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We quantitatively evaluated the cumulative ecological risks from multiple pesticides used in
paddy fields in Japan. Moreover, we visualized the temporal and regional variability of those risks
for 1990-2010. Considering the region-specific parameters of environmental conditions, region-
specific predicted environmental concentrations were estimated at 350 river-flow monitoring
sites in Japan. Then the multi-substance potentially affected fraction (msPAF) was calculated as a
risk index of multiple pesticides by using the computation tool NIAES-CERAP. The median msPAF
values for insecticides and herbicides decreased by 92.4% and 53.1%, respectively, from 1990 to
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2010. This substantial reduction in ecological risk was attributed to the development of low-risk
pesticides by manufacturers, the efforts of farmers in risk reduction, and tighter regulation by the Japanese government. In particular, the sub-
stantial reduction of the ecological risk from insecticides was largely due to the decrease in the use of organophosphorus insecticides.
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Introduction

In Japan, pesticide registration criteria based on ecological risk
assessments are set by Japan’s Ministry of Environment under
the Agricultural Chemicals Regulation Law." Under the risk as-
sessment scheme, acute toxicity tests are conducted for aquatic
organisms, and then the acute effect concentration (AEC) is de-
termined as the minimum value of the 50% effective concentra-
tion (ECs,) or the 50% lethal concentration (LCs) divided by an
uncertainty factor that considers species sensitivity differences.
Subsequently, the predicted environmental concentration (PEC),
which is the peak concentration in river water at the time of pes-
ticide application, is calculated using an environmental model
based on a standard scenario in a model basin.? Finally, if the
PEC is less than the AEC, the short-term aquatic risk is deemed
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to be insignificant, and the pesticide is considered to fulfill the
registration criteria.

However, there are many different pesticides with low concen-
trations in the actual aquatic environment. For example, accord-
ing to a pesticide-monitoring survey conducted on the Sakura
River in Ibaraki Prefecture,” more than 30 pesticides were de-
tected simultaneously after rice transplanting. Even if each indi-
vidual pesticide is evaluated as safe, there is still concern about
the mixture toxicity of multiple pesticides. Although in recent
years the total amount of pesticide use has tended to decrease,
the number of active ingredients has increased. This has led to a
“small amount, large variety” of pesticides. When there was less
variety of pesticides, it was sufficient to assess the risk of each
individual pesticide. However, a change in the method of assess-
ing ecological risk is needed to consider the mixture toxicity of
multiple pesticides in this new era.

The objective of the present study was to assess whether the
cumulative ecological risk of pesticides used in paddy fields has
changed over time due to the shift to the “small amounts, large
variety” of pesticides. Therefore, we quantitatively evaluated the
cumulative ecological risks of pesticides in Japanese river waters
and illustrate the temporal and regional variability of those risks
for 1990-2010.
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Materials and methods

1. General description

The species sensitivity distribution (SSD)* was used as the key
concept for the quantitative ecological risk assessment. Sensi-
tivity to environmental contaminants varies markedly among
species, and this variation can be described by the statistical dis-
tribution (often a log-normal distribution) estimated from sam-
pled toxicity data (ECs, or LCs, values). The potentially affected
fraction (PAF) can be calculated using the SSD as an index of
the magnitude of ecological risk.>”> Moreover, the SSD can be
applied to assessing the cumulative ecological risk of multiple
pesticides as the multi-substance PAF (msPAF) by combining
it with mixture toxicity models.® Recently, a cumulative eco-
logical risk assessment tool (NIAES-CERAP) that considers the
mixture toxicity of multiple pesticides has been developed.” The
SSD parameters for 68 pesticides'” are already input in this tool,
and the msPAF can be automatically calculated by selecting the
pesticide name and inputting the environmental concentration
(pg/L) in the Microsoft Excel worksheet.

The region-specific PECs at the Tier 2 level (PECy,,,) for
paddy fields were estimated using the method developed by
Yachi ef al.'V In their method, important region-specific param-
eters of environmental conditions—in this case river flow, paddy
rice cropped area, and pesticide usage ratio®—were used to es-
timate PECs at 350 river flow-monitoring sites in Japan. This
method was validated by comparing the estimated and mea-
sured concentrations of 27 pesticides.“) Moreover, we investigat-
ed the actual past use of pesticides based on various studies'?-!”
to estimate historic PECs.

