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A pesticide fate and transport model, SPEC, was developed for assessing Soil-PEC (Predicted Environmental Concentrations in
agricultural soils) for pesticide residues in upland field environments. The SPEC model was validated for predicting the water
content and concentrations of atrazine and metolachlor in 5-cm deep soil. Uncertainty and sensitivity analyses were used to
evaluate the robustness of the model’s predictions. The predicted daily soil water contents were accurate regarding the number of
observation points (n=269). The coefficient of determination (R?) and Nash-Sutcliffe efficiency (Ng;) were equal to 0.38 and 0.22,
respectively. The predicted daily concentrations of atrazine and metolachlor were also satisfactory since the R? and N statistics
were greater than 0.91 and 0.76, respectively. The field capacity, the saturated water content of the soil and the Q,, parameter
were identified as major contributors to variation in predicted soil water content or/and herbicide concentrations. © Pesticide

Science Society of Japan

Keywords: SPEC model, pesticide, fate and transport, upland soil.

Introduction

Pesticides have been commonly used in agriculture since the
second half of the twentieth century.? The widespread use of
pesticides, however, has resulted in drift, leaching, and the run-
off of pesticide from target crops to off-target areas which can
aversively impact the environment.?’ Indeed, agriculture has
been reported as the main source of groundwater contamination
and numerous monitoring studies have highlighted the presence
of pesticides in agricultural soils and surface and ground bodies
of water.> In Japan, the persistence of pesticides in agricultur-
al soils is evaluated in accordance with the test guidelines pre-
scribed by the Ministry of Agriculture, Forestry and Fisheries®
in limited conditions or simple scenarios. Meanwhile, the Min-
istry of Health, Labor and Welfare announced new standards
for Maximum Residue Limits (MRLs) for pesticides in food and
food additives (Positive List System) in 2003.” In the so-called
Positive List System, MRLs of 0.01 ppm were assigned for all
of the registered combinations of crops and pesticides that had
been previously neglected. These low MRLs have raised con-
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cerns about the increased probability of exceeding the MRLs in
crops. Indeed, in agricultural fields where crop rotation is used,
the residues of pesticides applied to the previous crop may be
taken up by the next crop depending on the persistence and up-
take characteristics.

To conduct realistic assessments of pesticide residues in soil
for the purpose of adapting to the new regulations, a model sim-
ulation could be one practical alternative to pesticide monitoring
and experiments that are often expensive and time consuming.
By taking into account the major processes involved in the envi-
ronmental fate of pesticides (sorption, degradation, leaching, vol-
atilization, and runoff), models can be used for pesticide regis-
tration, mitigation, risk assessment, and screening purposes.®™¥
Modeling approaches vary in complexity and can be classified as
deterministic or stochastic models with two subcategories, mech-
anistic and functional.'” Models based on simple lumped param-
eters are limited to the relative ranking of hazardous chemicals
but have the potential to be used for preliminary risk assessment.
In contrast, models based on distributed parameters are more
comprehensive in the level of detail and can account for the het-
erogeneity of the environment. In practice, however their use is
limited due to impractical data requirements.?

In Japan, the development of pesticide models for investigat-
ing the fate and transport of pesticides applied to lowland rice
paddy fields has been reported.!>'”) However there is not yet a
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pesticide fate and transport model that simulates the behavior
of pesticides applied to Japanese upland agricultural soil. This
could be due to the necessity of validating models through test-
ing against high-quality field data sets.” The aim of this research
was thus: (1) to develop a pesticide fate and transport model, the
SPEC model, (2) to evaluate the predictions of the model using
field monitoring data and, and (3) to conduct uncertainty and

sensitivity analyses of the SPEC model.

Materials and Methods

1. Model description

The SPEC model was designed to assess the Soil-PEC (Predicted
Environmental Concentrations in agricultural soils) of pesti-
cides. The model, coded in Visual Basic for Application in MS
Excel, is a lumped parameter, one-dimensional, field scale, and
daily time-scale model. The properties of the soil layers are as-
sumed to be homogeneous; a maximum of two soil layers can
be defined in the model while a maximum of three successive
applications of pesticide can be scheduled. The depth of the soil
layers is defined by the user. Groundwater flow or recharge is
not considered in the model. Then, the soil water content and
pesticide concentrations are calculated successively, from top to
bottom. The SPEC model does not simulate the subsurface lat-
eral flow, macropore flow, bypass flow, or tile drainage. Fig. 1
shows the current conceptual SPEC model and the various hy-
drological and pesticide fate and transport processes considered
by the model. The SPEC model estimates water runoff, leaching,
and associated pesticide loading. The Soil Conservation Service
(SCS) curve number technique developed by the USDS is used
to estimate runoff whereas infiltration is determined by using a
storage routing methodology. Such a scheme is often referred to
as “tipping bucket” in the literature.' As compared with other
pollutant fate and transport fate models (PRZM, HYDRUS,

Evapotranspiration (£t ,)

Evapotranspiration (Et;,)

N

depth,

Soil layer 1

depth,

1
1
1
v

Fig. 1.

MACRO), SPEC development focuses on having minimum
input parameter requirements while maintaining physically
based processes. The mass balance equation used by the SPEC
model to calculate the amount of water in the soil layers is:

WCiy1, = WG, + Rain; — Runoff;, — INF,, —ET;
WGy, = WC,, +INE,, — INE,, — ET,, 1)

where the subscripts i and j specify the day and the soil layer of
the variables. To clearly display the processes that are considered
in soil layers 1 and 2 in Eq. (1), the subscript j was explicitly re-
placed by the soil layer number (1 or 2). WC,,; ; and WC;; are the
water contents expressed as water depths (using Eq. (2)) for day
i+1 and i of the soil layer j (mm), respectively; Rain; is the amount
of rainfall that occurred during day i (mm), INF,, and INF,, are
the amount of infiltration on day i from soil layers 1 and 2 (mm),
respectively; ET;, and ET;, are the amounts of water removed
from soil layers 1 and 2 (mm) due to evapotranspiration; depth;
is the depth of the soil layer j (cm); p,, is the bulk density of the
soil (gem™); and 0 is the volumetric water content of soil layer
j for day i (cm*/cm?). The methodology implemented to calculate
each process is detailed in the next section while the processes
considered to simulate pesticide fate and transport including pes-
ticide loss through percolation, runoff, and biochemical and pho-
tochemical degradations are presented in Section 3.

2. Field-scale hydrological processes

2.1. Infiltration
The daily infiltration of water is related to the current water con-
tent of the soil and the soil’s ability to hold water. Water infil-
trates from a soil layer to the soil layer below if the water content
of the soil layer exceeds the field capacity of that layer and the

Precipitation (Rain,)

Runoff (Runoff,;; Mrunoff, 1)

-~ Photo- -degradation (Mphoto 1)

i Percolation (Mperc;,)

Infiltration (INF;,)

Conceptual hydrological and pesticide fate and transport processes considered by the SPEC model in a bare soil, upland field. Plain arrows repre-

sent the hydrological processes while dashed arrows characterize the pesticide fate and transport processes.
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layer below is not saturated. The amount of water available for
infiltration in a soil layer is therefore given by:

WCXI“]' = maX(O, WC,«J - FC]) (3)

where WCX;; is the drainable volume of water through infiltra-
tion in soil layer j on day i (mm), and WC;; and FC; are the water
content and field capacity at iteration i of soil layer j (mm), re-
spectively. Next, the amount of water that actually moves from
one soil layer to the soil layer below is calculated the storage
routing methodology'”:

(4)

—At - Ksat;
INFE, ; = WCX; ;| 1-exp

SAT; - FC;

where INF;; is the amount of water that infiltrates from soil layer
j to the underlying soil layer at iteration i (mm), At is the length
of the time step (h), Ksat; is the saturated hydraulic conductivity
for layer j (mm/h), SAT, is the saturated water content of layer j
(cm*/cm?), and the other parameters are as previously defined.
2.2. Surface runoff

Pesticide losses through surface runoft depend on the amounts
of available pesticides in the soil surface, their chemical prop-
erties, and the intensities of rainfall and runoff.2” In the SPEC
model, surface runoft is only computed for the topsoil layer,
using the SCS curve number procedure. The SCS curve method
is an empirical method developed through more than 20 years
of studies involving rainfall-runoff relationships across the
USA.2Y The method was developed to take into account differ-
ent categories of land use and soil type. While the SCS curve
method was reported to be appropriate for Japanese soil condi-
tions on a watershed scale, there have been few reports regard-
ing its application on a field scale.?” The SCS curve number
equation is defined as®>:

(Rain; —1,)*

(Rain;—1,+S;) ®

Runoff;, =
where Runoff;, is the runoff amount generated at time i by the
topsoil layer (mm), S; is the retention parameter of the soil on
day i (mm), and I, is the initial abstraction which includes sur-
face storage, interception and infiltration prior to runoft (mm).
For runoff to occur, the condition Rain,>I, must be met. In the
SPEC model, I, was approximated as 0.2S as it is commonly re-
ported in the literature.!” The curve number of the soil is related
to the retention parameter of the soil S;, as illustrated in Eq. (6):

1000

-10

where CN; is the curve number for day i of the top soil layer
(dimensionless). Three moisture conditions are defined in the
SCS curve number method: dry (CN1), average (CN2), and wet
(CN3). CN2 is required as a parameter input; an appropriate

S; = 25.4( (6)

value can be extracted from the literature for various combina-
tions of land use and soil type.'®?® Note that these CN values are
recommended for a 5% slope; if the slope of the field is different,
the CN number must be adjusted.

14

CN3-CN2
CNzadjust =

[1-2-exp(—13.86-slp)]+CN2 (7)
where CN2,4;, is the CN2 value adjusted for slope and slp is the
average slope of the field (%). CN1 and CN3 are respectively the
lowest and highest boundaries of the CN value. They are evaluated
once, at the beginning of the simulation, using Eqs. (8) and (9):
20-(100—-CN2)

CN1=CN2- (8)
100 — CN2 + exp(2.533 — 0.0636(100 — CN'2))

CN3=CN2exp(0.00673(100 —CN2)) )

CN1 and CN3 remain constant during the whole simulation and
can be seen as properties of the soil. The retention parameter (S;)

varies depending on the daily moisture of the soil and is re-evalu-
ated at each computation iteration using the following equation:

Si :Smax[l_ J (10)
WC,' _Wres))

where §; is the retention parameter at time i (mm), S, is the

Wci - Wres
- Wre: + eXP(Wl —w; (WC1

maximum value the retention parameter can achieve on any
given day (mm), WC, is the soil water content of the soil layer
(mm), W, is the water residue of the soil layer (mm), and w,
and w, are shape coefficients. S, can be calculated from Eq. (5)
by replacing CN; with CN1. Once the retention parameter of the
soil for the day is known, the value of the daily curve number
can be calculated by rearranging Eq. (6):

25400

=— (11)
S, +254

i
where CN; and §; are the curve number and the retention pa-
rameter for day i (mm), respectively. In practice, the method is
implemented as follows: first, the CN1 and CN3 of the soil are
computed (Egs. (8) and (9)). Then, every computation iteration,
S, is calculated using Eq. (10), and the amount of runoff is evalu-
ated using Eq. (5).

An option to cancel runoff has been implemented in the
model. Indeed, during field experiments conducted to validate
the model, borders were installed between fields to avoid the po-
tential cross-contamination of pesticides. As a result the surface
runoff of each plot was confined within that plot.> When the
“no-runoft” option is used, water that was supposed to be lost
due to water runoft is routed to infiltration therefore increasing
the amount of infiltrating water. Note that, in the case of irriga-
tion, the amount of irrigation water was added to the amount of
precipitation as input water.

2.3. Evapotranspiration
Two options have been implemented in the SPEC model regard-
ing evapotranspiration (ET). The first option is used when no
data are available. A constant daily value is used throughout the
simulation. The second option uses the Penman-Monteith equa-
tion to predict daily evapotranspiration (ET;). The procedure for
calculating all variables can be found in Allen et al.?

Since ET, is computed by assuming that the plant had opti-
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mum soil water conditions, the actual evapotranspiration of the
field must be adjusted to reflect current field conditions. The ac-
tual amount of water removed from the two soil layers by evapo-
transpiration is proportional to the depth of the soil layers and is
calculated using Eq. (12):

. depth,
ET,,=min| WC,, ~FC,, ET, ————
' ' depth, +depth, (12)
) depth,
ET;,=min| WC;, —-FC, ET, ————
’ depth, + depth,

where ET;, and ET;, are the actual evapotranspiration losses
at day i from soil layers 1 and 2 (mm), respectively, WC;, and
WC,, are the amounts of water held in soil layers 1 and 2 (mm),
respectively, FC is the soil field capacity (mm) of the soil layer,
and depth, and depth, are the depths of soil layers 1 and 2 (cm),
respectively.

3. Pesticide fate and transport

Pesticide is introduced in the model by scheduling a pesticide
application. The user is required to input the date and the rate
pesticide application. Then, the fate and transport of the pesti-
cide in the field are simulated by considering various pesticide
degradations, loss of pesticide by surface runoff, and pesticide
transport through vertical percolation in and out of the soil lay-
ers. Consequently, the equation used to predict pesticide con-
centrations in the two soil layers is:

Mp;, = Mp;_,, — Mrunoff;, — Mperc;, — Mphoto;, — Mbio;,
Mp; , = Mp;_,, + Mperc;, — Mperc; , — Mbio; , (13)

where Mp;, and Mp,, are the mass of pesticide in soil layers 1
and 2 at time i (mg), respectively, Mp, ;, Mp;_,, are the masses
of pesticide in soil layer 1 and 2 at time i—1 (mg), respectively,
Mrunoff;, is the mass of pesticide lost through runoff from the
topsoil layer at time i (mg), and Mperc;, and Mperc,, are the
masses of pesticide lost through percolation at time i by soil lay-
ers 1 and 2 (mg), respectively. Mphoto;,, is the mass of pesti-
cide loss through photodegradation in the topsoil layer at time
i (mg), and Mbio;;, Mbio,, and are the masses of pesticide loss
trough biochemical degradation at time i (mg), in soil layers 1
and 2, respectively.
3.1. Pesticide transported by surface runoff

The mass of pesticide loss from the soil top layer through water
runoft is calculated by:

Csl

Mrunoff;, = Area- Runoff;, e (14)

d

where Cs; is the pesticide concentration in soil layer j (mg/kg),
K, is the soil adsorption coefficient of the pesticide in the soil (L/
kg) and the other parameters are as previously defined. The soil
adsorption coefficient of the pesticide in the soil is related to the
soil organic content, Oc (%). The relation is given as:

15

Oc
100

where K, is the soil organic-water partitioning coeflicient of the

Kd :Kac (15)

pesticide (L/kg) and Oc is the percentage of soil organic carbon
(%). Note that the transport of pesticide sorbed to soil particles
with surface runoff is not considered in the current model.

3.2. Pesticide transport via vertical percolation
In the SPEC model, the amount of pesticide that is transported
with percolating water is a function of infiltration:

Cs;
Mperc; j = Area- INF, ; X (16)

d
where Mperc;; is the mass of pesticide loss from soil layer j at it-
eration i (mg), INF;; is the amount of water that percolates from
the layer j (mm), and all other variables are as previously de-
fined. The mass of pesticide loss by percolation by soil layer j is
added to the mass of pesticide in the soil layer j+1 (Eq. (13)).
3.3. Pesticide biochemical degradation

Pesticide biochemical degradation was describe by a first-order
equation:

Mbio; ; =10-depth; - Area- p, - ky;, - Cs; (17)

where Mbio,; is the mass of pesticide loss from soil layer j at it-
eration i by biochemical degradation (mg), p, is the bulk density
of the soil (g/cm?), and k,, is the first-order rate constant of the
pesticide biochemical degradation in the soil (1/day). The first-
order rate constant degradation is calculated from the half-life of
the pesticide’s biochemical degradation:

In(2)

Kpio = ——
" HLy,

(18)
where HL,,, is the pesticide half-life of biochemical degradation
(day).

The influence of temperature on the degradation rate can be
accounted for in the temperature data as: (1) two average tem-
peratures with their corresponding periods, (2) daily average
temperatures, and (3) hourly average temperatures. Using the
first option, two degradation rates are computed and used dur-
ing the appropriate periods. In contrast, when using options
2 and 3, the degradation rate can change on a daily or hourly
basis. The equation used to adjust the half-life of a pesticide due
to temperature is given as®®:

_ ,=25)/10
kbio - kbioref Ql((t) )

where kyos is the reference pesticide’s half-life at 25°C (day),

(19)

Q is the change of half-life given a 10°C change in temperature
(unitless), and ¢, is the temperature at which the half-life of the
pesticide must be calculated (°C).

3.4. Photochemical degradation
Photodegradation was reported to be one of the most destruc-
tive pathways for pesticides after their release into the environ-
ment.?” This process in soil surfaces is only significant if there is
no foliage covering the ground. In the SPEC model, this process
is only considered in 2-mm depth of the topsoil layer. To accu-
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rately determine the loss of pesticide by photodegradation, the
level of solar radiation reaching the ground must be known. This
is evaluated using the following equation which was originally
developed for paddy fields'?:

Ruyvp-a = Ryvg-p = frm -t (20)

RUVB-a

where Ry, and Ryyp, are the daily UV-B radiation above and
below the plant canopy (MJ/m?), respectively, fr.q, is the slope
of the fitted line obtained from the relative difference of the ra-
diation above and below the plant canopy that accounts for the
light attenuation by the growing crop, and ¢ is the time (day).
The UV-B radiation reaching the ground can be calculated as:

Ryvps= fusRs.a(l= freapt)

where fys is the fraction of the UV-B radiation over the solar
radiation, and Ry, is the solar radiation below the plant canopy.
When no plants are growing in the field (bare soil condition),
fra 18 equal to 0 and the UV-B radiation above and below the

1)

plant canopy is identical. The final equation used to compute the
mass of pesticide loss by photodegradation is:

Mphoto;; =2 Area- Ryyg.p, - kphoto - Cs1 (22)

where Mphoto;; is the mass of pesticide loss by photodegrada-
tion (mg), kyye, is the first-order rate coefficient of photochemi-
cal degradation with respect to cumulative UV-B radiation
(m>M/]), and all other parameters are as previously defined. The
first-order rate coeflicient of photochemical degradation with
respect to cumulative UV-B radiation can be calculated from the
half-life of pesticide photodegradation.

_ In(2)
HL 010 - fus - Solar

kphum (23)
where HL,q, is the photochemical degradation half-life of the
pesticide (day), and Solar is the average solar radiation mea-
sured during the experiment duration (M]J/m?/day). While de-
termining K., experimentally at a site is preferable for accu-
rately predicting the photodegradation of pesticides, Eq. (22)
can be used to derive k,,, from existing pesticide databases.

