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Pesticides may have serious negative impacts on bee populations. The pesti-
cide exposure of bees could depend on the surrounding landscapes in which
they forage. In this study, we assess pesticide exposure across various land-use
categories, while targeting the Japanese honey bee, Apis cerana japonica, a

native subspecies of the eastern honey bee. In a project involving public par-
ticipation, we measured the concentrations of major pesticides in honey and
beeswax collected from 175 Japanese honey bee colonies across Japan and

quantitatively analyzed the relationships between pesticide presence/absence
or pesticide concentration and land-use categories around the colonies. Our
findings revealed that the surrounding environment in which bees live strongly
influences pesticide residues in beehive materials, whether the pesticides are

systemic or not, with a clear trend for each land-use category. Agricultural
lands, particularly paddy fields and orchards, and urban areas resulted in
higher pesticide exposure, whereas forests presented a lower risk of exposure.
To effectively control pesticide exposure levels in bees, it is essential to
understand pesticide usage patterns and to develop appropriate regulatory
systems in non-agricultural lands, similar to those in agricultural lands.

Pollination plays a crucial role in human well-being by maintaining
biodiversity and ensuring ecosystem stability'. Approximately 85% of
wild flowering plants rely on animal pollinators>’. Among these, bees
are the key pollinators, contributing to reproductive success in many
wild plants and cultivated crops**. In recent years, however, there has
been growing concern about declining populations of both wild and
managed bees in many parts of the world, particularly in the Northern
Hemisphere®’.

The decline in bee populations appears to be caused by various
factors, with pesticides considered one significant contributor®™,
Many experimental studies showed that insecticides, herbicides, and
fungicides can disrupt various aspects of bee health by impairing their
behaviors or the establishment of gut microbiota or by directly influ-
ence their mortality” . Neonicotinoid insecticides, in particular, have
attracted much attention due to their systemic nature and their con-
tamination of pollen and nectar, and a number of ecological impact
assessments have been published'*". Pesticides are sprayed directly

on plants or applied to the seeds or soil to be systemically distributed
throughout the plants. When bees visit these plants, they can transfer
the pesticides to their colonies. Surveys conducted in Europe'®™®,
North America', and China®®, among others, have detected a wide
variety of pesticides from hive materials including honey, pollen, and
beeswax and the bees themselves.

The types and quantity of pesticide residues to which bees are
exposed could be influenced by the land use(s) around their nests,
because bees forage within a certain range from their nest (e.g., the
western honey bee, Apis mellifera, has an average home range radius of
5.5km; ref. 21). In agricultural lands, where a large quantity of pesti-
cides is used, the influence of the proportion and structure of agri-
cultural lands on pesticide exposure has been reported in recent
years*>>. On the other hand, the possible risk of exposure to pesti-
cides in non-agricultural lands has also been raised. In urban areas,
several neonicotinoids were detected in honey more frequently thanin
agricultural lands, suggesting that exposure to these pesticides may
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occur due to urban human activities®. In forests, although pesticide
usage is significantly less than for agricultural crop production”, her-
bicides are employed during reforestation for weed control and
insecticides and fungicides are used for controlling insects and
pathogens®®*%. The European Food Safety Authority has devised a
standard index to assess exposure risk in a single treated field*’, but
the actual situation involves broader contamination at the landscape
level, as described above. Therefore, we require a comprehensive
means of evaluating pesticide exposure across diverse landscapes,
encompassing agricultural lands, urban environments, forests, and
various other land uses. To conduct a comprehensive survey, numer-
ous samples are needed to compensate for lower detection rates
resulting from increased landscape diversity. In practice, to accurately
assess bees’ pesticide exposure in their natural environments, it would
be appropriate to analyze pesticide residues from wild bee nests,
which do not receive any human intervention. However, locating wild
bee nests and acquiring a substantial number of samples can be
exceedingly challenging.

Here, we conducted a comprehensive exposure assessment for
various land-use categories by using the Japanese honey bee, Apis
cerana japonica, which is a subspecies of Asian honey bee. Although
itis a wild species, numerous beekeepers across the country tend the
Japanese honey bee, making it possible to perform extensive and
large-scale sampling. In addition, most beekeepers maintain the
traditional practice of providing empty spaces (box or trunk hives),
which are essentially equivalent to nesting conditions in the wild. We
quantitatively evaluated honey and beeswax samples for neonicoti-
noids, other mode-of-action class insecticides, a herbicide, and a
fungicide, which were selected because they represent various pes-
ticide classes and are shipped at such large volumes that the com-
pounds would likely be detected in the environment. We then
analyzed the relationship between pesticide presence and/or con-
centration and the proportion of each land-use category surrounding
the sampling locations to assess the effects of landscape structure on
pesticide exposure.

