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Aworldwide survey of neonicotinoids
in honey
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Growing evidence for global pollinator decline is causing concern for biodiversity
conservation and ecosystem services maintenance. Neonicotinoid pesticides have been
identified or suspected as a key factor responsible for this decline. We assessed the global
exposure of pollinators to neonicotinoids by analyzing 198 honey samples from across
the world. We found at least one of five tested compounds (acetamiprid, clothianidin,
imidacloprid, thiacloprid, and thiamethoxam) in 75% of all samples, 45% of samples
contained two or more of these compounds, and 10% contained four or five. Our results
confirm the exposure of bees to neonicotinoids in their food throughout the world. The
coexistence of neonicotinoids and other pesticides may increase harm to pollinators.
However, the concentrations detected are below the maximum residue level authorized for
human consumption (average ± standard error for positive samples: 1.8 ± 0.56 nanograms
per gram).

N
eonicotinoids are currently themostwidely
used class of insecticides worldwide (1).
These pesticides are increasingly prevalent
in terrestrial and aquatic environments
(2, 3).Neonicotinoids are takenupbyplants

and transported to all organs, including flowers,
thus contaminatingpollen andnectar aswell as any
fluid produced by the plant (3). There are increas-
ing concerns about the impact of these systemic
pesticides, not only on nontarget organisms—
especially pollinators such as honey bees (4–6)
and wild bees (7, 8), as well as in other terrestrial
and aquatic invertebrates (9, 10)—but also on
vertebrates (11–14), including humans (15, 16).
Impacts on such a broad range of organisms
ultimately also affect ecosystem functioning
(17). As a result, the pertinence of use of these
pesticides is currently being questioned in many
countries (18), with a ban now implemented in
France, and alternatives proposed (19). However,
despite increasing research efforts to understand
the patterns of neonicotinoid uses and their ef-
fects on living organisms, we lack a global view of
the worldwide distribution of neonicotinoid con-
tamination in the environment (18) to evaluate
the risk posed to living organisms. To build such
amap,wemeasuredneonicotinoid concentrations
in 198 honey samples from different regions of
the world.

Bees rely on nectar and pollen sources for their
survival. Nectar is transformed into honey and
stored in the hive for daily adult consumption and
is essential for winter survival. A mature colony
can be populated by up to 60,000 adult bees and
therefore needs vast amounts of food. Individuals
harvest nectar and pollen less than 4 km from the
hive, on average, but may travel up to 12.5 km
away (20, 21), which makes bees distinctive sen-
tinels of environment quality. Indeed, the resi-
due level of pesticides in honey from a hive is a
measure of the contamination in the surround-
ing landscape (22). Honey samples are easy to
obtain from a very broad range of geographical
localities, thus enabling a worldwide analysis.
Analytical protocols have been developed to an-
alyze neonicotinoid concentrations in honey (23),
and several studies have quantified the con-
centration of neonicotinoids in honey (24–26).
However, the amount of data is limited, quanti-
fication thresholds vary among studies, and a
global picture of neonicotinoid contamination
in honey is lacking.
Here we present a global survey of neonicoti-

noid contamination in honey samples from all
continents (exceptAntarctica), aswell asnumerous
isolated islands. We measured the concentra-
tions of five commonly used neonicotinoids—
acetamiprid, clothianidin, imidacloprid, thiacloprid,
and thiamethoxam—in 198 samples (tables S1
to S3) collected through a citizen science proj-
ect (described in details in the supplementary
materials). Overall, 75% of all honey samples
contained quantifiable amounts of at least one
neonicotinoid. This proportion varied consider-
ably among regions, being highest in North
American (86%), Asian (80%), and European
(79%) samples and lowest in South American
samples (57%) (Fig. 1, figs. S1 and S2, and tables
S1 and S4). Thirty percent of all samples con-
tained a single neonicotinoid, 45% contained
between two and five, and 10% contained four
or five. Multiple contaminations were most fre-
quent in North America, Asia, and Europe and

least frequent in South America and Oceania
(table S4 and Fig. 1). Frequency of occurrence
was highest for imidacloprid (51% of samples)
and lowest for clothianidin (16%). Maximum
and average concentrations among positive sam-
ples were highest for acetamiprid and thiaclo-
prid (table S5).
The frequency of occurrence of individual