2. Analyzed pesticides, sites, and years

The SSDs of the 67 pesticides analyzed were already available in
NIAES-CERAP: 25 insecticides (fenobucarb, carbosulfan, ben-
furacarb, fenitrothion, fenthion, phenthoate, diazinon, fipronil,
ethiprole, etofenprox, silafluofen, imidacloprid, clothianidin,
dinotefuran, thiacloprid, thiamethoxam, nitenpyram, spi-
nosad, pymetrozine, cartap, thiocyclam, diflubenzuron, bupro-
fezin, tebufenozide, and chlorantraniliprole), 9 fungicides (hy-
droxyisoxazole, orysastrobin, IBP, isoprothiolane, tricyclazole,
phthalide, pyroquilon, chlorothalonil, and probenazole), and
33 herbicides (bensulfuron-methyl, imazosulfuron, pyrazosul-
furon-ethyl, cyclosulfamuron, propyrisulfuron, pyrimisulfan,
pyriminobac-methyl, simetryn, bentazon, oxadiazon, pentoxa-
zone, oxadiargyl, pyraclonil, carfentrazone-ethyl, pyrazolynate,
benzofenap, tefuryltrione, pyrazoxyfen, pretilachlor, mefenacet,
cafenstrole, butachlor, fentrazamide, indanofan, thiobencarb,
esprocarb, molinate, benfuresate, clomeprop, bromobutide,
daimuron, cumyluron, and quinoclamine).>'? All are, or were
previously, used in Japanese paddy fields. Moreover, carbofuran,
as a metabolite of carbosulfan, and nereistoxin, as a metabolite
of cartap and thiocyclam, were considered in the risk assess-
ment. Cartap is rapidly degraded to nereistoxin; therefore, the
toxicity of cartap is actually nereistoxin toxicity.

The analyzed sites were 350 river flow—monitoring sites in
Japan where a method for estimating region-specific PEC has al-
ready been developed by Yachi et al.'V The river flow and paddy-
field area in each basin area at the river flow—monitoring sites
are available in their results. The analyzed five fiscal years were
1990, 1995, 2000, 2005, and 2010. Information on the amount of
pesticide used and the application method at the time was used
for each of these years.

3. Analysis of temporal and regional variability of the PEC
PECy;,, values were calculated based on the environmental
model that is used in Japan’s pesticide registration system.? The
PECy.,, takes into account the behavior of the pesticide in the
environment and a more realistic estimate than a simple calcu-
lation of the PECy,,;.2 The flowchart of the calculation method
is shown in Fig. 1. Among the scenario parameters used in the
PEC calculation (Table 1), the river flow, paddy rice cropped
area, and pesticide usage ratio were determined based on tem-
poral and regional characteristics; other parameters were as-
signed constant values based on a standard scenario because of
the low sensitivity of PECry,, to them.”) The static period, when
paddy water is regulated to prevent outflow, was set as 7 days
for 2010 and 3 days for 2005, 2000, 1995, and 1990. Because the
paddy water static period after application was changed from
3-4 days to 7 days in 2006,'® the toxicity study period (PEC cal-
culation period) was fixed as 3 days for all PEC calculations.

To calculate the PECyy,,, of each pesticide, we determined the
typical application method and typical single dose (g a.i./10a) in
a paddy field based on the following information: the PECr;,,
calculation scenario noted in each pesticide registration criteria
report, the application method used for each paddy-field lysim-
eter test, and the application method of formulations shipped in
large volumes (Supplemental Data Table S1).

River-flow data were organized as the average of median val-
ues (50th percentile value of the daily flow rate per year) for
the 5 years from 2004 to 2008 at 350 river flow-monitoring
sites, and the data were converted into the relative flow rate per
100km? of basin area.!?

The ratio of the paddy-field area in each basin at the river
flow-monitoring sites was estimated by Iwasaki et al.'*) To esti-
mate the actual paddy-rice cropped area during each of the five
fiscal years, we calculated the calibration factors based on the
ratio of the area of rice cropped to the paddy-field area in each
fiscal year at the prefectural level.'V The calculated calibration
factor for each river flow-monitoring site was assigned the value
of the prefecture in which the site was located. Finally, the area
of rice paddy cropped per 100km? of basin was calculated at
each river flow-monitoring site using the estimated percentage
of the paddy-field area and the calibration factor.

To estimate the pesticide usage ratio in the paddy-rice
cropped area, we first organized the amount of the shipment of
each formulation product as active ingredients in each prefec-
ture based on the statistics of Noyaku Youran.'? Next, because
a single dose of a pesticide in a paddy field and the environmen-
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Fig. 1.