Results

Basic information on pesticide residues

The summary of detected pesticides is presented in Table 1, and the
full data set can be found in Supplementary Data 1. The seven neoni-
cotinoids detected in the honey samples were dinotefuran (52.0% of
samples), acetamiprid (43.4%), clothianidin (26.3%), nitenpyram
(14.3%), thiamethoxam (13.1%), thiacloprid (5.7%), and imidacloprid
(2.9%), with median concentration ranging from 0.02 to 0.12 ng/g.
Glyphosate was detected in 23.4% of the honey samples, with a median
concentration of 22.00 ng/g, whereas its metabolite aminomethyl-
phosphonic acid (AMPA) was not detected. In the beeswax samples, we
detected chlorantraniliprole (25.7%), diazinon (22.9%), fipronil (22.9%),
fenobucarb (19.4%), and etofenprox (10.9%), with a median con-
centration ranging from 0.03 to 0.16 ng/g. Fenitrothion was detected
in two cases and chlorothalonil in only one case. The histograms of
concentrations are similar to an exponential distribution with a long
tail, indicating that many colonies were exposed to relatively low
concentrations and a few to high concentrations (Supplemen-
tary Fig. S1).

Land-use status within a 1000-m radius around the locations of
all colonies

For the 175 locations, agricultural lands (total of paddy fields, orchards,
tea plantations, and farmlands), forests (total of natural and plantation
forests), and urban areas occur around almost all of them (>96%), with
the mean proportions in the order of forests (38.6%), agricultural lands
(28.1%), and urban areas (25.9%) (Table 2). Considering that forests
account for 67.6% of Japan’s total land area, agricultural lands for
14.6%, and urban areas for 8.3%, the 175 locations we analyzed in this
study have a lower proportion of forests but higher proportion of
agricultural lands and urban areas, suggesting that we studied more
“human-inhabited” environments. The maximum proportion of agri-
cultural lands was 83.7% (standard deviation, 19.2%) and the land-use
categories within agricultural lands were also diverse (Supplementary
Fig. S2). The other land-use categories also varied.

Table 1| Data summary of pesticides

Sample Class Active substance Detection LOQ Positive Concentration (ng/g)
type system (ng/e) =) Mean Median SD Max.
Honey insecticide: neonicotinoid  acetamiprid LC/MSMS 0.01 43.4 0.23 0.02 0.57 276
Honey insecticide: neonicotinoid  clothianidin LC/MSMS 0.01 26.3 0.04 0.02 0.05 0.25
Honey insecticide: neonicotinoid  dinotefuran LC/MSMS 0.03 52.0 on 0.07 0.14 0.92
Honey insecticide: neonicotinoid  imidacloprid LC/MSMS 0.01 29 0.16 0.12 (ON(] 0.35
Honey insecticide: neonicotinoid  nitenpyram LC/MSMS 0.03 14.3 0.06 0.05 0.03 0.16
Honey insecticide: neonicotinoid  thiacloprid LC/MSMS 0.01 5.7 0.33 0.08 0.67 221
Honey insecticide: neonicotinoid  thiamethoxam LC/MSMS 0.01 13.1 0.06 0.03 0.07 0.34
Honey herbicide glyphosate LC/MSMS 10 23.4 25.95 22.00 17.97 98.72
Honey herbicide (metabolite) aminomethylphosphonic acid LC/MSMS 10 o] — — — —
Beeswax insecticide: diazinon LC/MSMS 0.01 22.9 0.53 0.03 2.74 17.37
organophosphorus
Beeswax insecticide: fenitrothion GC/MSMS 1 11 92.57 92.57 127.89 183
organophosphorus
Beeswax insecticide: carbamate fenobucarb LC/MSMS 0.03 19.4 0.39 0.13 1.35 8.02
Beeswax insecticide: pyrethroid etofenprox LC/MSMS 0.1 10.9 0.31 0.16 0.42 186
Beeswax insecticide: diamide chlorantraniliprole LC/MSMS 0.01 25.7 0.72 0.04 4.09 27.49
Beeswax insecticide: fipronil LC/MSMS 0.01 229 0.29 0.06 0.69 374
phenylpyrazole
Beeswax fungicide: chloronitrile chlorothalonil GC/MSMS 10 0.6 15.3 15.3 — 15.3

Percentages of detectable pesticides and mean, median, standard deviation (SD), and maximum concentrations in honey and beeswax samples from hives of the Japanese honey bee (Apis cerana

japonica). Source data are provided as a Source Data file.
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Table 2 | Data summary of land uses

Land use Positive Proportion (%)
cases (%) -
Mean Median SD Max.
Agricultural lands  98.9 28.1 25.4 19.2 83.7
Paddy fields 90.9 191 15.7 15.6 7.4
Orchards 61.1 5.4 1.7 9.7 47.8
Tea plantations 11.4 9.3 3.5 13.7 45.0
Farmlands 84.0 7.2 3.5 9.4 61.2
Forests 96.6 38.6 37.4 25.9 96.7
Natural forests  95.4 22.2 19.0 17.2 77.9
Plantation 88.6 18.2 10.6 19.2 68.9
forests
Bamboo 66.9 2.9 2.0 3.2 19.8
Urban areas 97.7 25.9 16.7 24.8 98.0
Large parks 34.9 3.4 1.7 4.4 23.4
Grasslands 78.3 2.4 1.5 2.7 16.4
Bare lands 51.4 1.8 1.0 2.1 9.7
Wetlands 451 17 0.8 2.7 17.9
Coastal 2.9 0.2 0.2 01 0.4
vegetation
Water bodies 83.4 3.4 1.8 6.1 2.3

Percentages of each land-use occurrence and mean, median, standard deviation (SD), and
maximum proportion in a 1000-m radius surrounding each sampled colony of the Japanese
honey bee (Apis cerana japonica). Source data are provided as a Source Data file.

