input. The coefficient of determination and the Nash-Sut-
cliffe coefficient with the Monte Carlo inputs may still not be
high, but that is because the predictions were conducted with-
out any reference to observed pesticide concentration data
and without any model parameter calibration for pesticide,
by which we could investigate the predictability of true sense.

It should also be noted that the 50th percentile values of
concentrations predicted with the Monte Carlo method did
not coincide with the concentrations predicted with the
deterministic input, although a median value was selected for
each parameter from the range of reported values as a

deterministic input. This result was actually contrary to our

expectation. Although the reason for this result is not yet
clear, it suggests that pesticide runoff from rice-paddy fields
is affected synergistically and nonlinearly by timing of
pesticide application, degradation and sorption, and spill-
over of rice-paddy ponding water by rain or artificial
drainage. Therefore, pesticide concentrations as a conse-
quence of runoff cannot yet be predicted with model inputs
using representative values (deterministic input).

The model was calibrated with hydrological data only,
without reference to observed pesticide concentration data.
The Monte Carlo method provided a surrogate approach for
obtaining precise data on individual farming schedules
(including pesticide application dates), degradation rates,
and sorption coefficients in each soil. Therefore, once data
for the quantities of pesticides applied in the river basin are
available, the model should give a rough estimate of pesticide
concentrations before the pesticide concentration observa-
tion. The model should be potentially useful for selecting
new pesticides to be monitored and determining the monitor-
ing schedule for river basins where different and new
pesticides are applied from year to year.

CoONCLUSIONS AND FUTURE RESEARCH

NEEDS

In this article, we presented an application of the Monte
Carlo method for creating input data for rice-paddy pesti-
cides in a basin-scale diffuse pollution hydrological model.
We showed its effectiveness when the model predicts the
pesticide concentrations in the river water of a large
catchment. The Monte Carlo method was used to account for
uncertainties in input data: the names of the pesticide
products applied, amounts and the dates -of pesticide
application, varieties of rice planted, dates of transplantation
of rice seedlings, time-variation patterns of desired water
depth of rice-paddy ponding, parameter values of pesticide
decomposition, and parameter values of pesticide sorption.

However, these may not be the only sources of uncertainty
in predicting pesticide concentrations. Other factors might
affect prediction of pesticide concentrations, although their
contributions are still largely unknown. In fact, 32% of
observed data points were still outside the range predicted
with the 2000 data set of the Monte Carlo inputs. Incorpora-
tion of the remaining uncertainty factors would decrease the
percentage outside the predicted range and improve predic-
tive accuracy. Among the remaining uncertainty factors, the
uncertainty related not to model inputs but to the model itself
still needs to be evaluated, and it should be evaluated
particularly whether the model represents all the significant
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processes for pesticide runoff and changes in pesticide
concentrations in river water. The ability of the model to
represent the significant processes will be examined when
precise model inputs are used.
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We established a method for the simultaneous
quantitative analysis of nine organophosphorus pesti-
cides (OPs) and their active oxon forms in water
samples using gas chromatography with mass spec-
trometric detection with solid-phase extraction (SPE).
In this method, the lower limit of detection for the nine
oxons ranged from 0.5 to 20 ng/ml. Each calibration
curve had good linearity, with correlation coefficients
(R?) greater than 0.991. In comparing three SPE car-
tridges, the recovery rate of these compounds extracted
from water was highly reproducible using a cartridge
of packed silica bonded with C,; The limit of quantifi-
cation ranged from 2.5 to 200 ng/ml at 500-fold con-
centrations. When the OPs were examined after chlo-
rination treatment to simulate the water treatment
process, they decomposed rapidly and were converted
to their oxon forms as primary reaction products of
chlorination. Under these established analytical con-
ditions, the behavior of oxons formed in the environ-
ment and after water treatment can be determined
accurately.

Key words organophosphorus pesticide, oxon, Water
Quality Standard, gas chromatography/mass spectrometry,
tap water, chlorination
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INTRODUCTION

In recent decades, there have been several inci-
dents involving various environmental pollutants
which have drawn attention to their effects on hu-
man health. Among environmental pollutants, pes-
ticides are commonly detected in river water and
groundwater as the source of tap water,'™ giving
rise to concerns about pesticide contamination of
drinking water. Organophosphorus pesticides (OPs)
of the thiono form with a P = S structure are used
extensively. They are activated to the oxon form with
a P = O structure by an oxidation reaction and are
known to have adverse effects on living organisms
through the inhibition of acethylcholinesterase.!%
Numerous papers have described the simultaneous
detection of parent OP compounds.'"' However,
there are few reports detailing the simultaneous
analysis of their oxon forms. Furthermore, there were
no standard methods for the analysis of oxons in the
Water Quality Standard Guidelines of Japan.