4. Field experiments

We attempted to validate the SPEC model so as to predict: (1)
soil water content and (2) the concentrations of two herbicides:
atrazine and metolachlor. All observed data were acquired over
a two-year monitoring period (2013-2014) at the experimental
farm of Tokyo University of Agriculture and Technology (TUAT
experimental farm), Tokyo, Japan. Details of the experiment can
be found elsewhere.?® Briefly, the field was divided into three
experimental plots that were surrounded by plastic borders bur-
ied approximately 10cm in the ground. Note that the borders
prevented surface runoff from the plots. The texture of the soil
was identified as clay-loam while its taxonomic order is andi-
sol. It contained 29.6% sand, 33.4% silt, and 23.4% clay. Some
characteristics of the soil are reported in Table 1. Atrazine and
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metolachlor were applied twice, on June 10, 2013 and December
6, 2013 to the whole surface of the plots. The commercial formu-
lation of the herbicides (Geza non gold® Syngenta, Tokyo, Japan)
was diluted with distilled water and applied at the recommended
rates of 771.3 and 732ga.i./ha for atrazine and metolachlor, re-
spectively. Neither herbicide was applied to the field prior to the
experiment and no crops were grown on the plots. In addition,
no irrigation water was applied to the field during the entire du-
ration of the experiment.?® Precipitation, soil temperature, and
soil moisture contents at 5.0cm deep were recorded hourly.?¥
Soil samples were collected at a depth of 5cm at specified in-
tervals from the three plots using soil cores 5cm in diameter.
A composite sample was created for each plot by mixing three
samples taken randomly from each plot. The procedure used to
clean up the composite samples and extract the pesticide can be
found in the literature.??

5. Model parameterization

The input parameters used for predicting soil moisture and con-
centrations of atrazine and metolachlor at the TUAT experi-
mental farm are reported in Table 1. Soil layers 1 and 2 were
lIcm and 4cm deep, respectively. The data used to parameter-
ize the model were taken from the literature or database. When
no data were available, the inputs were calibrated.?'24282%) The
curve number value used in the simulation was extracted from
the tables provided by the SCS Engineering Division and is ap-
propriate for a 5% slope with bare soil (no crop residue) and a
soil with moderate infiltration rate.!” Previous analysis indicated
that the curve number method was applicable for the andisol
soil plot scale with bare soil. The method was, however, sensitive
regarding the initial moisture content of the s0il.* Neverthe-
less, further validation of the method of application in Japan for
other combinations of land cover and soil conditions is neces-
sary. Hourly monitored precipitation and temperature data were
used for the simulation. Daily average solar radiation as well as
minimum, maximum, and average daily air temperature data
was downloaded from the AMEDAS weather station located
about 500m from the monitoring site in Fuchu City, Tokyo
(Japan).>" These data were used to calculate the daily amount of
evapotranspiration from the TUAT experimental farm.?*

6. Sensitivity and uncertainty analyses

The possible application of any model and its validation pro-
cedures are largely determined by the model’s sensitivity.'” In-
deed, input parameters are variable which can be attributed to
(1) protocols and analytical methods and (2) spatial variability
that occurs naturally.!) Since input parameters must be esti-
mated whenever data are missing, characterizing and ranking
input parameters as to their influence on model predictions are
absolutely necessary to correctly interpret a models’ output. Un-
certainty and sensitivity analyses were performed by applying
Monte Carlo (MC) techniques to the SPEC model. To noticeably
recognize the effects of uncertainty included in input parameters
on the predicted soil water content and pesticide concentrations,
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two MC scenarios were created. The first MC scenario (MC sce-
nario 1) included only input parameters related to soil proper-
ties while the second MC scenario (MC scenario 2) consisted of
input parameters related to pesticide characteristics.

The water residue (W,,,), the saturated hydraulic conductivity
(Ksar)> the saturated water content (SAT)) and the field capac-
ity (FC)) of the soil were included in the first MC scenario for
a total of four investigated input parameters. Three parameters
were considered in the second MC scenario: the photodegrada-
tion half-life (HL,,,), the Qy, and the soil organic-water parti-
tioning coefficient of the pesticide (K,,). To avoid redundancy,
the ky;, was not included in the analysis, since it is nested with
the Q,, parameter (Eq. (18)). In addition, accurate k;;, data from
laboratory experiments (unpublished data, Table 1) were avail-
able for both atrazine and metolachlor. The sample size used for
the MC simulations was 250 for both soil and pesticide param-
eter scenarios. This sample size proved sufficient for a pesticide
fate and transport model in the case of pesticide applied in rice
paddies.’” Uniform distributions were given to all investigated
parameters. All parameters except the Q,, parameter were al-
lowed to vary a maximum of =10% from the values used in the
deterministic scenario presented in Table 1. The range of the Q,
parameter was 1.0 to 2.2. A value of 1.0 indicates that tempera-
ture has no effect on the degradation half-life. A value of 2.2 was
recommended for use when no site data was available.®’ Note
that the maximum range of the saturated water content of the
soil was to 1.0 as values higher than 1.0 are not physically pos-
sible. For evaluating model response the soil water content and
herbicide concentrations, target outputs were selected 24 days
after the herbicide applications. This corresponds to the half-

life period of appreciable herbicide concentrations; therefore the
data set is representative of each season.

To visualize the evolution of output uncertainty every com-
putation step, the 95th percentiles of the predicted soil water
content and herbicide concentrations were plotted together with
the predictions of the deterministic scenario.

The method used to measure input sensitivity was reported
previously.’>*® The method relies on a stepwise regression anal-
ysis that computes standard rank regression coeflicients (SRRCs)
for the predictors (inputs) that have the most significant influ-
ence on the predictions (outputs). By ranking the input param-
eters by absolute values of SRRCs, the model’s most sensitive
parameters can be highlighted.

7. Model evaluation

The model’s accuracy regarding the predictions of soil water
content and herbicide concentrations was evaluated using sta-
tistical indices. The coefficient of determination (R?) which
describes the degree of collinearity between the simulated and
measured data was reported to be extremely sensitive to ex-
tremely high values (outliers) and insensitive to additive and
proportional differences between model predictions and mea-
sured data.>¥ Therefore to appropriately interpret the accuracy
of a model, it is necessary to report additional statistical indices
such as the Nash-Sutcliffe efficiency (Ngg). Ny is a normalized
statistic that compares the measured data variance to the relative
magnitude of the residual variance.>” N statistic range between
— and 1.0, the latter being the optimal value. Positive values
are generally viewed as acceptable levels of performance. In
contrast, negative values indicate that the mean of the observed

Table 1. List of the input parameters used to simulate the soil water content and the concentrations of atrazine and metolachlor in TUAT experimental
farm
SPEC model inputs Abbreviations Units Atrazine Metolachlor
Field
Organic carbon Oc % 6.95%9)
Bulk density I g/cm 0.5%
Saturated water content SAT cm’/cm 0.9529
Water residue W, cm®/cm 0.10°
Saturated hydraulic conductivity K Cm/h 10.80*
Curve number CN — 862
Slope slp % 524
Field capacity FC cm’/cm 0.40%
Pesticide
Date of applications — Date 10 June 2013, 6 December 2013
Application rate — g/ha 771.3*4 732.5%
Partitioning water organic coefficient K, L/kg 100%) 120%9
Half-life biochemical degradation HL,, day 23.5%) 24.7%
Half-life photo-degradation HL 01, day 100% 199°
Average solar radiation Solar kJ/m 142 14
Qo Qi — 1.35%9 1.42*9

Note: *Input was calibrated.
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value is a better predictor than is the simulated value.*®

The root mean square error (RMSE) is an error statistic be-
cause it indicates error in the units of the variable of interest
(cm’/cm’ for the soil water content and mg/L for herbicide
concentrations).’® A value of 0 indicates a perfect fit. Having
an RMSE value of less than half the standard deviation of the
measured data was reported to be appropriate.?”) The coefficient
of residual mass (CRM) indicates if the model overestimate or
underestimate the observations, a perfect fit is indicated by a
value of 0. Positive values indicate that the model has a tendency
to underestimate the data while negative values indicate that the
model tends to overestimate the observations.>® The equations
used to compute the different indices have been commonly re-

ported in the literature.>*3%)

Results and Discussion

1. Model validation for the prediction of soil water content
During field monitoring, the daily volumetric average of the soil
water content varied from 0.34 to 0.40 cm*/cm® during the sum-
mer and winter seasons, respectively.?? There is a clear corre-
lation between precipitation and increased the soil water con-
tent (Fig. 2). In major precipitation events, soil water content
increased sharply, since runoff amounts were rerouted to the
percolation component, as indicated previously. In the field, no
sign of ponding was observed during these intense precipitation
events, indicating that significant runoff was unlikely to have
occurred. However, the validation of runoff and the correspond-
ing pesticide discharge components of the SPEC model is re-
quired. In general, the SPEC model accurately predicted the soil
water content of the TUAT experimental farm for the duration
of monitoring (Fig. 2). The sensor used to record the soil water
content failed starting on the March 5, 2014 (Fig. 2). Conse-
quently, the evaluation of the model is based on recording prior
to the sensor’s failure.

Two scenarios were used to simulate the soil water content.
In the first scenario, a constant value for ET (0.1 cm/day) was

I Precipitation

= = =Simulated water content (constant ET)

used during the entire simulation period (dotted line in Fig. 2).
In contrast, for the second scenario, daily ETs computed by the
Penman-Monteith algorithm were used in the model (solid line
in Fig. 2). The effect of ET on the simulated soil water content
was particularly clear during the winter season (Fig. 2). Indeed,
the default ET value (0.1cm/day) seems to be too high during
the winter season (dotted line in Fig. 2). The average ETs calcu-
lated using the Penman-Monteith method were 0.1 and 0.06 cm/
day for the summer and winter seasons, respectively. As a result,
too much water is removed from the soil, which results in the
underestimation of soil water content during this period. In con-
trast, using daily ET values greatly improved the accuracy of the
simulations of soil water content.

The statistical evaluations of the SPEC model for the two sce-
narios are reported in Table 2. The CRM statistic indicates that the
model has a slight tendency to overestimate the soil water content.
The Ng;, and RMSE statistics were similar for the two scenarios
using constant and daily ET values. In contrast, the R? value in-
creased significantly for the simulation using daily ET values. In-
deed, the high linear relationship between the predicted and ob-
served soil water content can be observed graphically in Fig. 2.
While the predicted daily soil water content values did not always
match the observed values, the general trend of the observations
is very well captured by the model’s simulation. In general, regard-
ing the number of observation points (n=269), the temporal and
spatial variations of the observed water contents and the daily pre-
dictions for both scenarios were classified as good.

2. Model validation for the prediction of atrazine and metola-
chlor concentrations
Atrazine and metolachlor concentrations were simulated from
June 10, 2013 to May 5, 2014, using the input parameter val-
ues reported in Table 1 and the scenarios for constant and daily
ET values. The deterministic simulations using the daily ET val-
ues are reported in Fig. 3 while the statistical evaluations of the
model for both scenarios are reported in Table 2. The predicted

O Observed water content
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Fig. 2. Predicted and observed daily water content in 5-cm deep soil at TUAT experimental farm from 10 June 2013 to 5 May 2014. The grey band indi-
cates the 95th percentile confidence interval of the predicted soil water content acquire from the MC simulation 1.
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Table 2. Statistical evaluation of the SPEC model regarding the prediction of soil water content, atrazine and metolachlor concentrations

Outputs Water content Atrazine Metolachlor
Evapotranspiration Const. ET Daily ETs Const. ET Daily ETs Const. ET Daily ETs
R? 0.16 0.34 0.93 0.92 0.91 0.93
Ny —3.88 —1.06 0.91 0.89 0.82 0.76
RMSE 0.09 0.05 0.41 0.45 0.53 0.61
CRM 0.09 —0.003 0.12 0.07 —0.21 —0.27

Table 3. Percentage of atrazine and metolachlor dissipated by various processes as compared to herbicides applied mass for the summer and winter seasons

Atrazine Metolachlor
Processes Unit
Summer Winter Summer Winter
Biochemical degradation % 39 49 57 57
Photo-degradation % 3 5 5 7
Percolation % 58 46 39 33
Runoff % 0 0 0 0
Residual dissolved into soil-water % <0.1 <0.1 <0.1 0.1
Residual sorbed onto soil-particles % <0.1 0.2 <0.1 2

Note: Runoff simulation was disabled for this simulation.

herbicide concentrations for the two ET scenarios were similar,
since the statistical evaluations of the two scenarios yield similar
statistics for atrazine and metolachlor (Table 2). The model was
flagged by the CRM statistics as slightly underestimating atra-
zine concentrations and overestimating metolachlor concentra-
tions. Those trends were also confirmed by a visual inspection of
the deterministic simulations of atrazine and metolachlor (Fig.
3). Nevertheless, the predicted herbicide concentrations are in
range of the observations. Moreover, the Ng; was positive for
all scenarios while the R* was higher than 0.90 for all scenarios.
Thus, the model accurately simulated atrazine and metolachlor
concentrations on the TUAT experimental farm.

The dissipation behavior of the two herbicides was differ-
ent between the summer and winter seasons as reported by the
herbicide mass balance (Table 3). At the end of the seasons, the
amounts of atrazine and metolachlor remaining in the soil layers
were small. More herbicide was transported with vertical perco-
lation during the summer season due to frequent and abundant
precipitation events as compared to the winter season (Fig. 3).
Note that since surface runoff was prevented due to the installa-
tion of borders surrounding the plot, herbicide was only trans-
ported through vertical percolation (Eq. (1)). It was anticipated
that more herbicide mass would be lost through degradation dur-
ing the summer season due to the effect of temperature on deg-
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radation. However, the percentage of atrazine loss through bio-
chemical degradation during the winter season was higher than
that of the summer season. The percentages of metolachlor loss
through biochemical degradation in the summer and winter sea-
sons were identical (Table 3). In the winter, less atrazine was lost
through percolation, resulting in more chemicals available for
biochemical degradation during the winter as compared to in the
summer (Fig. 3). The amounts of herbicides lost through photo-
degradation during the summer and winter seasons were similar.

On February 15, 2014, a 9.5-cm precipitation event caused a
great drop in predicted herbicide concentrations due to its trans-
port through percolation bellow soil 5cm deep (Fig. 3). How-
ever, the monitored herbicide concentrations, while decreasing,
did not drop suddenly as the simulation had suggested. A pos-
sible explanation is that the model does not consider the effect
of snowfall and snowmelt that occur at that time of the year. It
was observed that snow melted gradually in the field and there-
fore, the actual amount of water that the soil received during a
snowfall event was probably less than indicated in the data re-
corded by the logger. Note that the slight decline of observed
herbicide concentrations due to precipitation on December 27 is
well simulated by the model suggesting that the model’s assump-
tions are appropriate when there is no snowfall.

3. Uncertainty analyses
The effects of input uncertainty on the predicted soil water con-
tent and herbicide concentrations were investigated using two
MC scenarios which consisted of: (1) soil parameter inputs and
(2) herbicide characteristic inputs. The effects of uncertainty in
soil parameters on the predictions of soil water content are re-
ported in Fig. 2. The thickness of the 95th percentile confidence
interval was constant through the simulation period, indicating
that the influence of parameters’ uncertainty did not vary during
the summer and winter seasons.

The results of the uncertainty analysis for the prediction of
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herbicide concentrations in soil are displayed in Fig. 3A, B for
MC scenario 1 and in Fig. 4A, B for MC scenario 2, respectively.
The effects of the soil property uncertainties on herbicide con-
centrations were consistent in the summer and winter seasons,
as the thickness of the 95th percentile confidence interval re-
mained constant throughout the simulation period (Fig. 3A, B).
The 95th percentile confidence interval computed for atrazine
was greater than that for metolachlor. Since the K, of atrazine is
lower than that of metolachlor (Table 1), atrazine was simulated
to be transported easily through water percolation which was
flagged as a main route for herbicide dissipation (Table 3).

The herbicide characteristic uncertainties did not affect the
predicted herbicide concentrations during the summer season
(Fig. 4). In contrast, the predicted herbicide concentrations in
the winter season were greatly affected by the herbicide char-
acteristic uncertainties, as indicated with the greater thickness
of the 95th percentile confidence interval. The K, parameter is
used to predict the amount of herbicide transported with sur-
face runoff and vertical percolation (Egs. (14)-(16)). The Q,,
parameter is used together with the soil temperature to adjust
the half-life of the biochemical degradation of herbicides (Egs.
(17)-(19)). Both infiltration and temperature data were re-
ported to be significantly different between summer and winter
seasons at the TUAT experimental farm (Table 3).2¥ Therefore,
the differences in the effects of uncertainty included in herbi-
cides’ characteristics between the summer and winter seasons
on the predicted herbicide concentrations are due to different
combinations of the interrelated parameters of K,. and infiltra-
tion (Egs. (14)-(16)) or Q,, and temperature (Eqs. (17)-(19)).
This result also suggests that it is appropriate to investigate the
sensitivity of input parameters separately for summer and winter
datasets. Note that solar radiation data were similar for the sum-
mer and winter seasons, 13.6+6.6 and 12.9+6.8 MJ m 2, respec-
tively. Consequently, the effect of the HL,, input’s uncertainty
on herbicide concentrations is constant regardless of the sea-
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Fig. 4. Predicted and observed concentrations of atrazine (A) and metolachlor (B) in 5-cm deep soil for the 2nd MC scenario (parameter related to pes-
ticide characteristics). Grey bands indicate 95th percentile confidence interval.
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son (Eq. (22)). In the SPEC model, the parameter fy5 (Eq. (21))
was constant during the simulation period. However, in practice
this parameter fluctuates; therefore photodegradation was likely
overestimated during the winter season.

4. Sensitivity analyses

Prior to the sensitivity analysis, all data generated by the MC
simulations was assessed and showed no evidence of skewness
or kurtosis for any of the input parameters and outputs. Conse-
quently, a stepwise regression analysis was performed using an
SPSS software package for statistical analysis.>” There was no
evidence that any of the input parameters exerted undue influ-
ence on the regression models. Moreover, no indication of mul-
ticollinearity (two or more highly correlated predictor variables)
in the data was found. The standardized rank regression coef-
ficients (SRRCs) obtained using stepwise regression methodol-
ogy are presented in Tables 4 and 5 for MC scenario 1 and 2,
respectively. SRRC values can vary from —1 to 1, and high abso-
lute values of SRRCs indicate for sensitive parameters. A positive
SRRC indicates that increasing the parameter value will increase
the output considered, and vice versa.

For MC scenario 1, the ranking of the sensitive parameters
was consistent, regardless of the season (Table 4). While the “no-
runoft” option is used, the field capacity (FC) and the saturated
water content of the soil (SAT) were flagged as the most sensitive
parameters regarding the prediction of soil water content. The
SRRCs of these parameters were positive since increasing both
parameters increases the predicted soil water content. Indeed,
increasing the SAT and FC allows the soil to: (1) store more
water, (2) retain more water in periods of no rainfall, and (3)

Table 4. Standardized rank regression coefficients of the SPEC model
parameters for the 1st MC scenario (parameter related to pesticide char-
acteristics)

MC scenario 1

Outputs Sensitive
parameters Summer Winter
Water content FC 0.87 0.87
SAT 0.30 0.30
Atrazine FC —0.60 —0.58
SAT 0.47 0.48
Metolachlor FC —0.62 —0.63
SAT 0.46 0.46

Table 5. Standardized rank regression coefficients of the SPEC model
parameters for the 2nd MC scenario (parameter related to pesticide char-
acteristics)

MC scenario 2

Sensitive
Outputs
parameters Summer Winter
Atrazine HLyjo10 0.78 —
Quo - 0.75
Metolachlor HL 0.55 —
Quo - 0.55

21

generate less percolation (Egs. (2) and (3)). The same parame-
ters were retained by stepwise regression methodology that uses
herbicide concentrations as outputs. The sign of the reported
SRRC:s helps to gain some insight into the model’s behavior. In-
creasing the field capacity of the soil decreases predicted herbi-
cide concentrations. In contrast, increasing the saturated water
content of the soil increases predicted concentrations of her-
bicide. The field capacity of the soil determines the amount of
water that is available for infiltration (Eq. (2)) and consequently,
increasing this parameter increases the loss of herbicide due to
percolation. A field’s saturated water content is primarily used to
determine the amount of percolating water (Eq. (3)). By setting
a higher SAT; value, the amount of percolating water will be re-
duced, thereby limiting the transport of herbicide.