Agricultural lands
Paddy fields
Orchards

Tea plantations

Farmlands
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Plantation forests
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Large parks
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Coastal vegetation

Water bodies

Association between land use and presence/absence of
pesticides

The relationship between pesticide presence in honey samples and
land use (Figs. 1, 2, Supplementary Fig. S3) showed different trends for
nitenpyram and other pesticides. One-to-one analyses indicated that
pesticides, excluding nitenpyram, were more frequently detected in
orchards and urban areas and less prevalent in natural and plantation
forests (Fig. 1). In contrast, nitenpyram tended to be more readily
detected in forests. The correlation between the dissimilarity matrix of
pesticide presence/absence in honey and the dissimilarity matrix of
land use was not significant (Mantel test, r= 0.04, p = 0.07); the overall
canonical correlation analysis (CCA) was significant (residual degrees
of freedom = 131, x*=0.23, F=1.37, p<0.05) with no significant axis.
Natural forests were significant (x*=0.06, F=5.00, p<0.01) for
environmental variables, with a contribution of 0.514 for CCAl, with
higher scores for natural forests (0.639) and urban areas (-0.608) for
environmental variables and higher scores for pesticide data for
nitenpyram (0.923) and thiamethoxam (-0.593) (Fig. 2).

In one-to-one analyses of pesticide presence in beeswax samples
versus each land use (Fig. 1, Supplementary Fig. S3), diazinon and
chlorantraniliprole were more likely to be detected in paddy fields and
less likely to be detected in plantation forests. Etofenprox was more
likely to be detected in orchards. Conversely, fenobucarb tended to be
more frequently detected in plantation forests. There was a significant
correlation between the dissimilarity matrix of pesticide presence/
absence in beeswax and the dissimilarity matrix of land use (Mantel
test, r=0.08, p<0.01); the overall CCA was significant (residual

. Positive

Fig. 1| Association between surrounding land-use categories and the occur-
rence of pesticides from the Japanese honey bee (Apis cerana japonica) colo-
nies. The tested sample is honey (left: acetamiprid to glyphosate) or beeswax
(right: diazinon to fipronil). Generalized linear models (GLMs) were employed with
pesticide presence/absence as the response variable and land-use proportions as
the explanatory variable. The models utilized a binomial distribution and a logistic

Negative Non-significant

link function. Statistical analysis was conducted using a two-sided Wald test without
adjustments for multiple comparisons. The association was categorized as follows:
positive: odds ratio > 1 and p < 0.05; negative: odds ratio <1 and p < 0.05; non-
significant: others. Each GLM result is shown in Supplementary Fig. S3. Summary
statistics are provided as a Source Data file.
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Fig. 2 | Canonical correspondence analysis (CCA) for the first two dimensions
showing the relationship between pesticide occurrences and surrounding
land-use categories. The tested sample is honey (n =145, left) or beeswax (n =109,
right). The proportion variables for each land-use category sum to 1, and one
category was dropped from the plot because of degrees-of-freedom constraints;
we decided not to show coastal vegetation. Pesticides: ACE: acetamiprid; CLO:
clothianidin; DIN: dinotefuran; NIT: nitenpyram; THM: thiamethoxam; GLY:

glyphosate in honey (left); DZN: diazinon; FBC: fenobucarb; EFP: etofenprox; CPL:
chlorantraniliprole; FIP: fipronil in beeswax (right). Land-use categories: pad: paddy
fields; orc: orchards; tea: tea plantations; far: farmlands; nat: natural forests; pla:
plantation forests; bam: bamboo; urb: urban areas; lar: large parks; gra: grasslands;
bar: bare lands; wet: wetlands; wat: water bodies. Summary statistics are provided
as a Source Data file.

degrees of freedom = 95, x>=0.35, F=1.50, p<0.05), and only axis
CCAl was significant (x*=0.21, F=13.17, p<0.01). Environmental
variables were significant for farmlands (x*=0.07, F=4.12, p<0.01)
and plantation forests (x*=0.09, F=4.84, p <0.01). The contribution
of CCAl was 0.619, and environmental variables scored higher for
plantation forests (0.794) and farmlands (-0.491); pesticide data
scored higher for fenobucarb (0.730) and diazinon (-0.509) (Fig. 2).