Solid-phase extraction (SPE) is useful for the
isolation of a wide spectrum of organic micropol-
lutants in various fields, such as environmental sam-
pling,"” pharmaceuticals,'® and food analysis.! The
SPE extraction procedure is applied to carry out si-
multaneous extraction and concentration of pesti-
cides in water samples.'®2® The sorbents commonly
used are C, chemically bonded to slica, carbon black
and polymeric resins, and styrene-divinylbenzene
polymer. Gas chromatography with mass spectro-
metric detection (GC/MS) has been applied to de-
tect a wide range of pesticides due to its superior
sensitivity and specificity in identification and quan-
tification.>*!* The analysis employs electron-impact
ionization using a full scan and selected character-
istic ions for each compound. Our study focused on
the combination of selective extraction and sensi-
tive determination using SPE-GC/MS. We estab-
lished an SPE method and employed GC/MS for the
subsequent analysis of samples to detect parent OP
compounds and their oxon forms in water samples.

OPs of the thiono form are converted to their
respective oxon forms via oxidation, and we there-
fore investigated the influence of chlorination on the
parent pesticides, since the compounds are exposed
to chlorine during the water treatment process. Our
goal is to examine the behavior of pesticides con-
taminating raw water under water treatment condi-
tions. The nine OPs examined were isoxathion,
isofenphos, EPN, chlorpyrifos, diazinon, tolclofos-
methyl, fenitrothion (MEP), butamifos, and
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prothiofos.
MATERIALS AND METHODS
Chemicals Butamifos, diazinon, diazinon

oxon, EPN, EPN oxon, isofenphos, isofenphos oxon,
isoxathion, isoxathion oxon, MEP, MEP oxon,
prothiofos, and prothiofos oxon (pesticide residue
analysis grade) were all purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Butamifos
oxon, chlorpyrifos oxon, and tolclofos-methyl oxon
(pesticide residue analysis grade) were obtained from
Hayashi Pure Chemical Industries, Ltd. (Osaka, Ja-
pan), and chlorpyrifos and tolclofos-methyl were
obtained from GL Sciences Inc. (Tokyo, Japan). EPA
525 Fortification Solution B containing phenan-
threne-d,, used as an internal standard was supplied
from Supelco (Bellefonte, PA, U.S.A.). Individual
standard solutions were prepared in a volume of
1000 mg/1 in acetone. A 0.1 mg/l solution of phenan-
threne-d,, was prepared in dichloromethane as an
internal standard. All standard solutions were stored
at —20°C, and working solutions were prepared fresh
for each use by diluting the standard stock solution.
Dichloromethane and acetone [pesticide residue
polychlorinated biphenyl (PCB) analysis grade],
methanol (HPLC grade), sodium hypochlorite solu-
tion, and L.(+)-ascorbic acid sodium salt were pur-
chased from Wako Pure Chemical Industries, Ltd.
Laboratory water was purified with a Milli-Q gradi-
ent A10 Elix system with an EDS polisher (Millipore,
Bedford, MA, U.S.A)).
GC/MS Analysis GC was carried out using an
HP6890 Series Gas Chromatograph system (Hewlett
Packard, Wilmington, DE, U.S.A.) with an HP6890
Series autosampler and split/splitless injector. The
analytical column was a DB-5 fused-silica capillary
column, 30 m x 0.25 mm i.d., 0.25 ym film thick-
ness (J&W Scientific, Folsom, CA, U.S.A.). The
oven temperature program was 70°C initial tempera-
ture for 2 min; ramped at 15°C/min to 190°C, 1.5°C/
min to 220°C, and then 10°C/min to 290°C; and
holding for 3 min at 290°C. The cartier gas (helium)
flow was set at 1.2 ml/min. Pulsed splitless injec-
tion of a 2 ul volume was carried out at 250°C. MS
was carried out using a 5973 Mass Selective Detec-
tor (Hewlett Packard) in electron-ionization mode
with an ionization voltage of 70 eV and ion source
temperature of 280°C. The instrument was operated
in selected-ion monitoring (SIM) mode. Two se-
lected ions for each compound were monitored for

identification and quantification and are summarized
in Table 1.