MC scenario 2 also produced a consistent ranking of the sen-
sitive parameter. However, the season affected the ranking of the
parameters (Table 5). For the summer season, the photodegra-
dation half-life was flagged as the most sensitive parameter. This
result is caused by not including the biochemical degradation
rate (k,;,) in the sensitivity analysis to avoid redundancy with
the Q,, parameter. In the summer, temperatures are close to the
reference temperature of 25°C; consequently, the Q,, param-
eter does not impact the rate of ky,;,. The analysis of the mass
balance of the two herbicides (Table 3), however revealed that
the mass of herbicides lost through biochemical degradation is
8 to 10 times higher than that lost through photodegradation.
Consequently, accurate k,;, parameters are absolutely crucial for
accurately determining the fate and transport of atrazine and
metolachlor in both summer and winter. Increasing the HLy,
slows the degradation of herbicide in the field, which results in
higher herbicide concentrations in the soil. For the winter sea-
son, the Q, was highlighted as the most sensitive parameter.
The Q,, parameter is an indication as to what extent the half-life
of a pesticide will deviate from its default value at 25°C when
the temperature changes by =10°C. Indeed, the Q,, and ky;, are
nested together (Eq. (18)), and the high sensitivity of the Q,,
therefore, implies that the k;;, has to be accurately determined
to accurately predict herbicide concentrations (Table 3). In ad-
dition, there is limited information about Q,, values for pesti-
cide; this was reflected in the parameter’s rather wide range (1 to
2.2) which also contributed to the high overall sensitivity of the
parameter (see Fig. 4 winter). During monitoring, the average
temperature in the winter was 5+4°C.> Since there is approxi-
mately a 20°C difference between the reference temperature of
25°C and the average temperature in winter, the half-life of the
herbicides in winter was divided by the square of the Q,, (Eq.
(18)), resulting in much slower herbicide degradation. During
the summer season, the temperatures were closer to the refer-
ence temperature and, thus, the Q,, did not affect predicted her-
bicide concentrations.

Conclusion

The SPEC model was developed to assess Soil-PEC (Predicted
Environmental Concentrations in agricultural soils). The model
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was then validated using a field experiment carried out from
June 10, 2013, to May 5, 2014 in which the soil water content
and concentrations of atrazine and metolachlor were monitored.
The soil water content predicted were accurate regarding the
time step, and R* and Ng; statistics were equal to 0.38 and 0.22,
respectively. The predicted atrazine and metolachlor concentra-
tions were also adequate, and the R* and Ny statistics were high-
er than 0.91 and 0.76, respectively.

The performance of the model with uncertain inputs was inves-
tigated using the Monte Carlo technique. The model’s predictions
were influenced constantly throughout the simulation period due
to the uncertainty encompassed in soil properties. In contrast,
only the predicted herbicide concentrations in the winter season
were influenced by uncertainty arising from pesticide properties.
While preventing surface runoff in the model, the field capac-
ity and the saturated water content of the soil were identified as
major contributors to variation in predicted soil water content and
herbicide concentrations. In addition, the Q,, parameter was also
flagged as a major contributor to variation in predicted herbicide
concentrations, especially during the winter season.

The SPEC model therefore, has the potential to accurately pre-
dict water content and pesticide concentrations in soil. Moreover,
the detailed pesticide mass balance given by the model can be used
to identify major dissipation pathways and evaluate the best op-
tions for improving environmental conditions associated with pes-
ticide residues in agricultural soil. Future improvements include:
(1) the validation of the runoff component that was disabled in
this study, (2) the creation of multiple soil layers for the improved
prediction of soil water content, and (3) the dynamic adjustment
of UV-B radiation over solar radiation’s dependence on environ-
mental factors for improving predictions of photodegradation.
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ABSTRACT: The dissipation behavior of water-extractable pesticides in soils is important when assessing the phytoavailability
of pesticides in soils. This process is less understood than pesticide extraction with organic solvents. To elucidate the dissipation
behavior of water-extractable pesticides in soils, we conducted an incubation study using 27 pesticides and five Japanese soils.
The rate of decrease of the level of pesticides in water extracts was faster in soils than that of total extracts (water extracts and
acetone extracts). This suggests that time-dependent sorption contributed to the difference in the dissipation between the
pesticides in water and total extracts from soils. Increased apparent sorption coefficients (Kj,,,) with time were positively and
significantly correlated with K, values of a 0 day incubation [Kj,,,(t)]. This empirical relationship suggests that Ky, (t,)
values can predict the time-dependent increase in K, and the dissipation of water-extractable pesticides in soils.

KEYWORDS: pesticides, soil, fate, aging, time-dependent sorption, water extraction, phytoavailability

B INTRODUCTION

Recently in Japan, some agricultural chemicals that had been
applied to previously grown crops and then remained in the soil
were detected in succeeding crops. Selling or distributing crops
in Japan that contain pesticides above their maximal residue
limits (MRLs), or a concentration of 0.01 mg/kg if the MRL
has not been established, is prohibited.l Thus, these farmers
suffer economic loss. When newly developed pesticides are
registered in Japan, soil dissipation studies in two fields having
different soil types are required.” These studies must be
performed to assess the risk of contamination succeeding crops
by pesticide residue in soils; that is, studies of residues in
succeeding crops” are required only if the half-lives of pesticides
in the soil are more than 100 days.

In soil dissipation studies, the extraction of pesticides from
soils is conducted using organic solvents such as acetone.
However, the extractability of organic solvents is too high to
assess the phytoavailability of residual pesticides in soil,” i.e., the
organic solvent extracts soil-sorbed pesticides, which are not
taken up by the plant. Therefore, to estimate the plant uptake
of residual pesticides in soils, the concentrations of
phytoavailable pesticides in soils should be measured. Our
previous study indicated that the concentrations of pesticides
such as clothianidin, thiacloprid, procymidone, and tetracona-
zole in leafy vegetables cultivated in four different soils
containing the pesticide residues were positively and signifi-
cantly correlated with the concentrations of water-extractable
pesticides rather than total extractable pesticides (water extracts
and acetone extracts) in these soils.* This result implies that the
residual levels of pesticides in crops are estimated using the
concentrations of water extracts from soils. In addition, the
study showed that the coefficients of determination (R?)
calculated using the concentrations of water extracts from soils
at harvest were higher than those at sowing. Therefore,

-4 ACS Publications  © 2016 American Chemical Society
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assessing the dissipation of water-extractable pesticides in soils
and predicting the concentration of the aqueous soil extracts at
harvesting time are important for estimating the residue levels
in crops before harvest, preferably before sowing, and for
preventing the production and distribution of pesticide-
contaminated crops. On the other hand, the water-extractable
concentrations of pesticides can be calculated using the
pesticide concentrations extracted with an organic solvent and
the soil sorption coefficient (K), which describes the
distribution of pesticides between soil and water. Hence,
understanding the variability in Ky values is also important for
estimating the uptake concentrations of pesticides from soils by
crops.

K, values measured by the batch equilibrium method® are
required for four different soils under the Japanese registration
system.” The registration data for the soil dissipation study and
the soil sorption study may be available for estimating the
residual concentrations of water-extractable pesticides in soils
and the uptake concentrations in crops. However, it was
reported that the Ky values of various pesticides, including
insecticides,® ™" fungicides,lo’11 and herbicides,”"'™"° increased
with aging time. Hence, if the effect of aging on the K values is
not considered, the concentrations of water-extractable
pesticides predicted using the Ky values seem to be higher
than the actual values. Many previous studies® ®'*'*7'
describing and assessing time-dependent sorption have been
conducted on either individual pesticides or several pesticides,
and thus, the time-dependent changes in Ky values have not
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Table 1. Properties of Test Soils

soil experiment classification texture” ocC* (%)
LSt laboratory Typic Udipsamments sand 0.06
LS2" Typic Hapludults light clay 1.02
1S3 Typic Endoaquents silty clay 1.46
LS4 Typic Hapludands loam 521
Lss Pachic Melanudands silty loam 8.65
ES field Typic Hapludands silty loam 4.93

CEC? (cmol(+) k™) clay (%) pH (H,0) EC® (mS cm™)
34 2.4 7.5 0.04
114 39.0 5.3 0.09
18.2 25.3 5.8 0.17
33.8 10.8 S.5 0.15
354 1.8 5.8 0.05
26.0 7.3 6.3 0.31

“According to U.S. Department of Agriculture Soil Taxonomy."” bAccording to the International Society of Soil Science.'” “Organic carbon content.
4Cation exchange capacity. “Electrical conductivity. /Data were obtained from our previous report.”” Soils LS1—LS5 correspond to soils S1, $3, S5,

S7, and S8, respectively, in the previous report.

Table 2. Hydrophobicities and Analytical Groups of Test Compounds

analytical groupd

compound CAS Registry No. pesticide type® substance group log P’ log S, laboratory test field test
dinotefuran 165252-70-0 I neonicotinoid —0.549 4.60 A A
imidacloprid 138261-41-3 I neonicotinoid 0.570 2.79 A A
dimethoate 60-51-S I organophosphate 0.704 4.60 A
clothianidin 210880-92-5 I neonicotinoid 0.905 2.53 A A
thiacloprid 111988-49-9 I neonicotinoid 1.26 226 A A
fosthiazate 98886-44-3 I organophosphate 1.68 3.95 A A
metalaxyl 57837-19-1 F phenylamide 1.75 3.92 A A
ethiprole 181587-01-9 I phenylpyrazole 1.99 0.964 A
azoxystrobin 131860-33-8 F methoxyacrylate 2.50 0.826 C
methidathion 950-37-8 I organophosphate 2.57 238 A
fenobucarb 3766-81-2 I carbamate 2.78 2.62 B C
boscalid 188425-85-6 F pyridinecarboxamide 2.96 0.663 B
flutolanil 66332-96-5 F phenylbenzamide 3.17 0.904 B C
procymidone 32809-16-8 F dicarboximide 3.30 0.391 B Cc
fenitrothion 122-14-5 I organophosphate 3.32 1.28 C
kresoxim-methyl 143390-89-0 F oximinoacetate 3.40 0.301 B
tetraconazole 112281-77-3 F triazole 3.56 2.19 C
chloroneb 2675-77-6 F chlorophenyl 3.58 0.903 B
diazinon 333-41-5 I organophosphate 3.69 1.78 C
propiconazole 60207-90-1 F triazole 372 218 C
fipronil 120068-37-3 I phenylpyrazole 3.75 0.577 C
cadusafos 95465-99-9 I organophosphate 3.85 2.39 B
diclocymet 139920-32-4 F carboxamide 3.97 0.805 C
trifloxystrobin 141517-21-7 F oximinoacetate 4.50 -0.215 B
tolclofos-methyl 57018-04-9 F organophosphate 4.56 —0.150 C C
tetradifon 116-29-0 I bridged diphenyl 4.61 -111 C
fenthion 55-38-9 I organophosphate 4.84 0.623 B

“Abbreviations: I, insecticides; F, fungicides. bOctanol—water partition coefficient obtained from the Pesticide Properties Database of IUPAC,*
except for the P, of diclocymet, which was obtained from ref 22. “Water solubility (milligrams per liter) obtained from the Pesticide Properties
Database of IUPAC,”" except for the S, of ethiprole, which was obtained from ref 22. “The details of analytical methods are described in our

. 20
previous report.

been extensively evaluated using various pesticides with
different physicochemical properties for a given soil.

Because the soil organic matter is a main sorbent of a
nonionic pesticide,'® it is likely to play an important role in the
time-dependent increase in the K, values for nonionic
pesticides. However, there is no report on the time-dependent
changes in Ky values in soils having a wide range of organic
carbon (OC) contents. On the other hand, Japan is a typical
volcanic country; volcanic ash soil (andisol), which is one of the
major upland soils and is also widely distributed in other
circum-Pacific regions such as the western coast of the
American continents, the Philippine Islands, and New
Zealand,"” contains high OC content. Therefore, Japanese
soils have a wide range of OC contents'® and are useful for
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elucidating the relationships between the time-dependent
changes in Ky values and the OC content.

The aims of this study are to elucidate the dissipation
behavior of the concentrations of pesticides in water extracts
and total extracts (water extracts and acetone extracts) from
soils and the time-dependent changes in the Ky values in
laboratory experiments using five Japanese soils with different
OC contents and 27 pesticides with different physicochemical
properties. Furthermore, we attempted to develop an
estimation method that can predict the dissipation of the
water-extractable pesticides using the initial K, values (i.e., the 0
day values after application of pesticides), based on the results
of the laboratory studies, and verify this estimation method in

the field.

DOI: 10.1021/acs jafc.6b01028
J. Agric. Food Chem. 2016, 64, 4478—4486
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B MATERIALS AND METHODS

Soils and Pesticides. Five typical Japanese agricultural soils with a
wide range of OC contents were used in the laboratory studies. Soil
samples were air-dried and passed through a 2.0 mm sieve. The soil
properties are listed in Table 1. The methods for measuring the
reported properties have been described previously.”® The 27
pesticides (chemical purity of >97.0%) were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan), Kanto Chemicals
(Tokyo, Japan), and Dr. Ehrenstorfer GmbH (Augsburg, Germany)
(Table 2). Pesticides belonging to various chemical groups were
chosen on the basis of hydrophobicity, i.e., the range of their octanol—
water partition coefficients (log P,,,) and water solubility (log S,,). To
permit simultaneous analysis, the pesticides were divided into three
analytical groups on the basis of the analytical methods described in
Pesticide Analysis. Stock solutions (100 yg/mL each) of the pesticides
were prepared in acetone for each group.

Laboratory Incubation. Air-dried soil equivalent to 8 g of dry
weight (DW) was placed in a SO mL glass centrifuge tube. The water
content of the soils was adjusted to approximately 60% of water
holding capacity (WHC). Duplicate samples were incubated at 25 + 2
°C in the dark. After a preincubation period of 10 days, 80 uL of an
acetone stock solution of each pesticide group was added dropwise to
a soil sample in a test tube so that the sample concentration was 1 pg/
g of DW of the initial pesticide concentration. The soil samples were
thoroughly mixed using a microspatula, and the openings of the tubes
were covered with aluminum foil. The soil samples were incubated in
the dark at 25 + 2 °C for 0, 2, 7, 14, 30, 60, and 120 days. The
moisture content was maintained at 50—60% of WHC by adding
distilled water once every 10 days. After each incubation period, the
soil samples were analyzed using a sequential extraction method using
distilled water and acetone.*

Sequential Extraction of Soils. Forty milliliters of distilled water
was added to the test tubes so that the soil/solution ratio was
approximately 1/5. The tubes were agitated on a thermostat shaker
(TAITEC, Saitama, Japan) for 24 h at 25 + 2 °C in the dark. After
being shaken, the mixtures were centrifuged at 1200g for 30 min.
Fifteen milliliters of supernatant was withdrawn and used to quantify
the water-extractable pesticides, and then 20 mL of supernatant was
discarded. Subsequently, 30 mL of acetone was added to the remaining
sample; the tubes were shaken in a thermostat shaker for 20 min at 25
+ 2 °C and centrifuged at 1200g for 10 min, and then the supernatant
was carefully decanted. This extraction procedure was repeated twice.
The collected supernatant was evaporated in a rotary evaporator to
reduce the volume to <15 mL, which was then used to quantify the
acetone-extractable pesticides.

Pesticide Analysis. The aliquots (15 mL) of water extracts and
concentrates (<15 mL) of acetone extracts from soils were analyzed
using three different methods for each analytical group, as described in
our previous report.”® In brief, the aliquots and concentrates were
cleaned with a diatomite column (InertSep K-solute 20 mL; GL
Sciences, Tokyo, Japan) followed by these solid phase extraction
(SPE) cartridges: a PSA column (500 mg; Supelco, Bellefonte, PA), an
Accell CM column (500 mg; Waters, Milford, MA), and an ENVI-
Carb II/PSA column (500 mg/500 mg; Supelco) for groups A—C,
respectively (Table 2). The cleaned samples were analyzed by liquid
chromatography and tandem mass spectrometry (LC—MS/MS) for
group A and gas chromatography and mass spectrometry (GC—MS)
for groups B and C. The LC—MS/MS and GC—MS operating
conditions are given in Supporting Information section SI-1. In the
case of the high matrix effects of cleaned samples, the quantification of
pesticides using GC—MS was performed using matrix-matched
standards.”’

The mass fraction of water-extractable pesticides in the soil, Cy
(micrograms per gram of DW), was calculated from

CW = Caq(‘/add + ‘/sw)/Msoil (1)
where C,q (micrograms per milliliter) is the mass concentration of
pesticide in the aqueous phase after shaking for 24 h, V 4 is the
volume of distilled water added (milliliters), V,, is the volume of soil
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water (milliliters), and M, is the soil’'s dry mass (grams). The mass
fraction of total extractable pesticides in the soil, C; (micrograms per
gram of DW), was represented as

CT = [Caq(V; + ‘/disc) + mE]/Msoil (2)
where V;, is the volume of the aliquot taken from the supernatant
(millilitersq), Vysc is the volume of the discarded supernatant
(milliliters), and my is the mass of the pesticides extracted by acetone
from the remaining sample after V. and Vg, were removed
(micrograms).

Two kinetic models were used to describe the dissipation in Cy; and
Cr with time: a single-first-order (SFO; eq 3) model and a double-
first-order in parallel (DFOP; eq 4) model.>* The DFOP model
describes the dissipation as a sum of two first-order dissipation steps
each in different parts of the soil compartment. The dissipation
parameters were obtained by using the least-squares method with
Microsoft Excel Add-Inn Solver.

liq

iq

C(t) = Cpe™ 3)

C(t) = Golfe™ + (1 — fe™™] (4)

where C(t) is the Cy, or Cy value after t days, C, is the Cy, or Cy value
at time zero, k is the rate constant (inverse days), f is the fraction of C,
applied to the first compartment, and k; and k; are the rate constants
in the first and second compartments, respectively.

For the SFO model, DT, (days), which is the time taken for a 50%
decrease in Cy or Crp, was calculated using

DTy, = In2/k ©)

For the DFOP model, the DT, values were calculated by using the
goal-seek function in Microsoft Excel.”*

The apparent sorption coefficients (K, milliliters per gram) after
different incubation periods, taking the dissipation of Cy and Cyy with
time into consideration, were determined using

Kd,app = Csorb/caq = (CT - CW)/Caq (6)

where C,y, is the mass fraction of soil-sorbed pesticides (micrograms
per gram of DW).