Association between land use and pesticide concentrations

In the one-to-one analyses of pesticide concentrations in honey and
land use, it was difficult to find clear trends for each land-use category
when compared to pesticide presence/absence (binary values) (Fig. 3,
Supplementary Fig. S4). Nevertheless, characteristic results were that
acetamiprid concentrations were positively related to proportions of
tea plantations and urban areas, and nitenpyram concentrations were
positively related to orchards, natural forests, and bamboo. There was
a significant correlation between the Euclidean matrix of pesticide
concentrations in honey and the dissimilarity matrix of land use
(Mantel test, r=0.14, p < 0.01). The overall redundancy analysis (RDA)
of honey was significant (residual degrees of freedom =131, variance =
1.02, F=2.07, p < 0.01), and only the RDAI axis was significant (variance
=0.62, F=17.08, p < 0.01). Environmental variables were significant for
natural forests (variance = 0.25, F= 6.67, p < 0.01), orchards (variance =
0.23, F=6.01, p < 0.01), and bamboo (variance = 0.11, F=2.81, p < 0.05).
The contribution of RDA1 was 0.603, and environmental variables
scored higher for natural forests (-0.586) and orchards (0.506),
whereas pesticide data scores were high for dinotefuran (1.096) and
clothianidin (0.874).

The one-to-one analyses of pesticide concentrations in beeswax
and land use also showed significant positive relationships in some
combinations, as in honey samples. However, no overall trend was
found (Fig. 3, Supplementary Fig. S4). The correlation between the
Euclidean distance matrix of beeswax pesticide concentrations and the
land-use dissimilarity matrix was insignificant (Mantel test, r=0.07,

p=0.07). The overall RDA regarding beeswax samples was significant
(residual degrees of freedom = 95, variance = 0.90, F=1.60, p < 0.05),
and the RDAL axis was significant (variance = 0.46, F=11.59, p < 0.05).
Environmental variables were significant for paddy fields (variance =
0.17, F=4.02, p<0.01), farmlands (variance = 0.22, F=5.16, p<0.01),
and wetlands (variance = 0.14, F=3.17, p <0.05) (Fig. 4), with RDA1
contributing 0.513 and environmental variables scoring higher for
paddy fields (-0.593) and farmlands (-0.569); pesticide data scores for
diazinon (-0.969) and chlorantraniliprole (-0.768) were higher.
Although concentrations of certain pesticides were sporadically
identified as significantly associated with a certain land use, in most
cases the presence of these pesticides showed no association with the
land use. In such cases, the data were insufficient to support that those
land-use categories had a higher risk of exposure.

Association between land use and exposure to multiple
neonicotinoids

At least one neonicotinoid was detected in 81.7% of the honey samples
and two or more in 48.6% (Fig. 5). Regarding the association between
each land-use category and the presence of multiple neonicotinoids,
the rate of increase in the number of neonicotinoids for orchards,
urban areas, and paddy fields (in that order) was higher with increasing
land-use coverage. In contrast, the number of neonicotinoids for nat-
ural and plantation forests decreased with increasing area (Fig. 6,
Supplementary Fig. S5).

Discussion

There was a clear trend for each land-use category, with a higher risk of
exposure to pesticides in agricultural lands, especially orchards and
paddy fields, and in urban areas and a lower exposure risk in forests.
For some pesticides, however, the opposite trend was observed, with
the higher risk of exposure in forests. Other land uses showed no
significant trend. Associations of some kind with land use were found
not only for the systemic neonicotinoids but also for
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Fig. 3 | Association between surrounding land-use categories and the con-
centrations of pesticides from the Japanese honey bee (Apis cerana japonica)
colonies. The tested sample for pesticides is honey (left: acetamiprid to glypho-
sate) or beeswax (right: diazinon to fipronil). Generalized linear models (GLMs)
were employed with pesticide concentration (log) as the response variable and
land-use proportions as the explanatory variable. The models utilized a Gaussian

Negative Non-significant

distribution and an identity link function. Statistical analysis was conducted using a
two-sided Wald test without adjustments for multiple comparisons. The associa-
tion was categorized as follows: positive: odds ratio >1and p < 0.05; negative: odds
ratio <1 and p < 0.05; non-significant: others. Each GLM result is shown in Supple-
mentary Fig. S4. Summary statistics are provided as a Source Data file.

organophosphorus, carbamate, pyrethroid, and diamide pesticides
and a herbicide. In this study, the glyphosate metabolite, AMPA, was
not detected in any of the samples, but a previous study reported
frequent detection and a high concentration of AMPA in honey®. We
hypothesize that the immediate storage of honey samples in a dark
and frozen condition after collection may have prevented degradation.
Therefore, the risk of honey bees being exposed to AMPA through
nectar or honey might be low.