Analytical Procedures The standard solutions
were difuted with acetone to 50 ng/ml for diazinon
oxon and tolclofos-methyl oxon, 100 ng/ml for
isofenphos oxon and prothiofos oxon, 200 ng/ml for
butamifos oxon, S00 ng/ml for EPN oxon and MEP
oxon, 1000 ng/ml for chlorpyrifos oxon, and
2000 ng/ml for isoxathion oxon. A 250 ul aliquot of
sodium ascorbic acid solution100 g/l was added to
500 ml of tap water to remove the chlorine and then
was fortified with 50 gl of each solution. The forti-
fied water samples were concentrated following the
SPE method described below with each of three car-
tridges: Oasis HLB Plus Extraction Cartridge, Sep-
Pak Plus PS-2, and Sep-Pak Plus C18 (Waters,
Milford, MA, U.S.A.). The cartridges were equili-
brated with dichloromethane 5 ml, methanol 5 ml,
and water 5 ml, respectively. The extraction of wa-
ter samples was carried out at a flow rate of approxi-
mately 10 ml/min. Air was then pulled though the
cartridges for 10 min, followed by nitrogen gas for
20 min. The analytes were eluted from the cartridges
with dichloromethane 5 ml. After evaporating the
samples to less than 1 ml under a gentle nitrogen
steam, the eluate was added to 50 ul of internal stan-
dard solution and adjusted to a final volume of 1.0 ml
with dichloromethane for GC/MS analysis. The au-
tomatic concentrator used was a Sep-Pak Concen-
trator Plus (Waters).

Chlorination Processing Standard solutions
of pesticides were added to purified water to make a
final concentration of 10 ng/l. After dissolving the
pesticides at room temperature, a 100 ml of the so-
lution was collected as a sample at the start time.
Subsequently, sodium hypochlorite solution was
added to produce 1 mg/l of free chlorine. After mix-
ing in an incubator at 20°C, a 100 ml sample of each
solution was collected at reaction times of 0.5, 1,
and 2 br after the addition of the sodium hypochlo-
rite solution. A 250 pl aliquot of sodium ascorbic
acid 100 g/l was added to the sample solutions in
order to eliminate chlorine. OPs and their by-prod-
ucts were extracted with SPE and then eluted with
dichloromethane for GC/MS analysis.

RESULTS AND DISCUSSION

GC/MS Validation Study
We established the analytical conditions for de-
tecting nine OPs and their oxon forms in GC/MS.
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Table 1. Analytical SIM Conditions for GC/MS Analysis of Nine Parent OPs and their Oxons

Compound Retention time® Quantitation ion Identification ion
(min) (mlz) (mlz)
Butamifos 20.3 286 200
Chlorpyrifos 16.3 199 197
Daizinon 13.0 179 137
EPN 304 157 169
Isofenphos 18.2 213 121
Isoxathion 22.3 177 105
MEP 154 277 260
Prothiofos 20.7 309 267
Tolclofos-methyl 14.6 265 125
Butamifos oxon 18.8 244 216
Chlorpyrifos oxon 16.0 270 197
Daizinon oxon 12.6 273 137
EPN oxon 26.7 141 169
Isofenphos oxon 16.6 229 201
Isoxathion oxon 20.7 161 105
MEP oxon 14.1 244 109
Prothiofos oxon 18.1 162 139
Tolclofos-methyl oxon 14.0 249 109
Phenanthrene-dyg 12.9 188 —

a) On a2 DB-5 column.

The two monitored ions were selected based on their
relative abundance in the MS spectrum, character-
istic fragment ions, and lack of interference with
nearby peaks. If the selected ions of the parent com-
pound and its oxon were the same, we chose the next
most relatively abundant ion. All compounds stud-
ied were separated with high sensitivity and selec-
tivity in GC/MS on the DB-5 column. Retention
times and selected ions are summarized in Table 1.