Pesticide recovery tests were conducted with distilled water and all
test soils.”” Samples of distilled water (15 mL) spiked with a pesticide
concentration of 1 ng/mL for all group pesticides were analyzed using
the methods mentioned above. Each soil (5 g) spiked with S and 3 ng/
g for group A and groups B and C, respectively, was mixed with 10 mL
of distilled water and subsequently extracted three times with 30 mL of
acetone for 20 min at 25 + 2 °C. The acetone extracts were analyzed
in a similar way. The mean recovery from the four replicates for group
A and five replicates for groups B and C ranged from 73.2 to 117.0%
for all compounds; the coefficients of variation (CVs) were <19.0%.
The limits of quantification (LOQs) were calculated in accordance
with Japanese Industrial Standard (JIS) K 0312.>° The LOQs for all
compounds in distilled water and all test soils were in the ranges of
0.14—1.29 ng/mL and 0.23—5.93 ng/g, respectively.

Field Studies. Field studies were conducted in our experimental
field located in Tsukuba City, Japan, and started on May 12, 2015. The
daily mean temperature of Tsukuba City during the experiment ranged
from 16 to 30 °C (mean of 23 °C). The characteristics of the field soil
(FS) are listed in Table 1. Ten pesticides, dinotefuran, imidacloprid,
clothianidin, thiacloprid, fosthiazate, metalaxyl, fenobucarb, flutolanil,
procymidone, and tolclofos-methyl, were used in the field study (Table
2). One liter of a mixed solution of the 10 pesticides (200 mg/L each),
prepared by water dilution of commercial formulations (i.e.,
emulsifiable concentrates, water-soluble powders, and water-disper-
sible powders), was evenly applied to triplicate plots (1 m X 1 m)
using a watering can. Subsequently, the soil surface (approximately 0—
20 cm depth) was tilled with a walking-type tilling apparatus. The
initial concentration of pesticides in the 0—20 cm soil depth after
tilling was calculated using the actual bulk density (0.45 g/ cm3) and
was 2.2 ug/g of DW for each pesticide. Four cores were taken from
each plot 0 (immediately after tilling), 2, 7, 14, 21, 28, 35, 42, 49, S6,
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63, 70, 77, and 84 days after application of the pesticides using
cylindrical cans (8 cm inner diameter, 10 cm depth). The cores were
combined for each plot and were mixed well. An approximately 15 g
sample of the soil was dried at 105 °C to measure the moisture
content, and an aliquot equivalent to S g of DW was analyzed using a
sequential extraction method in the same way that was used in the
laboratory experiment; i.e., the samples were first extracted three times
with 25 mL of distilled water for 24 h at 25 & 2 °C and subsequently
with 30 mL of acetone for 20 min at 25 + 2 °C.

B RESULTS AND DISCUSSION

Dissipation Behavior of Water-Extractable and Total
Extractable Pesticides in Laboratory Studies. The
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Figure 1. Comparison of DT, values between water extracts (Cy)
and total extracts (Cp) from soil: (O) neonicotinoids, ()
organophosphates, (A) fungicides, and (X) others. The dashed line
shows the 1/1 line.

applicability of a sequential extraction method was verified on
the basis of the mass balance (MB, %), which was calculated by
dividing the C; value by the initial concentration of pesticides
in soil, of the sample after incubation for 0 days (Supporting
Information section SI-2). The MB differed depending on the
type of pesticide and type of soil. From the results of recovery
tests, i.e, the mean recovery of pesticide in water and soil
samples was >73.2% (see Materials and Methods, Pesticide
Analysis), when the MB was <70%, the method was judged to
be inapplicable because of biodegradation or hydrolysis during
the 24 h water extraction. The MB of several pesticides,
especially in LSS, was <70%, and these samples were excluded
from the succeeding data analysis.
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Figure 4. Comparison between measured and calculated b values for
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Figure 1 shows a comparison of the DTj, values of Cyy and
Cr. The DT, values were calculated using two kinetic models,
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The measured values of fenobucarb were less than the LOQ on day 28 and after 28 days.

SFO and DFOP. The goodness of fit to the individual models
was verified using the model error calculated by the y* value,™*
and the DTy, values calculated by the model that had the
smaller error level were adopted in Figure 1. The DTy, values
of C were greater than those of Cyy for all test soils except soil
LS1. The details of the DTy, values and error levels for each
model are summarized in Supporting Information section SI-2.
The error levels of the two models of C; were approximately
equal to each other. In contrast, the error levels of the DFOP
model of Gy were smaller than those of the SFO model,
especially for soil LS4. Furthermore, previous research’® on the
dissipation of pharmaceuticals, which are organic chemicals as
well as pesticides, in soil pore-water was better fitted to the
biphasic DFOP and first-order multicompartment (FOMC)
models rather than the SFO model. Although our chemicals are
not classified as pharmaceuticals, these results suggest that the
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dissipation of water-elutable or water-extractable organic
chemicals in soils is better described by biphasic models.

For the DTy, of Cr, many fungicides showed relatively high
values among the tested compounds, and in particular, the
values of metalaxyl, boscalid, procymidone, tetraconazole, and
diclocymet were >120 days for all soil samples (Supporting
Information section SI-2). Japanese registration data also show
long DTy, values (>100 days) for boscalid and diclocymet
under laboratory conditions.”” On the other hand, the DTs,
values of organophosphorus compounds such as dimethoate,
fosthiazate, methidathion, fenitrothion, diazinon, tolclofos-
methyl, and fenthion were relatively low. It was reported that
the organophosphorus pesticides such as diazinon, dimethoate,
and fenitrothion could be easily degraded by microorganisms;
in other words, the DT, values of these pesticides were <41
days.”® Focusing on the differences among test soils, we found
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Table 3. Statistical Analysis of the Measured and Predicted
Concentrations of Water Extracts from Soil

time-dependent

uniform sorption® sorption”
soil compound RMSE* NSE? RMSE* NSE?
ES dinotefuran 58.8 0.78 53.1 0.97
imidacloprid 80.7 0.05 525 0.88
clothianidin 71.1 0.20 S1.0 0.90
thiacloprid 70.4 0.82 64.4 0.87
fosthiazate 44.8 0.92 36.0 0.97
metalaxyl 60.0 0.82 S1.3 0.95
fenobucarb 15.7 0.97 14.5 0.95
flutolanil 87.9 —0.21 512 0.88
procymidone 82.6 0.71 629 0.87
tolclofos-methyl 74.7 0.73 63.9 0.84

“Prediction using the apparent sorption coefficient for the 0 day
. Cbp T ; . .

incubation. “Prediction using apparent sorption coefficients calculated
by eq 9. “Root-mean-square error (%). “Nash—Sutcliffe model
efficiency.

soil LSS indicated relatively low DT, values of Cy for various
pesticides as well as organophosphates. The dissipation of a
pesticide is thought to be affected by photolysis, hydrolysis
depending on soil pH, and biodegradation.” In this study, the
incubation of soil samples was conducted in a dark place, and
the pH of soil LSS was almost the same as the pH of soils LS3
and LS4. Therefore, hydrolysis and photolysis seemed not to be
a direct cause of the fast dissipation of pesticides in soil LSS,
and thus, biodegradation is thought to be the main contributor
to dissipation.

Unlike the dissipation behavior of Cr, the DTy, values of Cyy
for many pesticides tended to decrease in the following order of
soils: LS1 > LS2 > LS3 > LSS > LS4. The DTy, values of Cyy
in soil LS1 with an extremely low OC content were longer than
those of the other soils and exhibited a trend similar to those of
Cr. On the other hand, the dissipation of Cyy of two andisols
(LS4 and LS5) having high OC content was faster than that of
other soils. The OC content tends to be positively correlated
with microbial activity in soils, and a positive correlation
between the degradation rate of weakly sorbed compounds
with high bioavailability and OC contents of soils has often
been reported.’”’' Because Cy; is the readily bioavailable
fraction,”" the DTs, of Cy, seemed to vary depending on
microbial activity, which is influenced by the OC content of the
soils. However, if we focus on the results of soils LS4 and LSS,
the DT, values of soil LS4 for many pesticides, especially for
hardly degradable fungicides, were lower than those of soil LSS5,
which had the highest OC content (Supporting Information
section SI-2). Furthermore, it is known that the dominant
sorbent in soils of nonionic pesticides is organic matter
consisting of OC.'® Therefore, there is a possibility that the
sorption of pesticides to OC affects the dissipation of Cy; i.e.,
the DTy, values decrease with an increase in the K; values.
According to our previous report,”’ the K; values obtained in
the standard batch sorption tests® were higher for soil LS4 than
for soil LSS because of the difference in the organic carbon
quality; i.e., soil LS4 had an aromatic carbon content higher
than that of soil LSS and an O-alkyl carbon content lower than
that of soil LSS. Several reports show that the OC-normalized
sorption coefficients (K,.) of pesticides were positively
correlated with aromatic carbon content and negatively
correlated with O-alkyl carbon content.””**~**
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The dissipation of Cyy showed a behavior different from that
of Cr. The reason for this is that the dissipation of Cy, which is
the readily bioavailable fraction, is more affected by
biodegradation than that of Cr. Furthermore, the dissipation
of Cy is also affected by the soil sorption, making the
investigation of sorption properties, especially time-dependent
changes in K necessary for better understanding the
contribution of soil sorption to the dissipation of Cy.

Time-Dependent Sorption in Laboratory Studies. As
mentioned in previous reports,”"'° the Kjyapp values of many
pesticides increased with an increase in incubation time. It is
suggested that the time-dependent changes in soil sorption are
attributed to the slow diffusion of pesticides into organic matter
and the nanopore structures in soil particles.” The pesticides are
considered to move from the surface site of the soil particles to
the interior sites, i.e., less accessible sites, with aging time.
According to previous reports,'”'>'* the changes in Ky pp With
time could be represented as

Kyopp =a + bt*? (7)
where a and b are empirical parameters and ¢ is the time of
incubation. Although this empirical equation has no theoretical
basis, it is suggested that the amounts of sorbed chemicals,
which are controlled by diffusion, are proportional to the square
root of time.*>*® Figure 2 shows an example of tetraconazole to
illustrate the time-dependent changes in sorption. The details
of the linear regression analysis for all pesticides are
summarized in Supporting Information section SI-3. The soil
samples, except for soil LS1, exhibited significant positive
correlation (P < 0.05) between the Ky, values and the square
root of time for many pesticides. In the case of soil LS1, which
has the lowest OC content, the time-dependent increase in
Ky ,pp was not observed for many pesticides and the coefficient
of determination values (R*) were extremely low.

Parameters a and b play an important role in the prediction
of time-dependent changes in the Ky, values. When a good fit
to eq 7 was achieved, the a and b values were relatively high,
with the condition that the OC content of soils and the log P,,,,
of pesticides were both high and the log S,, of the pesticides was
low (Supporting Information section SI-3), i.e., the condition of
an increasing level of soil sorption of nonionic pesticides,16 and
the a values, which represent Kj,, at time zero, were
approximated as the measured Kg,,, values of the 0 day
incubation sample [Kd,app(to)] (Supporting Information section
SI-3). Moreover, the b values were proportional to the I<d,app(t0)
values, as shown in Figure 3. The linear regression equation
describing the relationship between b and Kg,,,(t,) is

log b = —0.532 + 1.005 X log I<d,app(t0) (8)
with R? = 0.838, P < 0.001, and n = 116. Thus, eq 8 suggests
that parameter b can be estimated using the Kj,,(t,) values
that roughly indicate the de_}gree of sorption to the surface sites
of soil particles. Li et al.”” investigated the soil sorption of
atrazine using batch experiments combined with an online
microfiltration (MF)—high-performance liquid chromatography
technique; they showed that the intraparticle diffusion rate was
proportional to labile surface sorption, ie., labile surface
coverage. In the study presented here, it is hard to clearly
distinguish labile surface sorption from nonlabile sorption
caused by intraparticle diffusion because Kj,,,(t,) is likely to
include a small degree of nonlabile sorption occurring rapidly
during the water extraction time of 24 h. However, the positive
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correlation between the Kg,,,(f,) values and the b values of eq
7, i.e, the increased rate of Ky, implies that a slow diffusion
process contributes to the time-dependent increase in Kg,p.
However, Supporting Information section SI-3 also shows that
the easily degradable pesticides such as methidathion,
fenitrothion, kresoxim-methyl, and fenthion, which have low
DT, values of C; (Supporting Information section SI-2),
exhibit relatively high b values for Kd,app(to)' Cox et al® and
Koskinen et al.” reported that the time-dependent increase in
Ky values for imidacloprid and its metabolites was due to
degradation in solution and on labile sites when the
degradation rate was higher than the rate of desorption from
soil. Thus, the time-dependent increase in Ky, in this study
was thought to be affected not only by diffusion into nonlabile
sites but also by fast dissipation in solution and on labile sites.

Although two reasons may contribute to the time-dependent
increase in Ky, the empirical relationships between Ky ., (f,)
and the parameters of eq 7 (a and b) allow us to rewrite eq 7 by
using K, (f) as

Ky app = Ky app(to) + 0.294K,  (£)" 7% )
Thus, it appears to be possible to estimate the time-dependent
changes in the Ky, values based on the Ky,,,(t,) values.

The soil sorption, given as Ky, values, of pesticides
increased with time. The rate of the increase in Ky, with time
was high when I<d,app(t0) , which represented the initial sorption
strength, was high. As mentioned in Dissipation Behavior of
Water-Extractable and Total Extractable Pesticides in Labo-
ratory Studies, the DT, values of Cyy decreased with increasing
Ky values without previous incubation. Therefore, it is
suggested that the dissipation of Cy; is influenced by the
time-dependent increase in soil sorption. Taking this into
account is important for predicting the dissipation of Cy.

Prediction of Water-Extractable Pesticides in a Field.
The field study was conducted to validate the estimation
method of the time-dependent Kj,,, based on Kj,,,(t)
suggested by the laboratory study. The time-dependent changes
in the Ky, values in the field study were fitted to eq 7.
Supporting Information section SI-4 shows the details of the
linear regression analysis between the Kj,,, values and the
square root of time. Figure 4 shows that measured b values for
all pesticides, except for fenobucarb and procymidone, are in
good agreement with predicted b values using eq 8. The
measured b values of fenobucarb and procymidone exceeded
the predicted values by >10-fold. The Kg,, values of
fenobucarb and procymidone were extremely high on days 14
and 49 and after 14 and 49 days, respectively, and the fit to eq 7
for these two pesticides was poor (R* < 0.3), as shown in
Supporting Information section SI-4. This is likely because the
C,q values, ie., the concentrations of pesticides in the aqueous
phase, for two pesticides decreased up to a level near the LOQ
with time.

As discussed in Dissipation Behavior of Water-Extractable
and Total Extractable Pesticides in Laboratory Studies, the
dissipation behaviors of Cyy and Cy differed from each other;
i.e,, the dissipation of Cr could be described by the SFO model,
whereas the dissipation of Cy; was more rapid than that of Cy
and was better fitted to the biphasic model. As the reason for
this, the time-dependent increase in soil sorption was thought
to affect the dissipation of Cy;. Therefore, the prediction of
dissipation of Cyy was performed by compensating for the
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dissipation of Cp using the time-dependent Kg,,. The
predicted Cyy was determined using the following equation:

r

Cy = Cp——
YT Ky

(10)

where C was calculated using the SFO model (eq 3) and r is
the ratio of solution to soil (milliliters per gram) of water
extraction (the mean value of the field study was 5.6). The
Kyapp calculated by eq 9 and I<d,app(t0) were used in eq 10 with
and without consideration of time-dependent sorption,
respectively. The goodness of fit to each estimation method
was assessed using the root-mean-square error (RMSE) and the
Nash—Sutcliffe model efficiency (NSE) calculated by the
following equation:***’

L i (P1 - Oi)z
i=1

n

RMSE = @

0 (11)

NSE = lzn: (0, - O)

- Z (Oi - E)Z]/Z (Oi - 6)2

(12)
where P; and O; are the predicted and observed values,
respectively, O is the average of the observed values, and 7 is
the number of observations.

Figure S shows the comparison between the measured Cy
and the predicted Cyy values with and without consideration of
the increase in K, with time. In the case of pesticides having
low K ,,(fy) values (<1 mL/g), such as dinotefuran, metalaxyl,
and fosthiazate, the predicted values with and without
consideration of the time-dependent Kg,,, almost coincided
with each other. On the other hand, when the Ky, (f,) values
of pesticides were >6 mL/g, the Cyy values predicted using the
Kg,pp(ty) values overestimated the measured values. The
differences between the values predicted using the Kj,,,(t)
values and the measured values, especially for clothianidin,
imidacloprid, and flutoranil, were larger than those for other
pesticides. In contrast, the Cyy values predicted using Ky,
estimated by eq 9 showed good agreement with the measured
Cy values. Table 3 shows RMSE and NSE values for each
pesticide. The RMSE values calculated using the Cy, values
predicted by time-dependent K;,,, were lower than those
predicted by the I<d,app(t0) values. Furthermore, the NSE values
were closer to 1 when the time-dependent increase in Ky, was
considered. In particular, the NSE values of clothianidin,
imidacloprid, and flutoranil were obviously improved with the
consideration of time-dependent sorption. These three
pesticides had DTy, values of C; higher than those of other
pesticides. When the dissipation of C; was slow, the prediction
of Cy; using Ky, (t,) was inadequate and the consideration of
time-dependent sorption was required for prediction of Cy.
Thus, the estimation method of Cy, using the dissipation of Cy
and the time-dependent Kg,,,, which was calculated by eq 9,
was capable of reproducing the biphasic dissipation of the
measured Cy.