Flowchart for estimating the PECs for paddy fields in each basin at river flow-monitoring sites. Boxes outlined with solid lines indicate values

that have changed across years, and boxes outlined with dashed lines indicate values that remained constant from year to year.

tal dynamics after its use differed among application methods,
it was necessary to separate the amount of pesticide used by ap-
plication method as follows: nursery box application, ground
application, unmanned helicopter application for paddy rice,
and other methods in upland field and orchard. Thus, we used
the method of Yachi ef al.,”” who calculated the usage for each
active gradient by each application method in each prefecture.

Table 1. Input parameters for PECy,,, calculation in a standard scenario
Parameter Sst;?li?ir: Unit

Paddy rice cropped area 500 ha/100km?
River flow 3 m?/sec/100km?
Pesticide usage ratio 10 %
Daily surface runoff 30 m?*/ha/day
Daily lateral seepage 20 m?/ha/day
Ridge soil density 1 g/cm®
Ratio of contiguous water and soil volume 24 —
Ridge soil organic carbon content 2.9 %
Tributary water volume 86,400 m*/day
Tributary sediment volume 2000 m?
Tributary sediment density 1 g/cm?
Tributary sediment organic carbon content 1.2 %

This method required information of the application list for
each of the five fiscal years!*”
and assumed that the pesticide usage was evenly distributed

) for each formulation product

among each target pest for the applicable crops. Next, the pesti-
cide usage ratio for each application method (%) was calculated
as the (total usage in each prefecture/single dose of pesticide in
the paddy fields)/(paddy-rice cropped area in each prefecture).
Here, the pesticide usage ratio was based on the amount of each
formulation product shipped by prefecture; therefore, it could be
calculated only on a prefectural basis, not on a basin basis. Thus,
the pesticide usage ratio for each river flow-monitoring site was
assigned the value of the prefecture in which the site was locat-
ed.

To calculate the PECy,,, the following data regarding envi-
ronmental fate were needed: organic carbon-normalized soil
partition coefficient (K,.), half-life in water (DT5,), and the re-
sult of a paddy-field lysimeter test (Supplemental Data Table
S1). These data were collected from the assessment report of the
pesticide registration criteria in Japan,” Noyaku Syouroku,?V
a risk assessment report of the Food Safety Commission of
Japan,? the Noyaku Handbook,”® and the Pesticide Manual 2¥
The methods used to organize multiple data and estimate miss-
ing data have been described in our previous paper.'? The orga-
nized data are shown in Supplemental Data Table S1. Note that
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the concentration of spinosad is the sum of the concentrations
of spinosyn A and spinosyn D. Likewise, the concentration of
pyriminobac-methyl is the sum of the concentrations of (E)-
and (Z)-isomers.

4. Cumulative ecological risk assessment using the SSD

The PEC values calculated for each pesticide in 1990, 1995,
2000, 2005, and 2010 at 350 river flow-monitoring sites were
used to quantify the cumulative ecological risk of multiple pes-
ticides using the NIAES-CERAP tool. Because differences in
the timing of pesticide application were not considered, the as-
sessment of the cumulative ecological risk from exposure to
multiple pesticides assumed simultaneous exposure. In the case
of multiple application methods for the same pesticide, such as
ground application in paddy fields and nursery box application,
the PECs for all application methods were summed and used for
the cumulative ecological risk assessment.

There are two main reference models for describing the mix-
ture toxicity: the concentration addition (CA) and indepen-
dent action (IA) models.?” The CA model is commonly applied
as a conservative model for predicting the mixture toxicity of
chemicals with the same mode of action (MoA) or chemicals for
which the MoA is unknown. The IA model is commonly applied
to chemicals with different MoAs. The application of these mix-
ture toxicity models to the SSD to calculate the msPAF has been
described in our previous study,?® in which the method used to
calculate the msPAF was experimentally validated.

The CA-TA mixing model was used for multiple pesticides,
some with the same MoA and some with different MoAs. Fig-
ure 2 shows a conceptual diagram for calculating the cumulative
ecological risk for assumed six pesticides, where pesticides A, B,
and C are MoA-1; pesticides D and E are MoA-2; and pesticide
F is MoA-3. First, the cumulative ecological risk (PAFy,.,) of
pesticides A, B, and C is calculated using the CA model based
on each SSD and PEC. Next, the PAF,,,_, of pesticides D and E
is calculated using the CA model based on each SSD and PEC.
Finally, the msPAF is calculated using the IA model from the
PAFyoa.1> the PAF, 4 5, and the individual ecological risk of pes-
ticide F (PAFy,4.3). Thus, the CA-IA mixing model can be used
to calculate the msPAF no matter how many pesticides there