In many previous studies, the risks of exposure to pesticides were
evident in agricultural lands or in specific crop fields. However, our
results have revealed differences in the strength of pesticide exposure
depending on the land-use categories in agricultural lands. Specifically,
diazinon and chlorantraniliprole were significantly detected in paddy
fields, while acetamiprid, dinotefuran, and glyphosate were significant
in orchards. Both land uses showed significantly higher risks of expo-
sure to multiple neonicotinoids. On the other hand, tea plantations
and farmlands did not present high exposure risks. Thus, when pre-
dicting or evaluating pesticide exposure in agricultural lands, we need
to take into account the types of land uses. Since the flowering periods
of rice and fruit trees are very limited, persistent pesticide exposure
from non-crop flowering plants within and around agricultural lands
could be a significant factor contributing to high pesticide exposure
probabilities in these fields*>, although these non-crop plants are
considered crucial resources supporting bee diversity***’. Therefore, it
is necessary to consider not only exposure through crop plants but
also via surrounding wild plants within and outside agricultural lands.
Incidentally, our farmland data showed no high risks of pesticide

exposure, whereas higher risks for certain crops have been reported
overseas***, The agricultural practice of pesticide seed coating and
sowing the seeds with large machinery, which is a cause of pesticide
drift overseas (especially in Europe and North America), is not com-
mon in Japan. Moreover, considering the characteristic feature of
small-scale management of agriculture in Japan and the wide variety of
crops grown across farmlands, the exposure amount of each pesticide
within the bees’ foraging range might not be very large.

In urban areas, our quantitative assessment clearly revealed
exposure associated with three neonicotinoids—clothianidin, dinote-
furan, and thiamethoxam—along with detection of multiple neonico-
tinoids. Some previous investigations were not based on a quantitative
comparison of land uses?**’, and our understanding of the impact of
urban area coverage on pesticide exposure was insufficient. In addi-
tion, because glyphosate is one of the most widely used herbicides, its
contamination of streams in urban areas is a serious problem*, In our
study, glyphosate was detected in more than 20% of the honey sam-
ples, showing a positive relationship with urban areas as well as
orchards. These neonicotinoids and glyphosate are contained not only
in agricultural products but also in a variety of pesticides used for
urban residential, sports, and recreational areas® and in ornamental
plants considered bee-friendly", resulting in frequent exposure to
bees even in urban areas. Unfortunately, while strict standards
regarding usage amounts and timing were established in Japan by the
Pesticide Control Law for agricultural pesticides, regulations for pes-
ticide use in urban areas are not thoroughly enforced. In a sense, the
pesticide exposure in urban areas has become “a black box” in Japan;
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Fig. 4 | Redundancy analysis (RDA) for the first two dimensions showing the
relationship between pesticide concentrations and surrounding land-use
categories. The tested sample for pesticides is honey (n =145, left) or beeswax
(n=109, right). The proportion variables for each land-use category sum to 1, and
one category was dropped from the plot due to degrees-of-freedom constraints; we
decided not to show coastal vegetation. Pesticides: ACE: acetamiprid; CLO: clo-
thianidin; DIN: dinotefuran; NIT: nitenpyram; THM: thiamethoxam; GLY:
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glyphosate in honey (left); DZN: diazinon; FBC: fenobucarb; EFP: etofenprox; CPL:
chlorantraniliprole; FIP: fipronil in beeswax (right). Land-use categories: pad: paddy
fields; orc: orchards; tea: tea plantations; far: farmlands; nat: natural forests; pla:
plantation forests; bam: bamboo; urb: urban areas; lar: large parks; gra: grasslands;
bar: bare lands; wet: wetlands; wat: water bodies. Summary statistics are provided
as a Source Data file.
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Fig. 5 | The frequency of the number of neonicotinoids detected in honey
samples in this study. Summary statistics are provided as a Source Data file.

this may be a global issue as well. With the continued expansion of
urban and residential land development, pesticide use in green spaces
is predicted to increase, highlighting the need to both continue
assessing the exposure to bees as an endpoint of environmental resi-
due and to establish regulations.

The proportion of natural and plantation forests had a negative
association with more than half of the tested pesticides, and multi-
variate analyses (CCA) supported this trend. Assessing the food
resource value of forests for bees is complex in part because the value
varies among tree types and forest ages*>**, but forests are considered
vital foraging grounds for the Japanese honey bee. Many forests are
either not contaminated by pesticides or contain them only at low
frequency, thus reducing pesticide residues in bee hives. In addition,
broadleaf forests (natural forests) can provide nesting spaces for
honey bees in the later stages of tree growth*”**, underscoring the
significance of forests for honey bee conservation.

Our data indicated that some pesticides not expected for use in
certain land-use categories showed positive associations. For example,
nitenpyram was positively associated with natural forests and feno-
bucarb with plantation forests; we lack a satisfactory explanation for
these findings. Furthermore, the results showed a positive relationship
between diazinon and paddy fields, but diazinon is not currently
applied in paddy fields in Japan. These unexpected results implied drift
and contamination across land uses, long-term residues in soil, and
little information about the actual status of how the pesticides are
being used, highlighting the challenges of uniformly evaluating all
pesticides or creating a single index for all pesticides in the field.