Our results demonstrate that dissipation of Cy was faster
than that of Cr, and the time-dependent increase in Ky,
affected the difference in the dissipation rate between Cy; and
Cr. Therefore, it is possible that the dissipation of Cyy, which
can be used to assess phytoavailability, is predicted by
correcting the dissipation of C; by time-dependent Ky,
The increased rates of Kg,,, with time were proportional to
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Kd,app(to) values, and this empirical relationship suggests that
K40 (to) plays an important role in the prediction of the time-
dependent increase in Kg,,, and dissipation of Cy. The
estimation method, which predicted the dissipation of Cyy using
the time-dependent K, calculated on the basis of Kd,app(to))
was demonstrated in the field study. These results imply that
the residual concentrations in leafy vegetables cultivated in
pesticide-contaminated soils can be estimated before sowing by
using the correlations between the Cy, values at harvesting time,
which were predicted by the estimation method described
above, and the uptake concentrations for the vegetables
reported in our previous study.
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RT

Ink =InA — 3)
22T, A BERNT, Ea: 3G
ZIL¥— (kJ/mol), RIA5MFES (8.314
J/mol - K), T: ¥k (K) Th s,
K -BIZOVWTHU 72 v F 4 v Dhil%
X -2 1237, In k& 1T ORICIZEAD
WBIBAR DSR2 7200, o nzzn|
XD E D SIEMHAL T 2L ¥ — 23
hEhnz, X-2o6lclx, KK
B IF27 2 v FF v DOIEHEALT 2L
¥—13 80.6 kJ/mol LEHIN, Z
DIE LT 2V -2 H VB LT,
TR EB DRI X2 LI o HliIE
HREL %25,
t1/2(T1) = t1/2(T,) - exp (% [Tll —le ) 4)
ZIT, 4u(l) B &V 110 I,
ENFRE T BXUPTLIZBT %}

WHITH 5, WEHEALT 2L X — 135
Hrimollatick Y B 2(ti%
3 HY, BFSA (MR £ 2 4B )
@ PPR-Panel (E#REEMEZHE)
%, 53 BT 299D 7%y
bz e TR L 2L ¥ — D4 H) %
fAHT LT\ 3 (PPR-Panel 2008), fi#
WrORER, #HE3conTRIBL 2%
AL = 2L ¥ — o H L V0 BOE B
TANCHED, 5, 50 B LU 95 8—+
VA NVEIZ, ZNZh45.8, 65.4,
93.3 kJ/mol TH -7z, X o IZ[ARE
T, BEo s 7 2RlciEEt
FNVX—DEBHZMHITLTED, AV
7avay, zuaktraryiy
—avurEnoz7 227 LT7RE
BRI DM D ELHE & R TH IR
WZERRLTWS (WNEUER I
B 5 dfilx 46.6 klJ/mol), 7 &1
vgrrey B7—=%) LYY=
vy 275—=%) oMbtz L ¥ —
X, 820 F =¥ oHonizAV 7
oy a B A EE LI RV —D
SARDHPNICINE 2 2 L2, Th

0

-1 -

PR | |

Ink =—9688.5 - 1/ +29.381
o R2= 09327
c 3 1
L 2
-4
L 4

_5 ]

_6 H H H

0.0032 0.0033 0.0034 0.0035 0.0036

1/T (K)

2 REE#ETICHITZTIVFAVOREEHEBEEDORER (FL=ZUX - 7OV )
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5 3 BRI A HE % BRI
DFIRBISICIRESHE L - 2 L2k
L Cws, @EOHMEICKS L, if
ALz %L ¥ —%3 30 kJ/mol % T[]
L5 AD3, 60 kJ/mol %
IRl 235G 3 LA BOR DS R O 1
BhToOMRICEELTHES T LD
WEHDH B (Cupples et al. 2000), 7%
Bz 2L =PE 7 2=V L T
FREHNC B U T B D 43 i B 23
HExn<TEY, HEEIEETETY
VT YNT Y =X DK
FHHASOBIZBE G5 2 &G P
IZEN T\ 5 (Serensen et al. 2003),
fito>T, 7= L 7 REREAIICD
W, 206 OEEFE G I
o THELZZI b LRI N
5, =4, Lo 7 = vF4 2 Df
TG L ¥ —2380.6 kJ/mol
LEEN 0, R Toikic
AEYIH SR DBEE BUG & D b PRI LE
B, § b BRI RS DY P G-
L7-ARgtEdsm, 72 v F 4 v DRk
AT S (ML eEES 2013) T
X, 7 =¥ AU BBE LR Th Ay
fE L, ZoEls 14~ 21 H (44
g E A ) Th B T &, 25°C
IZHB1F % pH 7 oL 6 H
(ks Al ) ThH 5 Z EHRINT
WBZENS, 7xvFArotiEhT
DIHEDWEM D2 PR L 7256
LIHETT B 2 LRSS, LaL,
MUYV REESRIRAEIC K > T
RANRESIND Z EPFEINTED
(Singh and Walker 2006), 18 ffi%H
PR, 7 v F A v DoEERNC
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1.00 1.00
= (A) B @ EHEet
g e 080( ) ® | K=137ml/g
£ A [REEHT
P( =
&cwo— 0.60 - &;;225$
K L &
o y=0.426x-0.047 K,=110 mL/g
g 040 1 0.40 R2=0.334 O EHRI+®
-}\ ~ A =/
EN y=1.303x+0.059 (o) Ky4=47.5 mL/g
|; 0.20 - R?2=0.976, p<0.01 0.20 -

a
0.00 ‘ - \ 0.00 - \ ‘
0.00 0.20 0.40 0.60 0.80 0.00 0.30 0.60 0.90 1.20

Cwater (mg/kg)

Ctotal (mg/kg)

E-3 FrZAFV-ILOTEPRERE

(A AR (Con). B SHHRE (C,on)) & IXYFREEREDER (Motoki et al. 2015 —H%Z )

B 2V DEFLGE LT L 3 ov
F—HbREEAR BN D 25, AH
TRLIKEEHRICB T2 7 = v FF
¥ DIFEA LT 3L X —03% DREAETIX
B ERARET S,

2. TEFRBRENMEPYIC
RIFTHE

TIEA VI RO BRI~ D
ZaHiis 5 ECHEELERLE LS, —
i g R oM I, Mo
MOABAESH VN TED, 20
Wi i - ERIN S, BED
BRHEO O ICE S N %R E
WTH, REPEREDERDDIC,
GEAE I h o RES I N T
w53, LarLl, HEIEELETD
FLEEDMEME NP S N B DI TlE R
$, FICHEERI T2 & HHERIRA~TAH
L 72 B3RO AOMEA~BAT T 5 2 L
PRUESIN D, 16> T, 1EW~DRIH]
(7L F7EY T4 —) Ol %A
A 550, AGRAEECHit S 7 23
T AED S Y ~BAT L 7o e
% RSO A T E R L ITREYED D B,
HFH S, BEEAEAECRE L2
2 FHHOEIRED, C,,, (HEE
BRI ORRIEITHY ) XD b, C ..
EDMITE D ECIEOMBEZRT Z &

353

ZHEZR L Tw 3 (Motoki et al. 2015),
K-35 b7 ary—nLofilzid,
iAo R L 2 Ao LiETcae
VI ERE LA, oiho i
b Cpppy IR —E DM Z R L 7253,
Caer 13 TIEWAEREL (Ky) DR E VT
B rRoufiznrsl, Zhicfheaw
VP OERIELIK T L, $7%,
Bilis (1990) %, A1 V7747
7 AT B I L 7RV 74
A ) v ONEED 1K Y72 ) DK
fHREE (AR 2 1K T
ffilE) & oMT, ECHBBRZ R L
bl EHRELTWSE, 2Dk,
TR L RO~ OB ATR
ZIHIT 5 720 1ciE, FHER SR K
HUREEICE H§ 2 058035 5,

3. TEILSKHEEHEND
EEOR=FE

Coog PIFEE X O K, (mL/g) H5W]
5D TR BB, €y W Tl
DRIk HEEN S,

a

Cwater = Ctota .rl(d (5)

ZZT, a: Ky ZME L B

e (1:a) THD, DGR
(i, EHURREABKRTE & OV
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AilBREI RIS NS 70, Z2hZ
hoillfik b ko st C,, DIE
iR E X VK &, C,,,, O WE % H#E
g2 EcHEERAWNERD 25, T
HEE R, OECD (#5hEhn
BME) DT AEHA F I 4 Ic#ELT
Fhis T Y, WERRD K, 13,
FERS I A 24 IFRDANIZE 2 %
KA & IEH OB D3l Z R L TWw 5
(OECD 2000), L L, Ky DR
b2 HEN D 2 WITHEN TR S &,
HEflOREE E & ISR R B 2 DS
DI THRE I N T WS (Walker
1987; Beigel et al. 1997; Cox et
al. 1998; Cox and Walker 1999;
Louchart and Voltz 2007), fit-> <,
K, DfERZALZ ZBIE L B VEaicis,
Crrarer ZMRITHER L TL £ 9 WIiE
D H 5, HaNlBOKETH 2
Coat & Corurer PDFEMME D & K D 72 2F
W% X -4 1R L 7z, 2RINIC Cy,y,
X0 C ., DRI DRI H
Dy Coper PIHRIZC,y & EEZR D
HERLERDPBIR L T3 T LSS
Nte, £z, C,., ORI % 152
THI T 2 &, IR AR >
PR R Lt > HUR 7 Lo ETRV A
2L, HERREERDS TS
RO LEIZE C,,,, DIREEIXHP H>

Thote, FERDTIEWFE DRI 72
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I |
P

SIS SIS,

o ERAL
IxEiEih 1
nERT+

-4 WERAL. REEMIELTERILICETS 13 BEOREDFREL

(A: 2HERE, B: Ki\HRE)

BMER D> & LT, EEOREH
Y PT LN T RE» S, B
DI Z DI AR NER (LS
TIEHEPINGE ) ~DOIRED AR S
T\ 3 (Alexander 2000), —f&ihi
TPIEHUS SN § 2 AL D s Bt
DRINNZ, KEIDV-I5R & 1D B
fRICH 5 2 L DBERINCE PN TV S
(Kookana et al. 1992), +HE~DOWE
BTIE% S Ky DfEIZ Lz 58 L7
-6 1 ZVIBIL AN 72 B UK & R o 72 PR
ATERVD, K b FRFH D)
TR HH U CIERRINIS IS 2 2 &3
WX DM (Walker 1987; Beigel et
al. 1997; Louchart and Voltz 2007)
KEBLTHEINTE D, WA
DRLA-WIREL DB G-3RI T 5
(3-6),
Ky =ky + kot (6)
22T, kI (=0) D K,y (mL/g),
ky : RN 22 Ky OIIER (1) TH
B, HH S AN AL B o
froh C, . BLOYC,,, ZHVT,
Fp v o WG R (K, mL/g)
PEHLZ (KX-7),
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C C —-C,
K _ sorb= total™ “water (7)

d.app = cqq Caq

TIT, Gt THEICE L7 f25
WRE (ng/gizt), C,, 1 KHOESE
RE (png/ml) TH 5, Ky, DI
RZICOWT 7L+ 7 =L ofl %X
BITRY, WERALDOES, Ky, .,
DRI A 7 < 3K -6 12hT %58
B (R RIS - 7228, K
i LB X A 2 TR R E
<, RiFzMBIBRs /R o, £,
MRRDMEE TH % k, flHIZ, WK

b <K <R AR 27 L oIETHE
otz iE>T, AERFEEEDIZ
TIEWGE Dy 1 SRR L
72 Ky gy PHMPED R C, R E L

T C e ORI DY il % 7T L 72 2
EDBTRE I NI,

4. EE{LHPERRD IR
REICKRITITHE

i & D3FEN L 7= 2 e PR o it R
TRLEXIIE, C DNEIZ 1
WG DR DO EE R Z T e H3 6,
Co £ D BHRPITKEL 72, —H,
T BT, EEEOMERICKEN
PHEKIZ X 5 TEL 2 THBATPHIR
MR LG L, o DWHKERD
FIEWAE DRERG AL OB Z T 5
EOMEIN G, B LRSI,
REL 2ODWRIZIHTIT S T ENT
X2, RONCESRE R o £FI
Wers L (Fast process), Ju>C-1-3Ek7

200

160
D 120
—
£ .
§ IS
S 80

(S
40

*RRY L
K app=37.2+13.77t
R?=0.972, p<0.001

Ok &£+
Ky app=6.59+1.311t
R?=0.866, p<0.001

ARMERBL
K4,pp=0.277+0.033t

9 19 R?=0.676, p<0.01

-5 Eh T OLERERE (Kq.p,) OERZE(L (25°CICBIFETILEZZILOHA)

40
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T-DONF~IEELT % (Slow process),
D TS 10T B IR D R
fENT 9 28548, 202 O0EEICK
IETHE R ZN TN TER DY
Ddh s, BIFIcEs &, KXk
DRIINEZXF 7 RAOHHZ R LY —
AL DAl 2 78§ B B IS W OIS
X HFEMICHETT § % (Ten Hulscher
and Cornelissen 1996 ),
AG = AH —TAS (8)

IITC AGEF7RADAMZ RV F —
24t (kJ/mol), A H: V¥ NVE—%
ft (kJ/mol), A S: v hrut—2%1L
(kJ/mol/K) TH %, 72, AGL4
FitR% (K,, mol/mol) DI il
DEARADNIRNLT B,

AG = —RT-InK, 9)

P->T, X -8BLIUA-9 KD, 770 b
Fy7DAEHINS (2 -10),
d(In K,)/d(1/T) = —AH/R (10)

Fast process IZE 1 2 llE T~ b
QE—%EZ 5L, WHEITEOTE
- DOEH O A HEBRD T 5 DT,
AS ZADMEZRT, fE>T, WiE
FOBDETT 72 0I1CIEA H DD
HZRTRHERH S, ZDOGH, RS
FRBNTH Y, WMED LIS
TWeAE RIZMA T 2 (JLJE 1994),
Briicher (1997) & 1%, 4k % i
% 16~25 IR [ ¢ 9 L 7 3% T 3K
D) =avrD K, h, RED LR
TS B2 2 LR R LTV 3,
Ten Hulscher (1996) & 133 -10 2»
CHIMINZAHICKEHL, 1
TFKEICB 52 A HOES % M4
DA BALFWE IO W TRIT L TWw
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40

30

Kd,app (mL/g)

*

435°C
Ky ,app=1-96+2.511t
R?=0.968, p<0.001

025°C
Ky 0pp=6.59+1.31t
R?=0.866, p<0.001

A10°C
Ko app=7-60+0.4571t

0 3

6
Vt (B)

9 12 R?=0.810, p<0.001

M-6 REZEARHOLBRERE (K, CRETHE
(REfE#EICETZ 7L RS =IO

%, A HDVHfE%, KM
Az & 2008 0 %513 -0.25 kJ/mol
(CFrfLIRE R @ 2 ~ 70 R ), KBRS
/e & OERAN 22 A5 D Y1713 -8
kJ/mol (~F-#ifLIRE : 2 K~ 6 H
[, IZEAED24K5E) THDYH, %
DL EME DA D Z R L 72, F
LI 23 24 WFRATR DY ty, 138
FFEE BT 2 HELEME D
WS I F RSB TH > 7720, 200D
W& fE D 9 B 312 Fast process 23
MEOHELZZ T -bDEEZ N
%, —J7, Slow process DN IZH
7o TE, HEAEMOET VIE L
LTHOERY LY oI —5D
xDRY v —IcB 15 HELEY
HoHoEBRICEHL, AHOVY
fitizs 3.5 kJ/mol TH 5 Z xR LTV
% (Ten Hulscher and Cornelissen
1996), Fast process & 1 xf Jd [ 12
Slow process T& % K- NIL I Ot
T, OB EICHETT L, i
JEDSR K 72 B WG DM % 2
EMERE I NG, FEESIIR L B0
J£ (10°C, 25°C 8 LU 35°C) TH#
R 2 S0 U (7K i H R oD i 2 0
25°C T ), 2O efioni
Ky, pp PIERFZALICIED W T, Slow
process (2B} 5 it LD 2 % fight L
72 (M-6), WIFNDWEXIZE T
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7NV T7ZNDEK, ,, 36 125E-
THREFIICIGIM L, BME 2R Tk,
FETR TR Z R L s ARSR
1, TEENREE @ Slow process 23w
TTEEE N5 v 9 Ten Hulscher
(1996) & DIFHLZE XFFL TV 3,
—75, RO TR E X O TR
WS BT 2 53 fid & WA P O BRI A
H3 2L, Hihoiiishric
W L7zl {, &
R 70 & RIEEIE WO S - VA
SN RIED RIS (Alexander
2000), TERKIZB T 2 RED IR
DNEL, IR X D b TIER 6
DGR IE DS ITE, Tk T
& TR D BSR4y Bl | e
INBD, Kk Efizmrnd, L
L, BRI T Do
W, LRI T S O RIEE |
[A] 2 BT, Ky 350 MR B 1 i A
LCEHL, SridiEhsiE < 13Em
D EIREDMR I E B Wiz R T
(Cox et al. 1998), FE3ED LHEAEW
Doy IRFIE I ZIE D BRIk - T
%5206, MRELTK ORIM
IR T T EA %, Cox 5 (1999)
BZv=awvrifgy7suyaerzio
THmNREZEL, V¥ ax—
> a VIREEDSE S A I IR RS A
9 Ky DRIMEBENRE D72 L &R

TR - A N - HIREREA 11



L7z, il T CREIRFIN 72 Ky DRI
WRED->LFEEE LT, NI
WA T, B3RO AR O oy ik
JEMSIE DR 21T 1= 2 L 2 2BIF T
W5, Ky DRERZEALHS L D 5% %
ZFHERAE LT, LER T
DISHOEIE &K (HHEEW ) 12H 1T
B3R IE DM F BB L T b D
EEZons,
MEXD, RIEDO LW ICIZ
Fast process & Slow process 23545
L, 205 22005 ERENZIT S
i DEIIMMBRICH 2 L F R
%, —MICESR O 1WA 1X OECD
B CHIE S 11 5 72 & Fast process %
P L T 25 80% <, RS
L EZAL & DBIfRICD W T Fast
process IZBHT 2 W% v, L L,
FE BT 5 TGS D2 H) %2 K]
WNCIRNT T 5 72 12iE, RS i 2
R L EAONGWRTBBETSH 5

>

Do
BpobhIC

AR T IERE I I TIRED
HEICOWT, HEH O35 L 7
NERBR DS U % 28 2 72 D3 & FEBE) 70 3
DRI 2T > 1o, TP EIEDWR
KR T Tl SN s 2 L5, HH
BB O TH RPN E T E 72138
TP ek 1 R 3R o -l h T D IR DS
W EIIIR S e B L iR S LD,
BT ORGSR Ic B Tk, T
PRAH AR D FE M 2 B U CRBRiRe I o 17
37 <, BB o Sl S 13
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LC-MS/MS (2 & 5 —FRBRIE (B3R - RSN MRRIKEMO 2% L YERFE
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I —*1
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GCMS HITEIZ X 2 —HRBRIETONT 21T > T D 2 BEROFE 24 BIK L L7z, EADEEO [RAPIcEET

2RISR T D RBRIE D Y MEH T A KT A ) 1ICHEDE 3 BBREICRB W TR YUMo 7.
R, TRTOMBREITIBNT, PRI A= BT A RIA ARSI AEEEICEEG L TR,

Z DRk
TR XS

SRIEDILR EHTEOEANC L DB bND LEZ BN,

Keywords : RIS, BP3 - RO, ZAMRHEN A FTA >, WIKI < N 757 % 07 WE R

##

MASTATEE NEMOKFEH B L2 i 4 —
BIREREA (UUT, ®r ¥ —) T, ENE
BEM O BT E21T> TV D, Rk 27
I, B3 - BIEEICIVVTEF 124 TR B A 5t
Gl L.

ZoH b, BAEE @MY O—FilRike &
{2 L7 TGC/MS « LC/MS (T & % ks o —FF3k
BRIk (P - 28D ) (BAF, —FsBs (#r% -
HIE)) 12XV, GC/MS T 50 3K, LC-MS/MS
T 35 FREA JEA B AN K B E BB &
TR BIFRBRE O R TSI — B IE 2N &
70 (BT, R Tk y 24 BIEE, B
L —THI% LT e & — B R — AL
(T BIF) 2 LT, BrF—ik) 2Ly
15 EEED I &2 4T > T D,

Alal, A REEOILA & SPHEOERNC X
2 EBE LT, —FllriE (I - £E
¥) ®95 5, LC-MSMS 2T D Z Y MERAEETT
W, REFRREREBILOTHETS.