MoA-1

Pesticide A PAFyon-1

Pesticide B

Pesticide C e

MoA-2
Pesticide D —

Pesticide E —

msPAF

MoA-3
Pesticide F

Fig. 2. Conceptual diagram of the calculation of cumulative ecological
risk using the CA-IA mixing model.

are. Regarding the information of the MoA for each pesticide,
the NIAES-CERAP tool is based on the Insecticide Resistance
Action Committee (IRAC) classification of insecticides, the
Fungicide Resistance Action Committee (FRAC) classification
of fungicides, and the Herbicide Resistance Action Committee
(HRAC) classification of herbicides. However, the classification
of herbicides was based on the legacy HRAC code rather than
the current one.

The NIAES-CERAP tool finally outputs four provisional cat-
egories of risk based on the msPAF values: >50%, high risk;
5-50%, middle risk; 0.1-5%, low risk; and <<0.1%, not detect-
able. These categorizations are based on comparisons of PAF
values and the actual effects on the aquatic community in me-
socosm studies.”?” The regional variabilities of msPAFs were
illustrated as a risk map using the above four categories and a
violin plot, which is a box plot with the addition of the proba-
bility density of the data at different sites, smoothed by a kernel
density estimator.

Results

Figure 3 shows risk maps indicating the regional variability
of the cumulative ecological risk of insecticides (A) and herbi-
cides (B) in 2010 at 350 river flow-monitoring sites in Japan.
Ecological risk from fungicides was undetectable (<0.1%) at
all sites, and therefore is not shown. Risk maps for all 5 fiscal
years are shown in Supplemental Data Fig. S1. Sites with high
risk (msPAF >50%), which were scattered across Japan in 1990,
were not observed in 2010 for either insecticides or herbicides
(Fig. 3). In 2010, 67 sites were classified as medium risk and 258
sites as low risk for insecticides, whereas these respective risk
levels were observed at 243 and 90 sites for herbicides. Thus, the
ecological risks of herbicides were greater than those of insecti-
cides in 2010.

Figure 4 shows violin plots indicating the regional distribu-
tion of the msPAF and PAF of each MoA (Fig. 2) for insecticides
in the 5 fiscal years. The msPAF values for insecticides tended
to decrease with time and decreased dramatically from 2005
to 2010. The median values of the 350 sites were 23.6%, 19.2%,
15.3%, 7.3%, and 1.8% in 1990, 1995, 2000, 2005, and 2010, re-
spectively. Although the msPAF was dominated by MoA-1A and
-1B (organophosphorus and carbamate insecticides) from 1990
to 2005, it was dominated by MoA-4A (neonicotinoid insecti-
cides) in 2010. The contribution of insecticides with other MoAs
was small. The PAF values of MoA-1A, -1B, and -14 decreased
with time; those of MoA-3A and -4A peaked in 2000 and then
declined; and those of MoA-2B increased slightly from 2000 on-
ward.

Figure 5 shows violin plots indicating the regional distribu-
tion of the msPAF and PAF of each MoA (Fig. 2) for herbicides
in the 5 fiscal years. As with insecticides, the msPAF values for
herbicides tended to decrease over time. The median values
of the 350 sites were 16.2%, 12.5%, 11.3%, 12.3%, and 7.6% in
1990, 1995, 2000, 2005, and 2010, respectively. The msPAFs were
dominated by MoA-C (mainly triazine herbicides), -B (mainly
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Fig. 3. Geographical distribution of msPAFs for mixtures of insecticides
and herbicides at 350 river flow-monitoring sites in 2010.

sulfonylurea herbicides), -E (such as oxadiazole, triazolinone,
and oxazolidinedione chemical families), and -K3 (mainly chlo-
roacetamide herbicides) in 1990; by MoA-B and -K3 in 1995-
2000; and by MoA-B, -E, and -K3 in 2005-2010. The contribu-
tion of herbicides with other MoAs was small. The PAF values
of MoA-B showed small temporal variation, those of MoA-C de-
creased dramatically from 1990 to 1995, those of MoA-E disap-
peared in 1995 but then increased from 2000 onward, and those
of MoA-K3 peaked in 1995 and declined thereafter.