neonicotinoid in honey samples and their rela-
tive contribution to the overall neonicotinoid
concentration varied among the regions (Fig. 1).
Imidacloprid dominated overall concentrations
in Africa and South America, thiacloprid in
Europe, acetamiprid in Asia, and thiamethoxam
in Oceania and North America (Fig. 1), reflecting
regional differences in usage of specific pesticide
types. In all regions, at least one neonicotinoid
was recorded in at least 25% of samples, and three
neonicotinoids (thiamethoxam, imidacloprid, and
clothianidin) were recorded in at least 50% of
samples in North America (table S6).
The total concentration of the five measured

neonicotinoids was, on average, 1.8 ng/g in posi-
tive (i.e., contaminated) samples and reached a
maximum of 56 ng/g over all positive samples
(table S4). This average concentration lies within
the bioactive range (27, 28), causing deficits in
learning (29, 30), behavior (31), and colony per-
formances (8, 32) in honey bees (table S8). As for
the percentage of positive samples, maximum,
median, and average concentrations were highest
in European, North American, and Asian samples
(figs. S3 to S8 and table S4). Maximum residue
levels (MRLs) authorized in food and feed prod-
ucts in the European Union (EU MRLs: 50 ng/g
for acetamiprid, imidacloprid, and thiacloprid
and 10 ng/g for clothianidin and thiamethoxam)
were not reached for any tested neonicotinoid.
The sum of percentages of EU MRLs for the five
neonicotinoids reached 3.6%, on average, for all
positive samples, exceeded 10% in eight samples,
and surpassed 100% in two European samples
(table S1).
Our global survey showed that 75% of all

analyzed honey samples contained at least one
neonicotinoid in quantifiable amounts and that
these pesticides are found in honey samples from
all continents and regions. Previous studies con-
ducted at smaller scales (regional to national)
reported a broad range of frequency of occur-
rence and concentrations of neonicotinoids in
honey, depending on the compound, distance
to neonicotinoid-treated agricultural field, and
limits of detection. The percentage of positive
samples is, to some extent, correlated with the
detection limits (table S7). For example, in a
British study (26), 16 out of 22 samples were
positive for clothianidin, but for all of these
samples the measured concentrations (>0.02
to 0.82 ng/g) were below the detection limit of a
Serbian study (1.0 ng/g) in which no sample
tested positive (33). With the improvement of
analytical methods, we can therefore expect that
the proportion of positive samples will increase.
Differences inmethods and especially in limits of
quantification (LOQ) render comparisons among
studies of little relevance. Thus, to some extent,
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our results illustrate that the ever-increasing
analytical sensitivity allows detecting traces of
pesticides where they previously were not detect-
able. But given the increasing use of neonicoti-
noid pesticides in the different regions of the
world, despite partial bans such as the one im-
plemented in the EU, it is also reasonable to
expect contamination to have increased over
time. Total bans, such as the one soon to be im-
plemented in France, may reverse this trend in
the future.
Although 75% of samples tested positive for

at least one neonicotinoid, concentrations were,
in all cases, below the admissible limits for hu-
man consumption according to current EU and
U.S. regulations (i.e., MRLs). On the basis of our
current knowledge, consumption of honey is
therefore not thought to harm human health.
However, recent evidence for impacts of neo-
nicotinoids on vertebrates (12, 13), including

humans (15, 16, 34), and especially evidence
for up-regulation of nicotinic a4b2 AChRs
receptors in the mammal brain during chronic
exposure and for higher affinity of metabolites
versus the parent neonicotinoid (imidacloprid)
(14), could lead to reevaluating MRLs. Although
the impact of the measured concentrations of
neonicotinoids in honey on vertebrates, includ-
ing humans, is considered negligible, a signif-
icant detrimental effect on bees is likely for a
substantial proportion of the analyzed samples,
as adult bees rely on honey for food, including
during periods of overwintering or seasons
without blossoming flowers. The increasingly
documented sublethal effects of neonicotinoid
pesticides at environmentally relevant concen-
trations on bees and other nontarget organisms
include growth disorders, reduced efficiency of
the immune system, neurological and cognitive
disorders, respiratory and reproductive func-

tion, queen survival, foraging efficiency, and
homing capacity at concentrations as low as
0.10 ng/g (table S8).
One of the challenges of assessing the risks