RAERI G, AT @A @ O —FRBRIE D5y
Wit gems, o #—CRYVERMER D 1= D5
EATo TR 12 23K, @RlkEixer ¥ —

ETHMZIT-> T D 10 B3, GC/MS HIEIC &
5 —HRBRIETHONEIT> TN DEEDO —ET
HB 2 IO 24 B E LTz,

MRFEEIT TR T 2 BEFICHT IR
BRIEDZFLUMERM T A KT A >0y > 2 (B
T, A RTA ) 1=, fBm=Emns 7
NIRNYF— gL LT,

MHELUAHE

1. RIEZITo-HERE
WD 3 RERE THEME L 7.
© RIEMATT IR ERE AR (LT, /NP
- REBIRES TR ERR AR OUT, Mk
- MR —RIEERERARR (O, )

2. WREF

2.1. FRAWMEE (RAMERRESR)
TFFu—), rug 7= -\, ¥
Ty, s vaey, I uaAbavey, 7
FEXY R, 7o), T T af ) —

v, ZNFEaY R, FTerEYFIR, 7rA Y
v, RUFTRY LT A Y Ta o 12 BIR,

TORNIATBOE NRMOKETH B BT o 7 — BRI

T2 OPRNIATBOE NRMOKEH B il o & — AR F S T

EOMSATBOUE NBMOKENBR R 2N 2 — P 2 —, B AHBREV ¥ —
ORNATBAE NRMOKEH B L it o 7 —hF e o 5 —
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2.2. BAEFEREEF—ETHHETOTY
SBR¥E (SEER)

BRNE: = )57y, V7 afy—
NV, VT TINFET 2, TARTUT IR, ANF
Yary—n, RUFFET R, v U7 a3
RO 7 3.

Ty H i B IBAATF, TH IR,
PRZAVESSINOKY > 3

2.3. GC/MS BIEIC&2—HFHBRETHWMET-
TWERE (BIEHEER)
A XYV TFH, ATFXTA D2 B

3. BMBLUBEMERE
3.1. #H¥

RE 27 EEEE TOR L X —ICB T b RS
DHFNEREFOMEME LT, IEONAED, 72
T, A (IR), hEEEE L. REHIEHED
fEHBIEDSH & 2R ENFE T, KilBRERICH—
DHDE W,

3.2. HINRE

—EREUETH D 0.0l mgkg (LT, (KIRE) B
LFOFED 10 [512H7-% 0.1 mg/kg (LT, k)
D2PREL LT

4. HEZ
4.1, BER

EREYES, s T =) Fe—)L, v
T Ty, VT aF =, VT TG
Ty, Tz T aly =, TR T IR
~FHYaryS—), RUFAET RBLOR~ v
a8 RITRSE SRR (Bridh « ARAE3E
TR, & 20 ug/ml, 5SmL 7 > 7LV,
Wik (72 h=hUN)) ZEHLE. 77EF
# K 1% Dr.Ehrenstorfer GmbH #1:8, —F 71—
W, VTFVy, ey, B /aARRrE
v, BUIKRAAFNL, 74 7a=)1, LAY
ay R, FeFIR, Tuex by, XUFT
NRYBNTA YT a R ) &, 7
HIRA, TANY F— MIMRMIET I (BF) 1,
A VXV TFA TR T ) B, 2TFEFF
NI T TR Y T, R RS
FIIZ ORGSR EMHEH L. BIRASEAEIRTT
WKEENRVERT, SREFEELEZTE =]
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U L CIER L 500 ng/mL OAE HER ik 2 FH 5 U 7.
RN R ARG LT B h=1 Y
JLTFFIR LT 20 pg/mL DR AFEAENS 2 FH5 L 7=
IRAIENENR & BRI ERIR ARG L, 7k b
= hUATHRLT 2 pg/mL ORBEHER & L
7.

SN B0 U R R A MR I s KON R R A
i RBRIE R A 7 b= h UL CHEEMARL T
TR 7.

4.2, HRE

7 b= MUV GREEERBAH B LUK
-~ 7T 7EESHEA), by (GREE
B, 7T by GERHREGBRA), n-~F
T FEBRERRM), 2%/ — (Kik7 e
~ NI 7EESHEHA), VBRI T2
(%), HfbT U v s GRERIERBRA), Y
VEBKFZ AV A Rk, U UomIAKFEDY
UL Bk, KERET R U v (BB, e (4
%), HEOKEEEET NV oA (GREERIERBRA), B
g7 voE=y LK (BEKKs n~ N7 57
H) BI04 YL (874 b 545) #fEHAL
7.

4.3, HRMHAE

0.5 mol/L U »ekE®EK (pH 7.0) @ U »EKHE
ZAHVUL 27 g BEIQRYUBERTAKFELY UL
302 g #EVERY, KK 500 mL (ZIFAE L, 1 mol/L
KRBT~ U U ANFE T 1 mol/LIERER A VT pH
TOZREE L7etk, KEMATIL & L.

4.4. A%K
Fi 1l e — k F A#E No.5A-60

4.5 55774 vhA—RY/P3/7RELY
YLD YA LBEBS=HS L
SUPELCO ! ENVI-Carb/LC-NH2 500 mg/500

mg

4.6. XK
BRI A RESEE (A L7 IV ATR) Rl L
Tk &2 U7z,

4.7. O—RY—TNRKRL—4F—
BUCHI # R-200, R-210



8. BEIOT IS 74 T LEEESHE
LC P : Waters ACQUITY UPLC System
U, #77, ki)
MS % : Waters 8 Premier XE (/NE, #i15)
: Waters #  ACQUITY TQD (%)

5. HILEA &
1. i

B 1 o—FRBRE (B3 - RIH) AL 7 o
—IZREVEREI D RIEE T b= MU L THIW
L, HRIzELT R U AL TN0.5 mol/L Y
VIRRRTETR (pH 7.0) ZMATIEE 95 Lk, K
JE % orRfERRE Lz,
WRINEIGRER X
ZUANL 304 &fﬁ%bt&

o PUBHZ AN R A HE
THEH 2 BAA L7z,

5.2. BH

T = NUNEERKDE, 7774 NI
—ARIT ) Tae v )b ) A VEEE
S=ATLATHERL, VVBBRY 7 ==L (PN
WW'E) 1ug/ml 2507 % hrBL 0 n-~FH
(1) BiREIZ <, sk & Lz (GC/MS
BRI .

Z OFRBRVANR 0.125 mL 2RV #E%E, 7k b
=hUTO05mL & L7=HD%E LC-MS/MS HIFk
BRisiR L L.

6. HEEH

LC-MS/MS 2 & B2 HIEA A 36 L OIE S
X, B10HR3IDERBY L L. B, IR
YPEEMESE LTV D 35 BEROBIESMITZEOE

F &L, i 24 BIRNFERICHE TE D54
R LT=.
EANTEMESRMEEIAT) 2 & & LT,
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SN0
A= L

FEYHE

/_F;ﬂ‘zbzbwwo i
TRV R3l58

[ 25 [

e TN
100n 487723

100ml A2 KRS
B0,
0 mol/L)UBEEROHI0 0L
j KEEZ

IRIMTIEERERNIA0

Bt FENZMIMLZY B ml
] B399 M= T TRENAME B
BEIA7.4(500 mg/500 mg) LA &
—— THNLAVIVE00 mL TR
ER( nLLIT)

TEAAOmL
S nL)T)

0125 mlERYEE

TRl | 7E=M

[ eomsiz ] [ Lowshsiz |
&1 - Gx 228 HE-




R 1. LOWS/NS B A+~ HA KFIA NRENEERBIC LS E, £

s Al Ei;g; E?;&:g; BRI B WL CRIE EE B X OVE IR B o i (=] I 3R
- m/z m/z Bre 2N 207 C, BipsFEMEA F 72135
{/FH7E + 314 > 105 314 > 97 #C 5 [l 0 SR LT
57 0 + 397 > 351 397 > 255
pn3v5zY7 0N + 484 > 286 484 > 453
VI Y + 241 > 214 241 > 96 7.2, BIRMORER
I/t 571y + 394 > 310 394 > 254 . I
- : HONCDRAEDORIGR L 725 RBIKE S E 720
R + 406 > 251 406 > 337
Y571y + 426 > 287 426 > 168 T ERMER LR (BT, 77 o3k oR
/i\_lbu‘/ _ + 493 > 158 493 > 141 ESVRIE & ERL L, LC-MS/MS THIE L CERE% 1
£ 39mAHaE Y + 388 > 194 383 > 163 . R ;}7
HEGD ¥ 306 > 108 306 > 164 ETHE - OF AR LT,
IR Y + 392 > 331 392 > 238
747 0zl — 435 > 330 435 » 250 = -
7107 37 0 + 337 > 70 337 > 125 1.3. REROEREOER
7" 93§ + 333 > 152 333 > 180 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05
Tt + 385 > 175 385 > 173 551 000.1 pg/mL R B e A TAL L -
: 1 g SR AR & R L 7.
TN -t T 503 > 208 503 > 181 e i i
TN VY TN — 681 > 254 681 > 274 T OERER Z LC-MS/MS IZHEA L, bl
7:”5"&"5*' I gig i 123 ;ig i ;(7)3 sa< NI AOE—7 BN O RERZER
Jn V] N SHI| = it [
per Ty - 515703165 0 L, 0.0005 pg/mL 7> IR, BIEREEZRE L
NUFTN UINT AY + 382 > 116 382 > 180 T, 0.1 pg/mL F THERE () 230995 U L%
7°0E" b p N e
N + 360 > 276 360 > 177 HERF LT D 0ERB L7
Y 7 AN 3K + 412 > 328 412 > 356
A FY + 303 > 145 303 > 85 7.4, REBRABLUEEBROESR
KBRS 0 HEE{EE 0.005 mg/kg, EERF D H
& 2. LC-MS/MS R &bt B 0.01 mgkg & L7=. 75 > 27 3BHAIKIC
N :Wal;goié‘ Wal;opak Ultra C18-2 2.1 mm i.d. 0.0005 ug/mL LRtk 5 ﬁ:i%@fﬁi%%ﬂﬂ L%
X mm, 2 pm . e ] St — .
e - 0.353 mL/min D& 10 B, 77 73 ENRIKRE 5 017 & AT
;z;ﬁrg : ;OUEC HEL, EROREME (77 27 3 EHRIRORIE
7 y=-§ : ST = = o N ek
BEA CA 5 mmol/L EEBET L E = LOKER A ZZLBIWZHEM) H ORI L
S Mol T RS FAE DB o % KT, B 0 12 3,677
o VIV MEE: . .
R SIS RORT—AF itk R UTAEEREERE L, BEERZ I 10 %
(ESI+, ESI—) C7-b D& EE L7
AL CEBRBE=AULTE RN RUEDOEERER
AAVERE 120 °C
BB AZRE 400 C 1.5. HEBLUBEORED

BB A RFEE - 800 L/hr

HTA KT A A, KR ITEE ([BUR)
2 70~120 %, PHTHEEEDS 25 YA, EWEE

N . . P
®3TICITUNER 2530 YA, EIREIXEEN 70~120 %, T
(B*_Fﬁﬂ) Afi‘t:tB)fﬁ Afiﬁt:;f& FEEER 15 Y% AT, EPBED 20 %A% HIZ
min
fiti (4R L L7
0~ 0.29 85:15 - 60:40
~1.23 60:40 4 RS 4 mm R — =
~ 28 6040 _ 50-50 =4 7:( KS4 Iz éirLT_ﬂf;;biklﬁ*ﬁEd)E#m{E
~ 203 50:50 - 45:55 = E B E | HMTHRE | ENRE
~ 6.52 45:55 - 5:95 (ppm) (%) (RSD %) (RSD %)
~ 10 5:95 =<0.001 | 70~120 30 > 35 >
0.001 < ~ =0.01 70~120 25 > 30 >
i 0.01 < ~ =0.1 70~120 15 > 20 >
1. BEREOZAMFMESE 0.1 < 70~120 10> 15 >

1.1. BohnER
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8. BEBLUEER
8. 1. RUMTMOIER
8.1.1. &R

T IRENZOW T B T 2 A, W
THNOREIIBWTHERDYHELRHE—Y
TR LT, BPRPEICRIEN WD & 2R L
7=.

8.1.2. REBROERMY
KRREOREBMOBEMMEDHE R 2R SITRL
T2, TRTOMEIIT ST, 0.0005~0.1 pg/mL D
A CAHBEIMREL (1) 280995 LU ETH D Z & &hk
BT,

x5 ERMEOHEELHERE

ERMED ]
mEs o R o)

(pg/mL) INE R HWE
INE s 0.0005-0.1  1.0000  0.9999  1.0000
177" -l 0.0005-0.1  0.9999  0.9998  0.9994
4m3vb3zY7°m-p  0.0005-0.1  0.9999  0.9998  0.9997
YTty 0.0005-0.1  0.9999  0.9997  0.9999
YI/E 371 0.0005-0.1 1.0000  0.9998  1.0000
Y I1/31) -0 0.0005-0.1 0.9999  0.9999  0.9999
Y5INETLY 0.0005-0.1  1.0000  0.9999  1.0000
N pay 0.0005-0.1  1.0000  0.9996  0.9995
t° F90AMOE" Y 0.0005-0.1 0.9996  0.9999  0.9998
£ YIRRAFN 0.0005-0.1  1.0000  0.9999  0.9999
ITEHN Y 0.0005-0.1  1.0000  0.9999  0.9999
747" 02k 0.0005-0.1  1.0000  0.9999  1.0000
717" 31 ) 0.0005-0.1 0.9999  0.9992  0.9995
7' 53kA 0.0005-0.1 0.9998  0.9999  1.0000
IWEET 0.0005-0.1  0.9999  0.9998  1.0000
) NESI 0.0005-0.1  0.9999  1.0000 1.0000
WAV TR 0.0005-0.1 0.9999  0.9991  0.9998
7 AEH 3N 0.0005-0.1  1.0000  0.9999  0.9998
7 0AN)Y 0.0005-0.1  1.0000  0.9998  0.9999
AT -0 0.0005-0.1 0.9998  0.9991  0.9992
A YFTN YR 0.0005-0.1 0.9996  0.9998  1.0000
1Y7°0E" b
N UFEE 5N 0.0005-0.1  1.0000  0.9997  0.9998
VPN TN 0.0005-0.1  0.9999  0.9995  1.0000
AFE Y 0.0005-0.1  1.0000  0.9997  1.0000
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8.1.3. REBARBLIUEERR
EHBREORMBERL L OEERAOIER %
ROMOLRIIIRL., WINb BEEEM L
TUh=.

8.1.4 HEHSIUME
KRBREOBEE (HIXER) BLOKEE (TR
BB IOENKEE) OfFfERER 100HFR 1317
L7z

BHEL, BIERNTN LT A R T A VIORE
N7z BAEAE 70~120 % O#HIFHNTH - 7=,
PHMTRERS LOERRBEIL, WIhb A4 K7
A VNORENT- BEEE AT LTz

8.1.5. ZHERBEOHE

SZZ L LTTIRTORKRE G RABREZNLENIZ
BNT1RIY7ZY 20MT, BA5EMA /038
72 B EHEHE T 5 ARV R L OB IR 5
RO7-EE (BUER) BLOWE (PHMTREER X
OEREE) 2£ 14 056K 171 L. 2ok
RIZOWTHTRCOEKTHAS RTADH
HEAE 235 7= LTz,



®6. BRHRABLIUVEERF (F5hAZS)

RER BRHRA (mg/ke) EERFE (mg/ke)
INE TR HwE INE iR #HE

ROVE S o 0.0022 0.0020 0. 0007 0. 0060 0. 0054 0.0018
IF7a—) 0. 0021 0.0023 0.0011 0. 0058 0. 0062 0. 0030
vasv k=Y Fo—iL 0.0033 0. 0021 0.0019 0. 0091 0. 0058 0. 0052
STFTY 0.0015 0.0008 0. 0004 0. 0040 0. 0022 0.0011
VI/JEZ 7Y 0.0012 0. 0007 0.0003 0.0034 0. 0020 0. 0009
oJx/aFJ—1L 0.0015 0.0015 0.0008 0. 0042 0. 0042 0. 0022
UIINF Ty 0.0015 0.0009 0.0010 0. 0042 0. 0026 0. 0027
ey 0.0024 0. 0025 0.0012 0. 0065 0. 0069 0.0033
ES/O0XRrOEY 0.0023 0.0016 0. 0020 0. 0064 0. 0042 0. 0055
ESHRRAAFIL 0.0031 0.0017 0.0013 0.0084 0. 0045 0. 0035
T7EFRYFRY 0.0030 0.0024 0.0017 0. 0081 0. 0067 0. 0046
247020 0.0031 0.0012 0.0028 0. 0085 0. 0031 0.0076
JzrJarvy—i 0.0018 0.0010 0.0016 0. 0050 0. 0029 0. 0044
JH 3HRR 0.0032 0.0028 0.0017 0. 0086 0.0077 0. 0046
JIAEaY KR 0.0033 0.0015 0.0011 0. 0090 0. 0042 0. 0029
I\ r—k 0.0012 0.0019 0.0014 0.0033 0. 0050 0. 0039
TRV OT IR 0.0017 0.0019 0.0035 0. 0048 0. 0052 0. 0095
JRoEYFIF 0.0016 0.0019 0.0018 0.0043 0. 0053 0. 0048
JaAryy 0.0018 0.0017 0.0010 0. 0050 0. 0047 0. 0027
AFHYaFY—IL 0.0028 0.0015 0.0022 0.0075 0. 0040 0. 0060
ROFFNYALITAYTREL 0.0017 0.0013 0.0011 0.0047 0.0034 0. 0029
RUFAEF K 0.0019 0. 0007 0. 0009 0. 0050 0.0019 0.0024
EPPOFA=AE 0.0033 0.0013 0.0008 0. 0089 0.0034 0. 0022
AFEFEY 0. 0031 0.0011 0.0012 0.0084 0.0029 0. 0032
x 1. RHBRABLUEERAE (B9)

BEA BHRSR (mg/kg) EERF (mg/ke)

INE MR HwE INE iR #HE

RQVE S o i 0.0027 0.0028 0.0011 0.0074 0.0076 0. 0030
IF7a—) 0.0029 0.0029 0.0008 0.0079 0.0079 0.0023
yasv k=Y Fo—iL 0.0029 0.0027 0.0007 0.0078 0.0073 0.0019
STFTY 0. 0009 0.0007 0. 0004 0. 0026 0. 0020 0.0010
VI/JEZ 7Y 0. 0006 0. 0021 0. 0004 0.0015 0. 0057 0.0011
oJx/aFJ—1L 0.0017 0.0012 0. 0006 0.0047 0. 0033 0.0015
UIINF Ty 0.0011 0.0009 0. 0005 0.0029 0. 0024 0.0012
ey 0.0020 0.0024 0. 0009 0. 0055 0. 0065 0.0024
ES/O0XRrOEY 0. 0026 0.0022 0.0013 0.0071 0. 0060 0. 0036
ESHRRAAFIL 0.0023 0. 0036 0.0017 0. 0062 0. 0097 0. 0047
T7EFRYFRY 0.0020 0. 0036 0.0034 0. 0055 0. 0097 0. 0093
247020 0.0023 0. 0025 0. 0026 0. 0061 0. 0067 0.0071
JzrJarvy—i 0.0018 0.0030 0.0015 0. 0048 0. 0081 0. 0040
JH3HRR 0. 0021 0.0029 0.0033 0. 0057 0. 0080 0. 0089
JIAEaY KR 0.0020 0.0033 0.0016 0. 0054 0. 0090 0. 0044
P2IZAUE Sl 0.0018 0. 0009 0.0018 0. 0049 0. 0025 0. 0048
TRV DOT IR 0. 0021 0.0027 0.0018 0. 0059 0.0073 0. 0049
JRoEYIF 0.0024 0. 0021 0.0014 0. 0065 0. 0057 0. 0037
JaAryy 0.0018 0. 0026 0. 0004 0. 0048 0. 0069 0.0011
AFHYaFY—IL 0.0017 0. 0020 0.0033 0. 0046 0. 0056 0. 0089
ROFFNYALITAYTEEL 0.0017 0.0027 0.0007 0. 0046 0.0074 0.0018
RUFAEF K 0.0014 0.0020 0. 0005 0.0038 0. 0054 0.0015
EOPOFA=AE 0.0023 0.0028 0.0007 0. 0062 0.0075 0.0019
AFEFEY 0. 0026 0.0014 0.0010 0.0070 0. 0039 0.0028
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®8 BRUHRABIUVEERF (BS5 (R))