The quantitative analysis of oxon forms of the
nine OPs was performed using GC/MS in the SIM
mode under the conditions described above. For
quantification, an internal standard solution was
added to each sample. Standard curves showed good
linearity, with correlation coefficients (R?) greater
than 0.991 for all oxons in the concentration ranges
studied. The limit of detection (I.OD) was calculated
as 3-fold the standard deviation of the slope of the
calibration curve. LOD values were 0.5 ng/ml for
diazinon oxon and tolclofos-methyl oxon, 1.0 ng/ml
for isofenphos oxon and prothiofos oxon, 2.0 ng/ml
for butamifos oxon, 5.0 ng/ml for EPN oxon and
MEP oxon, 10 ng/ml for chlorpyrifos oxon, and
20 ng/ml for isoxathion oxon. Correlation coeffi-
cients, concentration ranges, and LOD values of the
nine oxons are summarized in Table 2. The LOD

values of the parent compounds were 0.5 ng/ml
for tolclofos-methyl; 2.0 ng/ml for butamifos,
chlorpyrifos, diazinon, EPN, MEP, isofenphos, and
prothiofos; and 50 ng/ml for isoxathion. Under the
present conditions, the nine oxons were analyzed
with nearly equal sensitivity as the parent com-
pounds.

Optimization of SPE

A recovery test' was performed with tap water to
determine the presence of matrix in water samples.
Standard solutions in acetone were added at 5-fold
the LOD levels to dechlorinated tap water. Recov-
ery rates and relative standard deviations (RSDs)
were assessed at 500-fold concentrations. Dechlori-
nated tap water 500 ml was used as the blank con-
trol. For quantification, an internal standard solu-
tion was added to all samples. Table 3 shows the
level of the standard, mean recovery rates, and RSDs
obtained for all compounds. Recovery rates were sat-
isfactory with RSDs of less than 20%. The recovery
test of isoxathion oxon was performed at 10-fold the
LOD level because the recovery rate at 5-fold the
LOD level was low. Butamifos oxon and EPN oxon
had in low recovery rates for all SPE cartridges. The
lowest results were obtained for EPN oxon. Recov-
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Table 2. Limit of Detection, Limit of Quantity, and Linear Range of Nine OP Oxons

Compound Correlation Linear range  Limit of detection  Limit of quantity
coefficient (R?) (ng/ml) (ng/ml) (ng/ml)
Butamifos oxon 0.996 1-50 2.0 10.0
Chlorpyrifos oxon 0.994 10-1000 10.0 50.0
Daizinon oxon 0.997 0.2-20 0.5 2.5
EPN oxon 0.998 5-100 5.0 25.0
Isofenphos oxon 0.995 1-100 1.0 5.0
Isoxathion oxon 0.991 20-2000 50.0 200.0
MEP oxon 0.998 5-500 5.0 25.0
Prothiofos oxon 0.996 1-100 1.0 5.0
Tolclofos-methyl oxon 0.999 0.5-50 0.5 2.5

Table 3. Average Recovery Rates of Nine OP Oxons from Tap Water Using Three Solid-Phase Extraction Cartridges

Compound Spike leve] Recovery (%) (RSD%)
(ng/ml) HLB PS-2 Ci8

Butamifos oxon 10.0 57.3 (8.1 60.0 (0.3) 673 (4.2)
Chlorpyrifos oxon 50.0 69.0 (1.9 62.0 (0.2) 92.5 (16.7)
Daizinon oxon 2.5 96.1 (8.3) 110.5 (7.3) 107.2  (6.5)
EPN oxon 25.0 58.7 (2.6) 38.7 (4.9) 58.9 (2.3)
Isofenphos oxon 5.0 80.0 (9.0) 77.9 (1.2) 78.7 (1.0)
Isoxathion oxon 200.0 118.1 (8.0) 82.5 (1.3) 721 (2.9
MEP oxon 25.0 83.6 (9.2) 84.2 (5.0) 89.9 (8.0)
Prothiofos oxon 5.0 71.1  (0.6) 68.5 (0.9) 84.6 (10.2)
Tolclofos-methyl oxon 2.5 84.7 (11.3) 120.8 (6.2) 1182 (114)

ery was less than 60% with an RSD of less than 5%.
To improve this, additional investigation was car-
ried out on the pretreatment method with C18-HLB,
C18-C18, and HLB-C18 czirtridges. Tandem car-
tridges were equilibrated separately. After extraction
of the water samples, tandem cartridges were dried
separately and elution was carried out as described
above. However, not all compounds were detected
from the second of the tandem cartridge pairs. It is
thus necessary to take the recovery rate into account
when calculating the concentration based on the cali-
bration curves to ensure precision in the analysis of
compounds for which the recovery rate is low.