Although clear relationships with specific land uses were observed
for the presence/absence of certain pesticides, the correlations with
concentrations remained unclear. Teasing out the relationship
between pesticide concentration and exposure is difficult because
pesticides are used simultaneously among multiple land uses and
there might be variations in all exposure processes, including sub-
sequent contamination, foraging, and decomposition. Nonetheless, it
is evident that the existence of each surrounding land use reflects the
actual exposure situation, and understanding the usage practices in
each land-use category, which serves as the primary sources of expo-
sure, will remain an important task in controlling bees’ exposure to
pesticides, while considering variations.

Our honey survey results showed mean concentrations of each
neonicotinoid on the order of 0.01 or 0.1 ng/g, which is one order of
magnitude lower than those reported in global surveys of residues in
honey**. One possible reason for this discrepancy is differences in the
foraging preferences among honey bee species. Compared to the
Japanese honey bee, the western honey bee—the primary species
examined in previous studies—is likely to be at higher risk of neoni-
cotinoid exposure, given that herbaceous plants, especially around
agricultural lands, are a likely source of neonicotinoids* and the wes-
tern honey bee’s preference for herbaceous over woody plants®.
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Forests

Natural forests

Plantation forests

Fig. 6 | The association between different land-use categories and the number
of neonicotinoids present in each honey sample. This figure specifically high-
lights primary land-use categories, whereas the comprehensive results for all land-
use categories can be found in Supplementary Fig. S5. Agricultural lands encom-
pass paddy fields, orchards, tea plantations, and farmlands and forests include
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natural forests and plantation forests. These models use a binomial distribution and
alogistic link function. The dashed lines represent the predicted linear regressions,
and the gray ribbons represent the 95% confidence intervals. Statistical analysis was
conducted using a two-sided Wald test without adjustments for multiple compar-
isons (n =175). Summary statistics are provided as a Source Data file.

Although the level of pesticide exposure of Japanese honey bees is
thought to be relatively low, that may not be the case. Our present
research is an observational study that sampled live bee colonies,
making it difficult to determine whether few colonies are actually
exposed to high concentrations of a given pesticide or whether

exposed colonies have died off and are therefore unobservable. Near

paddy fields in Japan, incidents of mass honey bee death occurred
during and after rice flowering (July-August)*®, prior to the sampling
season of our study. Moreover, the Japanese honey bee is approxi-
mately 10 times more sensitive to insecticides than is the western
honey bee*. Even though glyphosate concentrations in honey from the
Japanese honey bee have been detected at levels comparable to those
from the western honey bee in other regions®***°, the neonicotinoid
concentrations are low. These facts may support the latter pessimistic
scenario of bee colonies dying before they could be sampled. On the
other hand, the concentrations detected in this study are certainly
much lower than those suggested to have colony-level impacts on
western honey bees in fields**°. However, the Japanese honey bee’s
high susceptibility to pesticides makes it difficult to extrapolate the
results of previous studies of western honey bees to our study. The
impacts of concentrations of all pesticides detected in this study must
be evaluated over longer periods and will be clarified by following up

on the sampled colonies.

In conclusion, our findings indicate that the surrounding envir-
onment in which bees live strongly influences pesticide residues in
honey and beeswax. This applies not only to neonicotinoids, which are
transferred systemically to pollen and nectar, but also to non-systemic
pesticides. Agricultural lands should be categorized accordingly, with
high pesticide exposure associated with paddy fields and orchards,

Sampling

Methods

timing and frequency, non-agricultural lands are largely unregulated—
and these problems in Japan are likely similar to those worldwide. To
effectively control the pesticide exposure levels of bees, it is essential
to understand pesticide usage patterns and develop appropriate reg-
ulatory systems in non-agricultural lands as exist for agricultural lands.

From May to July 2021, we invited A. cerana japonica beekeepers from
across Japan to participate in this study, and more than 2000 colonies
were registered, along with information on the number of colonies
kept and their respective conditions. From among them, we requested
samples from colonies that met two criteria: (1) newly nesting in 2021,
and (2) not artificially fed at all prior to sampling. These criteria
ensured that the sampled honey and beeswax would be those pro-
duced in that year.

Beekeepers, who understood and agreed to the purpose and
methods of this study, collected honey and beeswax between August
and November 2021. A minimum of 20 g of honey or beeswax was
sealed in a 50-mL light-shielded centrifuge tube, and the tubes were
stored in a household freezer until shipping. Samples were sent to the
analytical laboratory of Heisei Riken by frozen delivery maintained at

-18 °C or lower. At the laboratory, the samples were stored at -20 °C or

each exhibiting distinct pesticide patterns. Urban areas also should be

recognized as high-risk areas, while forests should be considered
pesticide mitigation areas. Pesticide exposure from agricultural lands
typically yielded anticipated results consistent with applying pesti-
cides on crops and fruit trees. Conversely, the exposure from non-
agricultural lands (urban areas and forests) influenced residues within
beehives as endpoints, but there is a complete lack of knowledge about
the actual pesticide usage practices in these areas. While pesticide use
in agricultural lands is tightly regulated with strict guidelines regarding

lower until the analysis.