RER RHRA (mg/keg) EERFE (mg/kg)
INE iR HwE INE MR #HE

ROVE S o 0.0018 0.0022 0.0010 0. 0050 0. 0061 0. 0028
IF7a—) 0.0023 0.0023 0.0011 0. 0063 0. 0063 0. 0030
vasv k=Y Fo—iL 0.0029 0.0014 0.0019 0.0079 0. 0039 0. 0053
STFTY 0.0008 0. 0008 0.0003 0. 0021 0.0023 0. 0009
VI/JEZ 7Y 0.0007 0.0007 0.0003 0. 0020 0.0018 0. 0009
oJx/aFJ—1L 0.0012 0.0011 0.0009 0.0033 0. 0031 0.0024
UIINF Ty 0.0012 0. 0008 0. 0006 0.0032 0. 0021 0.0016
ey 0.0014 0. 0026 0.0008 0.0039 0.0072 0. 0021
ES/O0XRrOEY 0. 0021 0. 0021 0.0019 0. 0058 0. 0057 0. 0051
ESHRRAAFIL 0. 0026 0.0018 0. 0009 0.0070 0. 0049 0.0024
T7EFRYFRY 0. 0021 0.0028 0.0034 0. 0056 0.0077 0. 0092
247020 0.0032 0.0013 0.0032 0.0087 0.0034 0. 0088
JzrJarvy—i 0.0016 0.0011 0.0018 0. 0044 0. 0031 0. 0050
JH 3HRR 0.0015 0.0028 0.0011 0. 0041 0.0077 0. 0029
JIAEaY KR 0.0024 0.0015 0. 0009 0. 0066 0. 0040 0.0024
I\ r—k 0.0014 0.0024 0. 0006 0.0038 0. 0064 0.0016
TRV OT IR 0.0018 0.0024 0.0033 0. 0049 0. 0065 0. 0089
JRoEYFIF 0. 0021 0.0016 0.0011 0. 0058 0.0043 0. 0030
JaAryy 0. 0020 0.0015 0.0012 0. 0055 0. 0041 0.0033
AFHYaFY—IL 0.0031 0.0011 0. 0021 0.0083 0.0029 0. 0058
ROFFNYALITAYTREL 0. 0020 0.0009 0.0011 0. 0054 0.0024 0. 0030
RUFAEF K 0.0019 0.0010 0. 0009 0. 0052 0. 0026 0. 0026
EPPOFA=AE 0.0022 0.0014 0.0012 0. 0060 0.0038 0. 0032
AFEFEY 0.0015 0. 0011 0.0011 0. 0041 0.0029 0. 0031
x9. RHBABLUEERF (hE)

BEA BHRSR (mg/kg) EERF (mg/ke)

INE MR HwE INE iR #HE

RQVE S o i 0.0016 0. 0021 0. 0009 0. 0044 0. 0058 0. 0026
IF7a—) 0.0027 0.0027 0. 0009 0.0072 0.0074 0. 0025
yasv k=Y Fo—iL 0. 0031 0.0019 0.0018 0. 0086 0. 0053 0. 0050
STFTY 0. 0006 0.0003 0. 0004 0.0016 0. 0009 0.0012
VI/JEZ 7Y 0.0007 0.0014 0. 0005 0.0019 0. 0037 0.0014
oJx/aFJ—1L 0. 0007 0.0015 0. 0007 0. 0020 0. 0040 0. 0020
UIINF Ty 0.0008 0.0011 0. 0004 0.0023 0. 0030 0.0011
ey 0.0018 0.0022 0. 0009 0.0048 0. 0061 0. 0026
ES/O0XRrOEY 0.0018 0.0014 0.0015 0. 0049 0. 0039 0. 0040
ESHRRAAFIL 0.0019 0.0032 0.0023 0.0053 0. 0087 0. 0063
T7EFRYFRY 0.0027 0.0019 0. 0021 0.0073 0. 0052 0. 0057
247020 0.0022 0.0011 0.0017 0. 0060 0. 0030 0. 0048
JzrJarvy—i 0.0016 0.0030 0.0013 0.0043 0. 0083 0. 0036
JH3HRR 0.0019 0. 0025 0.0028 0. 0051 0. 0068 0.0077
JIAEaY KR 0. 0025 0. 0021 0.0018 0. 0068 0. 0057 0. 0049
P2IZAUE Sl 0.0013 0.0016 0.0010 0. 0036 0. 0043 0.0028
TRV DOT IR 0.0023 0. 0021 0. 0020 0. 0062 0. 0057 0. 0055
JRoEYIF 0.0018 0.0029 0.0023 0. 0049 0. 0080 0. 0062
JaAryy 0. 0021 0. 0021 0. 0009 0. 0057 0. 0057 0.0024
AFHYaFY—IL 0. 0021 0.0018 0.0013 0. 0056 0. 0050 0.0034
ROFFNYALITAYTEEL 0.0012 0.0022 0.0010 0.0032 0. 0061 0. 0027
RUFAEF K 0.0023 0.0019 0.0008 0. 0061 0. 0053 0. 0022
EOPOFA=AE 0.0030 0.0028 0.0007 0.0083 0.0077 0. 0020
AFEFEY 0. 0021 0. 0007 0.0010 0. 0057 0.0018 0. 0026
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®10. IHREOERE, HITRESLIUVERNRE (F5hAZ5)

RES EURZE (%) n=10 BHTHEEE (RSD %) EREE (RSD %)
EiRE BiRE BRE EiRE BRE =BRE

BigfE 70~120 70~120 <25 <15 <30 <20

AVXHFAY N 95.2 99.1 5.5 8.2 9.4 8.2
"R 102. 1 100. 4 4.2 6.0 5.4 6.2

#HE 104.5 99.3 4.0 6.0 1.4 1.3

IFFo—i IV 99.7 97.3 6.7 4.3 8.6 6.8
IR 106. 1 100. 7 3.3 4.6 1.6 5.5

HE 101.0 99.6 5.9 8.6 9.6 8.6

yasv 3=y Jo—iL INE 98.4 95.3 3.4 1.4 11.8 8.9
IR 107.9 109.3 1.8 3.6 8.8 6.0

#E 99.1 102.0 12.6 5.7 12.6 8.5

PTFFYY N 101.2 98.9 2.9 5.2 5.5 6.4
HIE 105.2 102.8 2.8 3.4 3.2 3.5

#HE 100. 6 99.1 2.6 4.7 1.2 5.8

YI/EZFTzY IV 84.5 83.8 5.7 5.9 7.0 10.6
IR 89.3 88.4 2.4 2.4 6.6 5.6

HE 84.9 86.8 5.5 6.7 9.7 9.5

oJx/arv—n AR 98.3 95.9 8.5 5.3 9.4 5.3
IR 100. 5 101.3 1.2 2.9 1.2 3.8

#E 98.9 98.6 6.3 5.6 6.9 1.2

ITNF Ty AR 92.9 92.6 5.7 10.5 6.1 12.3
P 93.6 92.6 2.1 2.5 7.0 4.9

HE 101.8 98.3 2.8 5.9 1.6 9.3

VAV 9= N 94.8 96. 6 12.4 4.5 16.0 4.6
IR 97.3 99.4 3.7 2.8 8.1 4.8

A 88.1 96.0 6.6 9.4 14.2 12.9

EZ/RXkOEY N 97.0 96.7 1.3 1.6 1.3 1.6
"R 100.8 100. 4 11.0 4.2 11.0 4.2

#HE 95.9 100.5 10.8 3.9 10.8 9.1

EVUSHRRAAFIL IV 97.3 94.9 12.0 6.3 12.0 1.3
IR 97.5 100. 6 4.5 3.1 5.7 5.7

HE 94.3 98.5 1.2 6.3 8.7 8.1

J7EXY Y N 95. 6 95.7 1.6 6.6 12.8 9.7
IR 102.4 98.9 5.6 4.5 12.6 4.5

#E 94.8 97.8 10.3 5.9 10.3 8.3

J470=)L AR 94.0 96.9 9.9 9.4 9.9 9.8
"R 97.2 101.6 0.9 3.3 4.9 4.0

#HE 97.4 97.2 1.4 2.8 14.3 8.2

JzyJarJ—nL IV 98.4 97.2 9.7 5.3 12.6 6.2
IR 100.0 99.7 6.1 3.8 6.1 4.4

HE 98.4 99.3 6.4 4.5 8.9 6.0

T2 IHRR N 96.9 95.5 9.0 5.7 10.6 5.7
IR 100.9 98.1 1.1 3.9 1.1 3.9

#E 101.5 96.3 9.3 4.1 10.4 5.5

JILFEaY R AR 94.2 100. 4 9.0 3.9 9.6 5.3
P 99.8 100. 8 1.5 2.6 9.2 4.5

HE 96. 1 102.3 5.3 5.0 5.8 8.2

PAIZAVE Sl INE 88.9 84.9 4.6 1.5 12.0 10.1
IR 98.4 95.8 9.0 1.4 11.0 4.2

HE 101.9 97.3 5.1 8.9 10.3 8.9

TURUDTFTER AR 100. 3 100. 9 4.7 6.3 10.3 8.1
IR 99.6 100. 7 5.4 3.9 10.9 6.1

#HE 98.9 99.2 1.5 1.5 11.5 9.0

JREY=EF INE 103.9 98.7 12.0 8.0 12.0 8.0
IR 100. 1 99.7 41 3.3 6.7 3.8

HE 96.8 96.8 9.5 6.9 12.5 6.9

Jaxryy IV 97.0 100. 3 10.7 7.0 10.7 7.8
IR 105.2 102.3 8.1 4.5 9.0 4.5

#E 98.5 99.9 4.4 1.4 5.2 1.4

AFHaFJy— AR 104.2 99.8 6.3 5.4 1.4 5.5
HIE 104.4 100. 8 2.9 2.4 6.0 4.2

#HE 99.8 98.7 4.1 5.7 9.3 1.5

RUFFNRYALTAYTREL N 103.0 98.3 13.7 1.9 13.7 1.9
IR 104.2 101.6 4.2 3.6 6.1 3.6

HE 95.5 100. 2 5.9 4.3 9.3 9.4

RUFFESF RS 94.6 99.2 6.7 8.3 8.1 8.3
HIE 100. 4 101.1 6.3 4.7 6.3 5.2

#E 99.3 99.5 5.0 3.8 1.2 1.0

EOPFA A N AR 96.4 96.7 8.7 6.5 10.6 6.5
P 104.4 99.8 1.2 4.2 1.4 6.0

HE 102.7 100.0 3.0 1.1 1.4 1.1

AFEFEY INE 99.8 98.0 6.2 8.2 1.2 8.2
IR 103. 1 101.5 5.8 3.9 5.8 4.6

A 1056.3 100.3 3.9 6.7 8.9 8.9
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® 1. SHREOERE, HITRESSIUVENRE (BY)

RES EURZE (%) n=10 BHTHEEE (RSD %) EREE (RSD )
EiRE EimE BRE EimE BRE BRE

BigfE 70~120 70~120 <25 <15 < 30 <20

AVFHFAY INE 97.4 93.1 9.9 5.0 9.9 6.1
IR 93.6 97.8 9.8 3.4 13.7 9.4

#E 99.4 96. 6 6.1 5.5 1.5 6.1

IFJa—L N 96.9 93.3 6.8 5.4 8.3 6.7
HIE 85.3 97.8 3.2 3.4 6.8 9.8

#HE 95.3 98.0 4.8 6.0 5.1 1.0

yasvk3=yJo—iL INE 90.1 81.5 10.8 4.7 16.9 5.7
IR 102.0 110.7 1.6 2.4 8.4 6.0

HE 102.2 95.8 5.5 1.1 8.6 1.9

PFFYY N 95.0 94.7 3.9 4.7 4.3 4.7
IR 91.9 99.0 2.1 1.6 3.9 5.5

#E 98.4 97.9 4.0 5.7 4.0 5.8

YI/EZTIY AR 88.9 86.0 3.5 4.4 8.6 8.0
P 84.17 89.4 10.0 1.7 10.0 6.4

HE 92.8 92.2 2.4 5.6 4.3 9.4

7x/arv—-n N 94.8 93.2 3.8 4.5 8.3 5.7
IR 92.8 99.0 5.6 2.8 7.0 8.8

A 99.4 93.8 5.3 4.6 5.3 8.2

ITNF Ty AR 96.0 95.0 6.1 2.4 1.2 3.7
IR 103.1 100. 4 2.3 2.7 9.9 8.8

#HE 102.0 99.0 4.2 5.6 4.2 6.8

VAV 9= IV 99.0 98.2 14.2 9.9 14.2 10. 4
IR 96. 1 98.8 9.9 3.4 15.0 8.9

HE 98.8 98.9 10.2 9.0 12.4 9.1

ESYBXbAEY N 89.5 93.2 8.3 5.4 8.3 5.4
IR 90.3 97.3 12.9 4.5 12.9 5.9

#E 95.8 94.9 11.8 9.7 17.2 9.7

EVUSHKRRAAFL N 90.0 85.5 10.4 2.9 11.2 7.1
HIE 86.0 95.8 9.3 1.9 9.3 4.5

#HE 97.3 91.8 6.1 1.3 1.9 8.5

J7EXY Y IV 88.2 91.8 12.6 6.1 16.3 9.1
IR 92.9 93.2 8.8 3.5 8.8 5.2

HE 98.9 93.9 8.6 3.0 10.4 10.0

J470=)L N 92.0 93.7 1.8 6.7 9.3 7.1
HIE 95.7 97.9 6.8 1.2 6.8 8.0

#E 98.9 100.9 1.5 5.6 10.7 9.1

JzrJarvy—i AR 103.1 95.8 9.4 5.7 9.4 5.7
P 91.8 99.1 10.5 1.8 10.5 9.9

HE 100.2 97.5 5.7 6.8 6.8 9.4

TH3HRR INE 92.6 93.8 10.0 4.7 10.0 6.3
IR 93.1 95.4 4.6 2.7 9.6 12.9

HE 95.9 94.1 11.0 6.3 11.0 8.8

JILFEaY R AR 93.6 93.6 11.2 5.5 13.2 5.5
IR 94.8 95.0 13.3 5.0 13.8 9.9

#HE 98.6 99.0 5.7 5.9 6.5 1.2

PAIZAVE Sl INE 92.4 95.0 9.1 4.2 9.1 4.2
IR 99.1 99.1 6.0 2.1 13.1 8.2

HE 103.7 97.2 2.6 5.1 8.3 1.2

TRV DFTIR INE 95.2 95.2 8.4 5.4 1.3 5.8
IR 94.4 95.9 6.2 3.0 1.5 1.3

#HE 100. 7 100.8 4.8 4.9 1.2 7.1

JaEYE KR AR 96.0 89.4 11.5 4.2 1.7 8.8
HIE 96.3 96.8 8.4 4.0 12.7 1.3

#HE 97.9 96.0 1.2 9.0 1.2 9.0

Jaxryy IV 85.5 91.7 1.2 6.3 10.3 6.3
IR 92.7 97.8 3.9 2.6 41 1.3

HE 96.9 96. 1 4.0 6.1 5.8 8.4

AFHaFJy— RS 89.1 96.3 12.0 3.4 14.0 4.7
HIE 96.0 100. 3 5.4 2.0 5.9 9.8

#E 95.7 94.9 10.7 9.4 10.7 9.4

RUFTNYALITALYTBREL AR 96. 1 95.1 5.9 5.4 5.9 5.6
P 96.2 99.1 9.1 4.0 10.1 5.4

HE 104.0 100.3 4.2 6.2 6.8 8.3

RUFFESF INE 96.3 93.1 9.2 6.2 10.5 6.2
IR 93.3 99.3 7.1 1.6 1.5 6.3

HE 99.3 98.4 3.0 4.8 3.0 1.1

EOPFA A N N 99.7 95.3 14.2 4.2 14.2 4.8
HIE 93.9 98.0 5.5 2.8 1.8 6.8

#HE 99.9 98.6 5.0 1.2 1.3 1.2

AFEFFY INE 92.3 90.9 8.3 3.0 8.3 6.8
IR 92.4 97.1 5.1 2.1 8.0 1.4

A 97.6 96.4 3.3 5.7 4.1 5.7
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®12. SHREQEUNE, HFITHRES

FUERBE (W5 (R) )