The performance of each cartridge was com-
pared based on extraction efficiency. The cartridge
packed with C,; bonded to silica (Sep-Pak Plus C18)
was a suitable for the extraction of oxons from wa-
ter samples. Most compounds were extracted with
high reproducibility and good recovery rates of more
than 70%, and the RSDs for the studied compounds
were 12% lower when using Sep-Pak Plus C18.

The limit of quantification (LOQ) was calculated
to be 10-fold the standard deviation and as the low-

est concentration that provided RSDs of less than
10% in the recovery test. LOQ values obtained at
500-fold concentrations were 2.5 ng/ml for diazinon
oxon and tolclofos-methyl oxon, 5.0 ng/ml for
isofenphos oxon and prothiofos oxon, 10 ng/ml for
butamifos oxon, 25 ng/ml for EPN oxon and MEP
oxon, 50 ng/ml for chlorpyrifos oxon, and 200 ng/
ml for isoxathion oxon. Actual sample concentra-
tions converted those LOQ values were 5 ng/l for
diazinon oxon and tolclofos-methyl oxon, 10 ng/l
for isofenphos oxon and prothiofos oxon, 20 ng/l for
butamifos oxon, 50 ng/l for EPN oxon and MEP
oxon, 100 ng/l for chlorpyrifos oxon, and 400 ng/l
for isoxathion oxon. The LOQ values of their parent
compounds were obtained at 5-fold the LOD level
with the Sep-Pak Plus C18 cartridge, corresponding
to 1% or less of the guideline values, except for the
values of isoxathion and isofenphos.

Behavior of OPs upon Chlorination

Free chlorine 1 mg/l was added to water samples
containing each OP 10 ng/l. Parent compounds rap-
idly decomposed, and their oxons were detected as
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Fig. 1. Chromatograms of Nine OPs and their Products after
Chlorination

(a) OPs: 1, diazinon; 2, tolclofos-methyl; 3, MEP; 4, chlorpyrifos;

S, isofenphos; 6, butamifos; 7, prothiofos; 8, isoxathion; 9, EPN. (b)

Chlorinated products after 30 min: 1°, diazinon oxon; 2’, tolclofos-methyl

oxon; 3’, MEP oxon; 4°, chlorpyrifos oxon; 5°, isofenphos oxon; 6,

butamifos oxon; 7°, prothiofos oxon; 8’, isoxathion oxon; 9°, EPN oxon.

primary reaction products. Figure 1 shows the chro-
matograms of nine OPs and their oxons after chlori-
nation at the start time and after 30 min. Figure 2
shows the time-dependent reactions of nine OPs and
their oxons. The parent compounds decreased and
the oxon forms increased upon chlorination in com-
parison with concentrations at the start time. The
generation of oxons due to chlorination occurred
rapidly. In addition, the effect of chlorination on
diazinon was independently examined. The reaction
was completed within 5 min at low concentrations
of the parent compound (Figs. 3 and 4). It is known
that the oxon forms of OPs are more toxic than their
parent compounds.®® These results highlight the
necessity of detecting both forms to trace the pres-
ence of OPs and their oxons during the water treat-
ment process.

In conclusions, we established a selective and
sensitive method for the quantitative analysis of oxon
forms of OPs in water samples using GC/MS with
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Fig. 2. Time-Dependent Behavior of OPs and their Oxon Forms
after Chlorination

(a) Parent compounds, —-5— butamifos; ~¥~ isofenphos; -5
EPN; —&— MEP; —— diazinon; —}— prothiofos; —j@— tolclofos-
methyl; —— chlorpyrifos; ~A—; isoxathion. (b) Oxons, - 5— butamifos
oxon; =k isofenphos oxon; -5 EPN oxon; ~&— MEP oxon; ——,
diazinon oxon; —— prothiofos oxon; ~@— tolclofos-methyl oxon; —¢—
chlorpyrifos oxon; —A—; isoxathion oxon. The concentration at the start
of the reaction was defined as 100%.