Samples were collected from 186 colonies that met the study
criteria, but the distance between some colonies was less than 1000 m.
In such cases, samples from the more southern colony of the pair were
excluded, and we analyzed samples from a total of 175 colonies, all
separated by more than 1000 m.

Tested pesticides
In principle, we prioritized the analysis of pesticides that raised con-
cerns about bee toxicity and/or had large shipping volumes (Table S1).
We examined 15 pesticides and 1 metabolite. We tested honey samples
for 7 neonicotinoids (acetamiprid, clothianidin, dinotefuran, imidaclo-
prid, nitenpyram, thiamethoxam, and thiacloprid) and the herbicide
glyphosate and its metabolite AMPA. Beeswax samples were tested for
the phenylpyrazole fipronil, the organophosphates diazinon and
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fenitrothion, the carbamate fenobucarb, the pyrethroid etofenprox, the
diamide chlorantraniliprole, and the fungicide chlorothalonil. Water-
soluble pesticides tend to be more easily detected in honey, whereas
lipid-soluble pesticides are more likely to be found in beeswax. Through
preliminary testing, we identified whether each pesticide was more
likely to be detected from honey or beeswax and then only analyzed
each pesticide in the most likely sample type (see Table 1 for details).

Sample analysis

For the analysis of neonicotinoids in honey, 2 g of honey was removed
from each sample. For the analysis of diazinon, fenobucarb, etofen-
prox, chlorantraniliprole, fipronil, fenitrothion, and chlorothalonil, 1g
of beeswax was removed. A mixture of 2 ml acetonitrile and acetic acid
(99:1) and 2 ml of purified water was added, and crushing extraction
was performed in a Nippi BioMasher. Then, 1.6 g of magnesium sulfate
and 0.7 g of sodium acetate were added, and the extraction was per-
formed with a reciprocating shaker at 180 rpm for 10 min. After
extraction, samples were centrifuged at 4769 xg for 10 min. The
supernatant (organic layer) was transferred into a 10-ml centrifuge
tube, 0.5 g of magnesium sulfate and 160 mg of Bondesil-PSA (ethy-
lenediamine-N-propyl) were added, and the tubes were shaken in a
reciprocating shaker at 180 rpm for 10 min. The supernatant was
separated and filtered through a centrifugal filtration unit (Millipore
Ultrafree 0.20 um) to prepare the test solution for analysis.

For the analysis of glyphosate and AMPA in honey samples, 20 ml
of a mixture of water and methanol (1:1) was added to 1 g of the sample,
and the sample was sonicated for 10 min. The extract was centrifuged
at 4769 x g for 10 min, and 18 ml of the upper layer was used as the
sample solution for the column treatment. An InertSep-SCX (benzene
sulfonyl propyl) mini-column and an InertSep-PSA (ethylenediamine-
N-propyl) mini-column were connected below the InertSep-HLB
(styrene-divinylbenzene and a nitrogen-containing vinyl monomer)
mini-column and washed sequentially with 10 ml of methanol and
20 ml of water (using a vacuum manifold at a flow rate of 2-3 ml/min).
The sample solution was passed through the top of the column and
drained. The column was then washed with 10 ml of a mixture of water
and methanol (1:1). Only the PSA mini-column was removed and eluted
with 2 ml of sodium borate solution (pH =9.5). The eluate was filtered
through a centrifugal filtration unit (Millipore Ultrafree 0.20 um) and
used as the test solution for analysis.

Calibration curves were prepared by adding a standard sample to
honey or beeswax that did not contain the test pesticide and then
performing the same sample preparation process. The extract after
percolation (Millipore Ultrafree 0.20 pm) was analyzed by liquid
chromatography-tandem mass spectrometry (LC/MSMS, Xevo-TQ) or
gas chromatography-tandem mass spectrometry (GC/MSMS, GCMS-
TQ; GC-2010 Plus). A series of parallel spiked-recovery tests was con-
ducted to evaluate the recovery rate of each pesticide using simulated
samples (honey and beeswax) with seven repetitions for each sample
type. The mean recovery rate for each pesticide from simulated sample
types was 100% (with a minimum of 82.6% and a maximum of 115.1%, as
shown in Supporting Information, Table S2). Spike recovery tests were
also conducted for seven concentrations of all target pesticides under
the same conditions as our samples to produce a calibration curve,
where the concentrations and analytical values showed high R? values
(above 0.995). The analyses were divided into two parts due to
budget allocations: those conducted in 2021 and those in 2022.

Land-use analysis
Latitude and longitude for each bee colony location were collected
from each beekeeper, either by extracting it from an online map or by
marking it on a printed map. The locations of the 175 colonies are
shown in Fig. 7.