Discussion

The cumulative ecological risks of insecticides decreased signifi-
cantly between 1990 and 2010. The decrease was largely attrib-
utable to the decrease in the risks of insecticides with MoA-1A
and -1B. This trend was due to the following three reasons: (1)
decrease in the usage of organophosphorus insecticides in pad-
dy-rice cultivation; (2) the alteration of insecticide application in
rice paddy fields from surface-water application to nursery-box

application; and (3) the fact that the use of several insecticides
(e.g., diazinon) was no longer allowed in paddy-rice cultivation
after pesticide registration criteria based on ecological risk as-
sessment were introduced in 2005. These results are consistent
with our previous analysis,” which indicated that substituting
nursery-box for surface-water application reduces the ecological
risk of pesticides.

The risk of herbicides also decreased during the 20-year pe-
riod, but not as much as the risk of insecticides. The ecological
risk of herbicides decreased due to the following three reasons:
(1) the decreased use of triazine herbicides (MoA-C); (2) the
temporary expiration of the registration for oxadiazon; and (3)
the change in the paddy water static period after application
from 3-4 days to 7 days in 2006.!¥ It has been shown that the
pesticide runoff of the three herbicides decreased by 1/2-1/10 by
extending the water static period from 4 to 7 days.!® In 1990, the
herbicide chlornitrofen (MoA-E) was still widely used in paddy-
rice cultivation (1200 tons shipped), but it was not considered in
this study due to a lack of data. Chlornitrofen is less likely to run
off into rivers because of its low water solubility. However, the
risk of MoA-E in 1990 may be underestimated, considering the
large volume of chlornitrofen shipped that year.

The results of the present study showed that fungicides con-
tributed little to the ecological risk. However, fungicides are gen-
erally toxic to aquatic fungi and fungus-like organisms, and tox-
icity to such organisms has been neglected when assessing the
ecological effects of fungicides. The guidance document for as-
sessing the risk of plant-protection products toward aquatic or-
ganisms in the European Union®® suggests that further research
into potential effects on fungi is needed and that the selection of
relevant species for which standardized ecotoxicity tests may be
developed should be identified as a research need. Recently, we
developed an efficient and ecologically relevant bioassay method
using 5 species of aquatic fungi and fungus-like organisms.?>*"
This method would be useful for assessing the ecological effects
of fungicides in the future.

In addition, uncertainty in our ecological risk assessment in-
cludes uncertainty in the PEC estimation at the 350 sites, which
was discussed previously.!” A comparison of the estimated PECs
with the pesticide concentrations measured by monitoring stud-
ies showed good consistency between the values. However, 4
factors would have contributed to the estimation error: (1) re-
gional characteristics were taken into account only for the river-
flow rate, paddy rice cropped area, and pesticide usage ratio in
each application method, but not for the runoff from rice-paddy
fields and the soil quality (density and organic carbon content)
in ridge soil and tributary sediment; (2) for the pesticide usage
ratio in each application method, fixed values were used with-
in each prefecture, but uneven usage is actually expected even
within a prefecture; (3) in the calculation of the pesticide usage
ratio in each application method, all shipped pesticide products
were assumed to be used at one time, but in some cases, pesti-
cides are applied on multiple occasions in the paddy field; and
(4) the physical-chemical properties (soil adsorption and degra-
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dation) used in the PEC estimation may differ from the behav-
ior of pesticides in the actual environment. Further research is
needed to improve the accuracy of the PEC estimation, as was
discussed in the previous study.!!

The objective of the present study was to show the temporal
variability of the cumulative ecological risk of multiple pesticide
during the shift to “small amounts, large variety” of pesticides.
Consequently, from 1990 to 2010, the median values of the eco-
logical risks of pesticides decreased by 92.4% and 53.1% for in-
secticides and herbicides, respectively. The substantial reduction
in ecological risk was the result of the development of low-risk
pesticides by manufacturers, the efforts of farm producers to
reduce pesticide usage and prevent pesticide runoff into rivers,

and tighter regulation (introducing new registration criteria)
by the government. Organic farming accounted for only 0.4%
of Japan’ total arable land in 2010.*" Therefore, organic farm-
ing contributed little to the reduction of the ecological risk of
pesticides. In 2021, Japan's Ministry of Agriculture, Forestry and
Fisheries announced “Measures for achievement of Decarbon-
ization and Resilience with Innovation (MeaDRI)” and set a goal
of 50% reduction in the risk-weighted use of chemical pesticides
by 2050.%2 To monitor the progress in achieving this goal, it is
necessary to conduct a cumulative ecological risk assessment, as
in the present study. A quantitative ecological risk assessment is
a useful tool for evaluating the efficiency of the various measures
of risk management.
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