SPE. This method is suitable for the simultaneous
detection and determination of OPs and their oxons
and allows the tracing their reactions in water. Cali-
bration curves for the oxons showed good linearity.
The method yielded low LOD values and reproduc-
ible recovery rates for the accurate quantification,
simultaneous extraction, and the determination of
the concentration of 18 compounds in water. The
LOD values of oxons were from 0.5 to 20 ng/ml.
The LOQ values ranged from 5 to 400 ng/l in actual
water samples. In addition, we found that OPs were
rapidly converted to their oxon forms in the pres-
ence of chlorine. ,

Many OPs are highly toxic, and thus it is neces-
sary to detect and control not only the parent com-
pounds but also the oxon forms in the environment
and after the water treatment process. Quality con-
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trol of natural water has become an urgent issue.
Regulations governing drinking water quality are
meant to limit human risk and environmental polu-
tion. However, regulations for OP oxons are not de-
fined and no standard method for their detection has
been given in Japan. Our approach can be applied

as a screening method for field monitoring of OP
parent compounds and oxons. The risk of these com-
pounds to human health and ecosystems can be ac-
curately evaluated using the present method. We
believe that our results will be important in enforc-
ing the Water Quality Standard of Japan.
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.Estimation of Pesticide Runoff for Evaluating Environmental Load of River Basin
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Takahiro IKEGAI
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Abstract : In order to evaluate environment of river basin, it is very important to caleulate load of
pesticide runoff as well as load from point sources. In this paper, we modelled a mechanism of pesticide
runoff by using fugacity model, and constructed a method of estimating pesticide spillage by each basin
based on actual pesticide usage which had large regional deflection. We calculated the spillage of 249
pesticides into the river of Kanagawa prefecture by using this method. As a result, this method indicated
that contribution of pesticide which does not belong to PRTR and contribution of environmental load of
each pollution source could be calculated by each basin.

Key Words : pesticide runoff, fugacity model, spillage estimation, basin
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ABSTRACT Verification of a diffuse pollution model involves comparing results actually observed
with those predicted by precise model inputs. Acquisition of precise model inputs is, however,
problematic. In particular, when the target catchment is large and substantial estimation uncertainty
exists, not only model verification but also prediction is difficult. Therefore, in this study,
rice-farming data were collected for all paddy fields from all farmers in a catchment and pesticide
adsorption and degradation rates in paddy field soil samples were measured to obtain precise model
inputs. The model inputs successfully verified the model’s capability to predict pesticide
concentrations in river water. Sensitivity analyses of the model inputs elucidated the processes
significantly affecting pesticide runoff from rice farms. Pesticide adsorption and degradation rates
of the soil did not significantly affect pesticide concentrations, although pesticide discharge to river
water accounted for less than 50% of the total quantity of pesticide applied to fields, possibly owing
to pesticide adsorption and degradation. The timing of increases in pesticide concentrations in river
water was affected mostly by the farming schedule, including the time of pesticide apphcaﬂon and
irrigation, and secondarily by rainfall events.

Key words adsorption, degradation, isoprothiolane, pollutograph, uncertainty

INTRODUCTION

Pesticide release from agricultural fields and contamination of surface waters are major threats to
human health as well as local ecology in many regions, because surface waters are a primary source of
drinking water (e.g., Gilliom et al., 1999). Although pesticide usage in Japan has recently begun to
gradually decrease (Ministry of Agriculture, Forestry and Fisheries of Japan), coinciding with changes
in farming practices, the more stringent, recently promulgated drinking water quality guidelines have
caused concern at local, regional, and national scales. In general, the amount of pesticide transported to
surface waters depends on several factors, including pesticide and soil properties, agricultural practices,
watershed characteristics, and weather conditions. Pesticides that are sufficiently resistant to
degradation in water and soil and are adequately soluble may be transported readily and may reach
water bodies in significant amounts. Various mathematical models have been developed to describe
quantitatively pesticide runoff as a function of the factors mentioned above and to predict pesticide
concentrations in surface waters (Borah and Bera, 2003, 2004). However, pesticide runoff and the
processes by which pesticides are distributed environmentally are complex, and their modelling
inevitably involves uncertainty associated with model shortcomings (structural errors or model
inadequacy) as well as model inputs and parameters (Dubus et al., 2003). The ability or inability of a
model to represent reality and the accurate determination of significant processes affecting pesticide
fate can be tested if adequate and precise model inputs and parameters are used. However, precise
model inputs and parameters are hard to obtain, and substantial estimation uncertainty also exists, in
particular for large, basin-scale catchments, making not only model prediction but also model
testing difficult (Matsui et al., 2005, 2006). Pesticides applied to rice paddies are the main types of
pollutant pesticides in Japan and some other countries, because pesticides used in rice farming add
pollutants to surface waters at higher rates than do those used in upland fields (Matsui et al., 2002).
Rice-farming pesticides may be transported from rice paddy fields to surface waters primarily by
spill-over during or after rainfall or by rice-paddy drainage.