RES EURZE (%) n=10 BHTHEEE (RSD %) EREE (RSD )
EiRE EimE BRE EimE BRE BRE
70~120 70~120 <25 <15 < 30 <20

AVFHFAY INE 95.3 97.9 6.0 6.9 1.2 6.9
IR 101.6 103.0 6.3 4.7 8.7 4.8
#E 98.9 95.1 4.6 2.4 9.1 3.8
IFJa—L N 98.9 96.7 8.4 6.2 8.4 6.2
HIE 103.9 102.2 10.2 4.6 11.0 5.0
#HE 98.3 97.2 1.1 2.5 10.3 1.3
yasvk3=yJo—iL INE 95.0 92.7 10.2 4.3 10.2 6.9
IR 107.8 110.9 6.5 4.3 9.7 5.9
HE 97.3 98.7 12.8 2.9 13.0 1.0
PFFYY N 101.1 97.9 2.0 6.1 4.1 6.1
IR 105.3 103.5 4.7 2.5 5.2 3.5
#E 96.3 97.2 4.7 2.4 10.7 5.1
YI/EZTIY AR 85.8 84.5 2.7 4.6 1.8 9.3
P 94.0 93.6 4.6 2.5 6.4 5.9
HE 84.7 83.6 3.9 3.8 12.6 1.2
7x/arv—-n N 99. 6 96. 1 4.8 3.9 4.8 4.0
IR 101.0 102.1 8.9 2.7 8.9 3.9
A 97.5 94.9 2.7 3.3 12.2 4.0
ITNF Ty AR 99. 6 102.9 5.1 5.2 6.6 8.1
IR 101.6 100. 8 4.6 4.4 5.7 5.7
#HE 97.9 91.8 4.8 2.9 15.5 11.4
VAV 9= IV 96.7 99.9 17.2 9.4 17.2 9.4
IR 102.8 103.3 9.3 6.0 12.9 6.3
HE 96.5 95.5 13.8 9.4 14.1 17.9
ESYBXbAEY N 96. 2 97.0 10.1 6.0 11.4 6.2
IR 107.1 102.5 1.9 4.7 6.7 5.4
#E 96.8 97.2 1.9 2.7 13.9 6.6
EVUSHKRRAAFL N 92.8 90.5 5.5 6.5 11.4 10.1
HIE 104.0 102.0 5.1 2.0 1.5 6.1
#HE 88.8 90.0 4.7 2.8 12.7 9.4
J7EXY Y IV 95. 6 95.6 10.0 6.5 10.0 1.5
IR 104.3 99.3 7.0 3.9 9.5 4.0
HE 98.6 96.4 3.1 5.4 14.6 1.4
J470=)L N 95.9 98.6 11.3 1.8 1.7 1.8
HIE 101.2 104.6 4.3 3.0 8.0 3.5
#E 100.5 97.17 6.1 5.9 1.1 1.6
JzrJarvy—i AR 94.3 96.9 9.5 6.2 12.0 6.2
P 103.2 102.2 4.7 4.9 8.0 5.9
HE 102.3 97.1 3.1 3.4 10.4 4.8
TH3HRR INE 95.1 97.4 4.7 8.8 5.8 8.8
IR 104.7 101.3 9.6 3.9 9.6 4.0
HE 95.4 95.9 6.0 2.7 13.4 8.1
JILFEaY R AR 98.0 98.8 9.9 6.3 9.9 6.3
IR 103.9 102.9 4.0 2.4 4.0 3.6
#HE 94.6 99.7 9.9 2.1 9.9 5.1
PAIZAVE Sl INE 102. 8 100. 8 2.7 4.2 5.0 6.9
IR 101.2 101. 4 6.6 6.5 6.6 7.1
HE 98.7 97.1 4.1 3.5 13.6 4.3
TRV DFTIR INE 96.0 99.1 8.0 4.2 8.0 5.1
IR 105.8 105. 2 1.2 2.8 9.7 5.4
#HE 95.2 96.3 3.8 2.5 9.6 5.8
JaEYE KR AR 97.1 95.5 6.7 4.6 6.7 1.6
HIE 102.1 100. 9 4.3 2.8 1.5 4.7
#HE 90.3 95.6 4.9 4.1 8.8 8.7
Jaxryy IV 101.5 100. 2 1.9 4.7 11.6 5.9
IR 103.8 103.3 1.9 3.7 11.2 4.4
HE 96.0 96.2 2.0 2.8 9.2 5.3
AFHaFJy— RS 101.0 99.2 1.2 3.9 1.2 3.9
HIE 105.3 101.6 5.7 4.0 6.2 4.1
#E 94.0 96. 4 11.0 9.0 11.0 9.0
RUFTNYALITAYTBREL AR 98.6 98.4 5.3 6.7 11.9 6.7
P 101.7 103.9 6.6 4.1 9.7 4.3
HE 96.5 99.8 5.1 1.3 1.6 1.1
RUFFESF INE 96.5 97.6 5.2 4.0 5.2 5.2
IR 105.2 101.8 4.6 3.8 4.9 4.1
HE 94.6 94.8 4.5 5.4 12.0 6.4
EOPFA A N N 97.6 95.0 1.0 5.5 15.1 6.4
HIE 104. 6 102.3 1.6 3.1 8.6 5.5
#HE 95.17 96.9 6.2 3.2 10.1 5.0
AFEFFY INE 100. 1 98.0 5.3 1.4 9.7 1.4
IR 101.9 102.1 5.4 3.0 6.9 4.5
A 95.9 96.5 5.9 2.0 13.4 6.1
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®13. IBREOERE, HITRESSIUVEARE (W F)

RES E4RE (%) n=10 BHTHEEE (RSD %) ENFEE (RSD %)
EiRE BiRE EiRE EiRE BRE BRE

HiglE 70~120 70~120 <25 <15 < 30 <20

AVEHFAY INE 95.3 95.1 5.9 6.4 8.0 1.3
1#iE 105. 6 104.5 4.4 2.8 5.9 5.8

#ME 100. 6 98.8 2.8 3.0 4.7 3.0

TFJa—i INE 93.5 100.0 13.6 7.0 13.6 1.1
1R 95.4 101.1 9.6 4.9 10.1 5.7

#E 99.3 101.9 4.9 2.0 5.0 2.6

A= = = B % IV 94.4 93.3 10.8 8.3 12.2 8.3
1R 106. 4 114.9 14.3 2.1 14.3 3.8

#HE 98.5 104.2 10.9 2.6 10.9 4.6

D s INE 97.7 98.2 5.2 5.0 6.4 5.2
1R 96.8 100.0 3.0 2.5 3.8 4.8

#ME 98.8 101.5 2.4 2.1 3.6 2.1

YI/EZTzY INE 90.3 86. 6 5.2 4.7 9.1 10.3
1R 88.9 93.0 8.0 1.6 8.0 3.5

#HE 94.6 96.7 3.5 2.1 5.2 3.0

7z/arJ—L IV 95.9 95.7 6.3 41 7.1 41
iR 97.9 107.1 9.8 3.7 9.8 5.8

#HE 96. 2 99.8 4.8 1.7 4.8 2.0

YIIONATIY INE 94.1 96.8 4.3 4.4 6.0 6.1
1R 106.0 104.9 3.4 3.0 6.3 7.0

#E 99.3 101.0 4.2 1.5 6.2 2.1

VAV 2= IV 104.0 102.2 6.9 7.8 1.1 7.8
iR 100. 6 102. 6 9.4 1.7 11.3 6.2

#HE 101.8 102.0 3.0 3.4 1.6 5.1

ESYRXbAEY IV 100. 2 99.2 8.5 5.2 8.5 5.5
1#iE 98.1 104.0 5.2 1.9 14.5 2.8

#ME 95.3 100.9 16.7 2.6 16.7 2.6

EVUSHRRAAFIL INE 83.0 83.7 8.2 6.8 9.3 13.2
iR 96.9 99.1 9.9 2.4 15.0 3.9

#E 90. 6 87.4 1.4 3.6 14.5 9.2

J7EXY Y IV 101.4 94.5 5.0 9.0 5.0 9.8
iR 101.9 99. 6 1.9 2.8 11.4 3.1

#HE 98.7 104.2 1.1 1.8 1.9 6.6

J470=)L N 96.9 99. 6 11.2 6.9 11.2 1.4
1R 102.4 99.7 5.9 3.0 5.9 4.9

#E 98.9 105. 1 6.2 2.4 8.3 4.3

JxzrJarvy—L INE 92.3 97.4 1.7 4.1 1.7 7.0
1R 104.5 106. 2 6.0 4.6 9.2 1.1

#HE 100.3 101.3 4.6 2.6 6.2 2.8

TH2IHRR INE 90.0 97.3 8.2 6.6 8.2 6.7
1R 101.3 103.0 12.8 4.9 12.8 6.1

#HE 95.9 96.5 9.9 3.9 9.9 5.2

JILFEaY R INE 97.4 100. 8 9.0 5.4 10.3 1.2
1R 101.2 102. 6 2.4 3.0 8.7 5.1

#E 101.8 101.8 8.8 1.1 9.2 3.1

LN r— bk INE 92.7 97.4 7.0 5.6 7.8 5.8
iR 102.8 102.8 9.4 4.5 11.6 7.0

#HE 98.2 99.3 2.4 2.9 5.0 3.1

TLRUDFER INE 98.9 99. 6 5.8 3.2 5.8 5.7
iR 104. 6 102.0 4.4 1.6 1.4 3.9

#E 96.3 103.1 10.9 4.0 10.9 5.1

JoEY¥s KR INE 96.9 89.7 13.6 1.4 13.6 8.5
1R 97.9 100. 3 11.4 2.4 15.8 5.3

#E 97.2 95.9 8.6 3.3 10.5 4.4

Jaxryy IV 91.2 93.6 9.8 8.1 9.8 8.4
iR 95.2 102. 6 8.1 3.3 8.1 5.1

#HE 94.5 97.0 4.2 1.9 6.9 2.8

~AFHaFI—L N 99.9 97.1 9.3 6.5 12.2 8.9
iR 102.0 107.7 2.9 4.2 6.3 7.1

#ME 95. 6 100.3 10.8 2.5 10.8 4.2

ANUFFTNRYALTALVTBEL INE 96. 6 97.5 8.9 5.9 11.9 5.9
1R 103.0 106. 3 3.6 5.3 1.6 5.3

#HE 103.0 102.3 3.8 1.9 3.8 3.0

RUFFESF INE 98.3 98.8 9.4 1.4 9.9 1.4
1R 103. 6 103.4 3.1 3.4 5.0 3.8

#HE 102.2 101.1 4.1 3.1 4.1 3.1

ESPFA= VAN INE 102.2 97.7 10. 4 7.1 10. 4 7.1
1R 95.2 103. 6 6.0 3.0 6.0 3.3

#E 97.17 101.5 3.4 4.1 4.0 4.1

AFEFFY INE 94.2 94.7 1.2 5.9 10.3 1.6
1R 94.6 101.8 3.6 3.3 3.9 5.1

#HE 98.0 98.7 3.7 3.1 6.0 3.8
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® 14 3HREOERE, fITRESSIUVERMBE (F5hAZ5)

o EIRE (%) n=30 BETFRE (RSD %) ZRHE (RSD %)
BRE ERE  BEE  EEE  BEE EEE  BERE
HiZ{E 70~120 70~120 < 25 <15 < 30 < 20
A)FHFL+ 100. 6 99.6 4.6 6.8 8.2 6.8
IFJO—)L 102.3 99.2 5.4 6.2 8.6 6.9
oSy sy Jo—u 101.8 102. 2 8.7 5.6 10.8 9.4
STFTFOY 102.3 100. 2 2.8 4.5 5.5 5.4
SI/JES TV 86.2 86.4 4.7 5.3 7.8 8.5
Cox/a+J— 99.3 98.6 1.4 4.7 7.5 5.8
SINWA T 96. 1 94.5 3.8 7.1 7.8 9.3
VRAY = 93.4 97.3 8.4 6.2 13.1 8.0
ESsOoxX kaoEy 97.9 99.2 9.9 5.5 9.9 6.7
EY)IHRAAFIL 96. 4 98.0 8.5 5.4 8.5 7.2
TJ7EXHFY 97.6 97.4 7.9 5.7 11.5 7.5
J470Z)L 96.2 98.5 7.1 5.9 9.7 7.6
JxrJa+v—IL 98.9 98.7 7.5 4.5 9.1 5.4
JH3IHRR 99.7 96. 6 9.9 4.6 10.0 4.9
JILAEaY KR 96.7 101.1 7.4 4.0 8.4 5.9
TILNY R— 96. 4 92.7 6.6 6.7 12.0 9.6
TRV FT IR 99.6 100. 3 6.0 6.1 10.2 7.5
JobEHzI R 100.3 98.4 9.3 6.4 10.0 6.4
JOoArYY 100. 2 100. 8 8.2 6.4 8.4 6.4
AXHaFrJy—IL 102.8 99.8 4.6 4.7 7.5 5.7
RUFFZNYALTAYTOEL 100.9 100.0 9.0 5.5 9.2 6.9
RUFFES K 98. 1 99.9 6.0 5.9 7.0 6.1
EIDA=VAEEN 101.2 98.8 6.7 6.3 8.8 6.6
AFEFF 102.7 99.9 5.3 6.5 1.4 7.1
%15 3HBEOENE, HABESLUSMBE (5T)
I ERE (%) n=30 HITHRE (RSD %) ZEHFEE (RSD %)
L EEE  BRE  ERE  BRE ERE  BRE
HiZ{E 70~120 70~120 < 25 <15 < 30 < 20
A)FHFA 96.8 95.8 8.7 4.7 10.0 7.3
IFJO—)L 92.5 96. 4 5.3 50 8.7 7.9
sOsv ey Jo—u 98. 1 98.0 8.0 50 12.4 12.8
STFOY 95.1 97.2 3.5 4.3 4.8 5.3
SI/JES TV 88.8 89.2 6.0 4.3 8.1 8.1
Cox/a+IJ—L 95.7 95.3 5.0 4.0 7.2 7.8
SINWA T 100. 3 98. 1 4.4 3.8 7.7 6.9
VRAY = 97.9 98.6 11.6 8.0 12.8 9.0
ESHOoX kaoEy 91.9 95.2 11.2 6.9 12.9 6.9
EY)IHRAAFIL 91.1 91.0 8.7 4.7 10.4 8.0
TJ7EXH R 93.4 93.0 10.0 4.4 12.3 7.9
J470Z)L 95.5 97.5 1.4 50 9.2 8.3
JxoJa+rv—IiL 98.3 97.5 8.7 5.2 9.3 8.1
JH3IHRR 93.9 94. 4 9.0 4.8 9.2 9.2
JILAEaY K 95.7 95.8 10.5 5.5 11.3 7.6
TILNY R— 98.4 97.1 6.3 4.0 10.5 6.6
TRV TFT IR 96.8 97.3 6.6 4.6 8.9 6.9
JobEHI R 96.7 94.1 9.2 6.2 10.3 8.8
JOoi Yy 91.7 95.2 5.1 5.2 8.5 7.5
AXHaFrJy—IL 93.6 97.2 9.7 5.8 10.6 8.3
RUFFZNYALTAYTOEL 98.8 98.2 6.6 5.3 8.3 6.7
RUFFES K 96.3 96.9 6.9 4.6 1.7 7.0
EDA=VAEEN 97.8 97.3 9.4 5.1 10.0 6.2
AFEFF 94.1 94.8 5.9 3.9 7.1 6.9
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®16. IHREOERE, HITHRESSUVERMBE (A5 (R) )

o EIRE (%) n=30 BHTHE (RSD %) ERMHE RSD %)
L RiRE BiRE RRE BiRE RRE BiRE
BiEfE  70~120  70~120 <25 <15 <30 < 20
PVETEE S 98.6 98.6 5.7 5.0 8.4 6.1
IF7o—L 100.3 98.7 8.9 4.1 9.7 6.3
sO5vk5=ZyFao—u 100.0 100. 8 10.0 4.0 11.9 9.9
LTFTY 100.9 99.5 4.0 4.0 7.6 5.4
YI/ESTIY 88.2 87.2 3.9 3.7 9.8 8.8
Sor/arv—n 99.4 97.7 6.1 3.3 8.1 5.0
LSINATIY 99.7 98.5 4.8 4.4 9.6 9.4
LAy 98.7 99.6 13.6 8.4 13.6 11.4
ES4ORbOEY 100.0 98.9 1.2 4.1 11.5 6.3
EUSRRAFIL 95.2 94.2 5.1 4.1 12.1 10.0
I7EXH R 99.5 97.1 1.2 5.4 11.3 6.4
J47B=0 99.2 100.3 7.7 5.8 10. 1 6.7
JrvIarv—u 99.9 98.7 6.2 5.0 10.4 6.0
T8 3kR 98.4 98.2 7.3 5.8 9.9 6.6
ILFEY R 98.8 100. 4 8.3 4.0 8.5 4.7
PIAUE SN 100.9 99.8 4.1 4.9 8.5 6.3
TINRUSTEE 99.0 100. 2 6.6 3.3 10.0 6.4
JoE¥z K 96.5 97.3 5.4 3.9 8.9 7.2
Jaxryy 100. 4 99.9 6.7 3.8 10.7 5.8
~AEFHaFI—L 100. 1 99.1 8.1 6.0 8.9 6.0
RUFFRYALTAVTOEL 98.9 100. 7 5.7 4.6 9.6 6.2
RUFFES K 98.8 98.1 4.8 4.4 8.7 5.9
SOOI 99.3 98.1 7.0 4.0 11.5 6.2
AFEFAY 99.3 98.8 5.5 4.1 9.9 5.8
£ 171. IAREORINE, HITHRESIUVERBE (0 F)
o EUIRE (%) n=30 BHTHRE (RSD %) ERMBE RSD %)
R¥2 RiRE BiRE RRE BiRE RiRE BiRE
BiEfE  70~120  70~120 <25 <15 <30 < 20
PVESEE S 100.5 99.5 45 4.3 7.3 6.7
IF7o—u 96. 1 101.0 9.8 5.0 9.8 5.3
sO5vk5=ZyFao—u 99.8 104. 1 12.3 4.9 12.4 10.0
STFTY 97.7 99.9 3.7 3.4 4.6 4.3
YI/ESTIY 91.3 92.1 5.8 3.0 7.1 7.5
Sor/arv—n 96.7 100. 8 7.3 3.3 7.3 6.3
vSIMtTY 99.8 100. 9 3.9 3.2 7.1 6.3
Ay 102. 1 102.2 6.9 5.0 9.7 6.1
£SOz kOEY 97.9 101.4 11.1 3.5 12.6 4.1
EUSRRAFIL 90.2 90. 1 8.7 4.4 14.3 11.4
TrEXYEY 100.7 99.4 7.0 5.3 8.2 7.8
J470=0 99.4 101.5 8.1 4.5 8.1 6.0
JrvIarv—n 99.0 101.6 7.8 3.9 10. 1 7.0
PEEE VY 95.7 98.9 10.7 5.2 10.7 6.5
INFEY R 100. 1 101.7 7.3 3.6 9.2 5.1
PIAUE SN 97.9 99.8 7.0 4.4 9.3 5.8
TILRUTTEE 99.9 101.5 7.4 3.1 8.1 5.1
JaEHs F 97.3 95.3 11.4 4.1 12.8 .5
Jaxryy 93.6 97.8 7.1 5.0 7.7 6.8
~AxHaFY—L 99.2 101.7 8.3 4.6 9.8 8.0
RUFFRYALTAVTOEL 100.9 102.0 5.8 4.1 8.4 5.8
RUFFES K 101.4 101.1 6.0 5.0 6.7 5.3
SO PN 98.4 101.0 7.4 5.0 7.4 5.1
AFEFAY 95.6 98.4 5.1 4.2 7.0 6.2
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9. F&H

A FHOBE L LORFEEZ AT, LC-MS/MS #ll
B &2 —FikBiE (B - BRI 1THizIic 24
DN N W REDREE LR EM L, A RTA 1T
HESL UMM AT 72, FOfER, B &2—T
M MEDRERREIT > TR 12 23 ERIEE -
I3 B THON EIT> TV D 10 B L U—
FBRiE GOMS HIE THMTEIT-> TV D 2 BIED
3k 24 BIKICONT, TR TORBRE T Y MM
DMERE R T A = BZENZh o BEESIZHEE L
TWAZ L amR LT,

BHYIc

ZUMEFMORE RN D, TRTORBREICB W
T, BB L OREL L L L, LC-MS/MS #I
B & 2 —FRBRE (B - BI3H) oxtgRikic
24 BEIOBIMNTRETH Y, HESREROILK
EONTEOERNIZ L D2HFERROND EEXD
ni-.

BEXH

1) BAZHEEEELFHENLELSHER Bk
WZFRR T 5 K, SRHRINY ST 3 A RS
DG T DWEORBRIEICOWT, BEEHE
0124001 5-.

2) FEAA . RETEE 45, 165-174 (2004).

3) BAGHEERE LR RS AR B - 2
I FR R T 5 R I B3 2 RBRIE O B Y R
fliTA RT7A4 L O—HBEILDONT, BEHR
1224 %5 1 =

4) BB EREE SRS E e EEEARER
WA RIS T 5 RSB S R BRIE
OFLMFMA A BT A BT 5 E e A%
(Q&A) 1Z2W\WT, RZLEHIE 1208 25 1 75

5) JISK 0136 : 2015, @Rk n~ s 77 41—
By HriEhl.
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