The proportion of each land use within a 1000-m radius of the
locations was calculated using the raster and sf packages version 1.0-16
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Fig. 7 | Map showing the locations of the 175 Japanese honey bee (Apis cerana
Japonica) colonies sampled for pesticide residues. Each dot represents a loca-
tion, with positions shifted up to 0.1° to maintain privacy. Map data: GADM.

in R. The 1000-m radius range is based on the mean foraging range of
Japanese honey bees, which is considerably less than that of A.
mellifera™. Data from the 6th and 7th National Survey on the Natural
Environment by Ministry of the Environment, Japan (http://gis.biodic.
g0.jp/webgis/sc-006.html) were used to determine land-use status. For
one colony located in an area lacking data, the information from the 5th
National Survey was utilized. The original vegetation map had
approximately 520 categories, but for this study these were aggregated
into 14 categories: paddy fields, orchards, tea plantations, farmlands,
natural forests, plantation forests, bamboo, urban areas, large parks,
grasslands, bare lands, wetlands, coastal vegetation, and water bodies.
We also considered two higher level categories: (1) agricultural lands,
which include paddy fields, orchards, tea plantations, and farmlands
(i.e., croplands not included in the first three categories); and (2) for-
ests, which include natural forests and plantation forests.

Statistical analysis

Pesticide data were treated as separate groups for honey and beeswax
samples, as the accumulation process and physicochemical properties
of pesticides, such as water and lipid solubility, were different for
honey and beeswax samples. The analyses were conducted in three
sections: (1) assessing the individual association between each land-use
category and each pesticide by using a generalized linear model
(GLM); (2) assessing the association between land use and the pesti-
cide community (multivariate analyses); and (3) assessing the asso-
ciation between each land use and the presence of multiple
neonicotinoids (GLM). In the multivariate analyses, 14 categories of
land use were used, not including the high-level categories of agri-
cultural lands and forests. For the presence/absence of pesticide data,
two values were used: 1 for above the lower limit of quantification
(LOQ) and O for below the LOQ. All statistical analyses were performed
in R version 4.2.1 using the vegan package version 2.6-4.

Assessing the association between each land-use category and
each pesticide by GLM

In evaluating the association between each land use and colony expo-
sure to each pesticide, causality was assumed to be unidirectional, from
land use to pesticide exposure. First, we concentrated on establishing a
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one-to-one relationship between each land-use category and each
pesticide. Pesticides detected in less than 10% of sampled colonies were
excluded from the analysis due to limited positive data. GLMs with
binomial distribution and logit link function were conducted using
pesticide presence/absence as the response variable and land-use pro-
portion as the explanatory variable. Based on the GLM results, we
classified the results as positive if p < 0.05 and odds ratio > 1, negative if
p <0.05 and odds ratio <1, and non-significant otherwise. The GLM was
conducted using only the positive data (i.e., exceeding the LOQ), with
the log-transformed pesticide concentration as the response variable,
the land-use proportions as the explanatory variable, a Gaussian dis-
tribution, and the identity link function. The results of the GLM were
classified as positive if p<0.05 and coefficient >0, negative if p <0.05
and coefficient <0, and non-significant otherwise.

Assessing the association between land use and the pesticide
community by multivariate analyses

Multivariate analyses were conducted to analyze not only the rela-
tionship between pesticides and land-use categories but also the
relationship among pesticides and among land-use categories. Pesti-
cides detected in less than 10% of sampled colonies were excluded
from the analysis due to limited positive data, and data from colonies
where no pesticides were detected were not used in this analysis. The
presence/absence of pesticides and land-use proportions were trans-
formed into the Raup-Crick dissimilarity index matrix and the
Bray-Curtis dissimilarity index matrix, respectively, and a Mantel test
with Spearman correlation was performed (10,000 permutations). We
then used canonical correspondence analysis (CCA) to examine the
relationship between the presence/absence of pesticides and land-use
proportions, with pesticides as species data and land-use proportions
as environmental variables.

Pesticide concentrations and land-use proportions were trans-
formed into the Euclidean distance matrix and the Bray-Curtis dis-
similarity matrix, respectively, and a Mantel test with Spearman
correlation was performed (10,000 permutations). We subsequently
employed redundancy analysis (RDA) to investigate the relationship
between pesticide concentrations and land-use proportions. For pes-
ticide concentrations below the LOQ, we substituted the LOQ, then
log-transformed and standardized the data to have a mean of O and a
variance of 1. In this analysis, pesticide concentrations were treated as
species data, and land-use proportions were considered as environ-
mental variables.

Assessing the association between each land use and the pre-
sence of multiple neonicotinoids by GLM

To assess the risk of exposure to multiple neonicotinoids by land use,
we used a GLM with a binomial distribution and logit link function, with
the number of neonicotinoids detected in a honey sample as the
response variable and land-use proportion as the explanatory variable.
Data for all seven neonicotinoids were used in these analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The pesticide concentrations detected in this study, as well as the
proportions of each land-use category surrounding the sampling
locations, have been deposited on Code Ocean (https://doi.org/10.
24433/C0.4722550.v1). The data are also available in a Source Data
file. Source data are provided in this paper.

Code availability
The analyses and result figures in this study have been deposited on
Code Ocean (https://doi.org/10.24433/C0.4722550.v1).
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