In this study, we undertook a daunting task: collection of precise information on the farming work
schedules of all farmers in a river basin and obtaining pesticide adsorption/decomposition rates for
rice-paddy soils in the catchment. Our objective was to test the ability of a diffuse pollution
hydrological model to reproduce experimental observations of rice-farming pesticide concentrations in
river water by using adequate and precise model inputs. We also analysed the sensitivity of the model
to elucidate rice-farming pesticide runoff phenomena.

Figure 1 The target catchment. The red dot indicates the
water sampling point, where pesticide concentrations
were measured (composed using Google satellite

map)

Figure 2 Compartments in a 1-km? grid cell and flow directions




MATERIALS AND METHODS
Site description and modelling

The Kakkonda River basin (191 km?), consisting mainly of forest and rice-paddy fields cultivated
by 372 farmers (Figure 1), was selected to test the model and to predict pesticide concentrations. In
the model, the river basin was divided into a grid of 1 km by 1 km grid cells. Each grid cell was
subdivided into 12 or more compartments: several rice-paddy ponding compartments (W
compartments), rice-paddy soil compartments (X and Y compartments), a river-water compartment
(R compartment), a riverbed compartment (S compartment), and so on, as shown in Figure 2. The
.paddy fields in the river basin were divided into a total of 686 W compartments. The size of each
compartment varied, depending upon the land cover of the grid cell containing the compartments,
allowing the heterogeneity of the watershed characteristics to be taken into account. Areas of the W
compartments were obtained from the Iwate Agricultural Research Center, and those of the other
compartments were determined from a Geographic Information System land-cover data file
(Geographical Survey Institute, Tokyo, Japan). Water flow directions among grid cells were
determined from GIS data and a 1:50 000 topographic map (Geographical Survey Institute, Tokyo,
Japan). In modelling, the solute concentration and water level were assumed to be uniform within a
compartment, and each was represented by a single variable. Therefore, a set of differential
mass-balance equations describing the dynamics of a solute (pesticide) and water in each
compartment was defined, based on the law of conservation (i.e., mass balance) for the solute and
the water. The details of the model have been published elsewhere (Matsui et al., 2002, 2005, 2006).

Target pesticide and farming data

The target pesticide was a fungicide, isoprothiolane, one of the most applied pesticides in the
rice-paddy fields of the target catchment. The data on pesticide concentrations, observed at a site
close to Kakkonda Bridge, were provided as a courtesy by A. Nakano and used for the comparison
with the model predictions. Data from the Cultivation Management Register, which contains the
complete farming schedule, including irrigation and pesticide application dates and the quantity of
pesticide applied for each paddy field, for the years 2003 and 2004 for all 372 farmers cultivating
the 686 paddy fields, were compiled, and a database was constructed for use as model input.

Soil map and sampling ,

Rice paddy field soils in the target watershed belong mainly to six soil groups or subgroups: three
types of wet Andosol and Brown Lowland, Gray Lowland, and Peat soils (Iwate Agricultural
Research Center, 1997). In the model, therefore, paddy soils were categorised into six types: three
subgroups of wet Andosols (wet Andosol 1, wet Andosol 2, and wet Andosol 3), Brown Lowland
‘soils, Gray Lowland soils, and Peat soils, and the soil types present in each paddy field were
determined. Twenty-seven soil samples representing all soil types were collected on 1 July 2005
from nine paddy fields (three soil samples were collected from each paddy field) and stored at 4 °C
in a refrigerator. Batch pesticide adsorption and degradation tests were conducted on the individual
soil samples in a laboratory maintained at 20 °C to estimate the soil adsorption coefficient (K3) and
the degradation rate constant for the pesticide.

Estimation of K,

Batch tests for estimation of Ky were conducted according to the Organisation for Economic
Co-operation and Development (OECD) guidelines (OECD, 2000), with some modifications as
follows. Four grams (dry weight) of wet soil was added to a glass tube containing 20 mL of 0.01 M
CaCl; and 2.0 mg/L isoprothiolane. The tube was shaken at 100 rpm for 12 h at 20 °C in the dark; it
was confirmed that shaking for 12 h resulted in an equilibrium distribution of isoprothiolane






