution and submerged soil were newly designed to clarify the actual absorption and 
translocation of pesticides to plants.

As a polarity parameter of the compound, n-octanol/water partition coefficients(log Pow) were 
measured using a HPLC method in compliance with OECD Test Guidelines. To predict relative 
upward mobility of pesticides by the environmental parameter, soil adsorption coefficients were also 
estimated in standard Korean soil(SCL) using a OECD batch equilibrium method. Log Pow values were 
more closely correlated with logarithms of Koc (r2=0.852**) than those of KF(r2=0.613**), while large 
deviations in some compounds were found. To estimate soil mobility of a compound, it is considered 
that Koc values to corresponding soils, in addition to intrinsic log Pow, should be also compared. On the 
one hand, 2,4-D and carbendazim which existed as ionized and nonionic species at pH 5∼7, 
respectively, exhibited Koc and KF values corresponding to compounds with log Pow of 1.5∼1.6.

Rice plants were chosen as model species to estimate the degree of plant absorption of pesticide 
residues in surface water and paddy soil. Simplified rice growth systems under hydroponic solution and 
submerged soil were newly designed to actually estimate the systemic property. In hydroponic culture, 
nonpolar pesticides with the log Pow range of 3.0∼5.9, were highly accumulated in the root, 
presumably indicating that the root acted as adsorption site of the pesticides, while total amount of 
pesticides translocated to the shoot was less than 5% of the applied dose at maximum. Alachlor and 
malathion residues in rice plants were quite lower than other pesticides due to rapid dissipation in rice 
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plants and/or hydroponic solution. Formation of endosulfan sulfate from endosulfan, even though 
relatively low the oxidative activity might be, was evident both in rice plants and hydroponic solution. 
In case of polar pesticides of methomyl, carbaryl and metribuzin with log Pow range of 0.23∼2.11 as 
well as ionizable compounds of 2,4-D and carbendazim, higher residues were remarkably found in the 
shoot than those in the root. Unlikely to nonpolar pesticides, the root part was merely acted as the 
temporary site during absorption process of pesticides.

Involving soil component to simulate the field condition, absorption and translocation of nonpolar 
pesticides by rice plants were also quite limited. Compared with hydroponic culture condition, much 
less absorption and translocation to rice shoot were observed in all the pesticides tested. Total amount 
of pesticides in the shoot was less than 1% of the applied dose at maximum during 7 days. No residue 
of malathion was found in rice shoot and only 1/5 to 1/20 portions in recovery were observed in soil 
culture comparing that in hydroponic culture. Most of pesticides resided in soil, indicating that the soil 
was acted as adsorption site of the pesticides in lieu of the root in hydroponic culture. Dissipation rates 
of pesticides in soil culture were higher than those in hydroponic culture. Vinclozolin could be still 
evaluated to be quasi-systemic, whereas parathion was estimated to be non-systemic mainly due to fast 
dissipation rate. In case of polar pesticides in soil culture, absorption and dissipation rates were lower 
and faster, respectively, than those in hydroponic culture. As rapidly dissipated, methomyl recovery in 
shoot was only 0.5% of the dose applied and, as a result, carry-over potential was evaluated to be low. 
Carbaryl, carbendazim and metribuzin appeared still to be systemic in soil culture, even though 1/2 to 
1/5 portions in recovery of hydroponic culture were observed.

  Among 14 pesticides tested, there was no exception that absorption and translocation rates in soil 
culture were lower than those in hydroponic culture. Therefore, hydroponic system is not only simple 
to operate but also provided highest carry-over potential, in other sense, highest possibility of 
hazardous residues in plants. However, soil culture testing was also needed to precisely evaluate and 
confirm the systemic property of the pesticides. Coupling parametric and empirical experiments 
conducted in this study, Tier system for evaluation of carry-over potential of pesticides to plants could 
be proposed. At first, parametric prediction intrinsic to molecular properties could be applied to the 
initial step of Tier system for categorization of mobility. Timely distribution and dissipation of 
pesticides in plant parts and hydroponic media could be employed as empirical stage of Tier system for 
practical estimation of the highest carry-over potential. Using soil culture system, systemic 
characteristics of pesticides could be finally evaluated or confirmed. Tier system of 3-step estimation 
could be used as a component in pesticide registration system to classify and manage currently or newly 
registered pesticides on the basis of carry-over possibility to plants.

Key words : Pesticide, Absorption, Translocation, Rice plant, Hydroponic culture, Tier system
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