associated with the use of pesticides is to eval-
uate their impact at field-realistic exposure con-
centrations. A total concentration of 0.10 ng/g,
corresponding to the lowest concentration at
whichmarked detrimental effects were observed
onnontarget insects (27) (table S8), was exceeded
in 48% of our honey samples (table S1). There-
fore, our results, combinedwith the growing body
of evidence for detrimental effects on bees and
other nontarget invertebrates, suggest that a
substantial proportion of world pollinators are
probably affected by several neonicotinoids. An-
other challenge is to evaluate the influence of
chronic exposure to some neonicotinoids on
nontarget insects’ sensitivity to other neonico-
tinoids. Recent studies showed an increased
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Fig. 1. Worldwide contamination of honey by neonicotinoids.
(A) Worldwide distribution of honey contamination by neonicotinoids.
White symbols, concentration below quantification levels (<LOQ) for all
tested neonicotinoids; colored symbols, >LOQ for at least one neonicotinoid;
shading indicates the total neonicotinoid concentration (nanograms per
gram). Pie chart insets: Relative proportion of overall concentration of each

neonicotinoid by continent (legend in bottom inset). (B) Overall percentage of
samples with quantifiable amounts of 0, 1, or a cocktail of 2, 3, 4, or 5
individual neonicotinoids. (C) Proportion of samples with 0, 1, 2, 3, 4, and 5
individual neonicotinoids in each continent. (D) Rank-concentration
distribution of total neonicotinoids in all of the 149 samples in which
quantifiable amounts of neonicotinoids were measured.
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sensitivity to neonicotinoids after frequent or
long-term exposure (27, 32).
Defining the thresholds below which neo-

nicotinoids would not even have a sublethal effect
under chronic exposure is much more difficult
than assessing levels corresponding to short-
term acute toxicity. Therefore, the proportion
of samples that may affect bees cannot be
ascertained based on current knowledge, but
this study shows that pollinators are globally
exposed to neonicotinoids, partly at concen-
trations shown to be harmful to bees. The fact
that 45% of our samples showed multiple con-
taminations is worrying and indicates that bee
populations throughout the world are exposed
to a cocktail of neonicotinoids. The effects of ex-
posure to multiple pesticides, which have only
recently started to be explored (35), are suspected
to be stronger than the sum of individual ef-
fects (18). This worldwide description of the
situation should be useful for decision-makers
to reconsider the risks and benefits of using
neonicotinoids and provides scientists an in-
ventory of the most frequent combinations of
neonicotinoids found in honey (table S9). We
urge national agriculture authorities to make
the quantities of neonicotinoids and other pes-
ticides used on their territories publicly available
and also professionally available to epidemiolo-
gists at amuch higher geographical resolution to
enable correlative studies between local events
and pesticide load.
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IMMUNOLOGY

Visualizing the function and fate of
neutrophils in sterile injury
and repair
Jing Wang,1,2,3* Mokarram Hossain,1,3* Ajitha Thanabalasuriar,1,3 Matthias Gunzer,4

Cynthia Meininger,5† Paul Kubes1,3,6†‡

Neutrophils have been implicated as harmful cells in a variety of inappropriate
inflammatory conditions where they injure the host, leading to the death of the neutrophils
and their subsequent phagocytosis by monocytes and macrophages. Here we show that
in a fully repairing sterile thermal hepatic injury, neutrophils also penetrate the injury site
and perform the critical tasks of dismantling injured vessels and creating channels for
new vascular regrowth. Upon completion of these tasks, they neither die at the injury
site nor are phagocytosed. Instead, many of these neutrophils reenter the vasculature and
have a preprogrammed journey that entails a sojourn in the lungs to up-regulate CXCR4
(C-X-C motif chemokine receptor 4) before entering the bone marrow, where they
undergo apoptosis.

S
terile injury is a broad term covering many
inflammatory diseases that occur in the ab-
sence of microorganisms. Most of these are
characterized by an essential inflammatory
phase followedby a resolutionphase, which

leads to homeostasis (1). Most studies, however,
use models of high-fat diet, smoking, ischemia-
reperfusion, toxicdrugs, andautoimmunedisorders,
all of which lack a resolution phase. In thesemod-
els, neutrophils have been hypothesized to be in-
appropriately recruited and activated. They are
then thought to release a variety of proteases and

oxidants, which causes host-tissue injury (2, 3).
To date, the therapeutic strategy has been to in-
hibit the recruitment of neutrophils and thereby
allow for repair. However, this simplistic view
may be fundamentally flawed inasmuch as neu-
trophils are also recruited in huge numbers in
models of resolving sterile injury, where they
may play a critical role in the repair process (4).
Neutrophils are thought to die at sites of in-
flammation and then be phagocytosed by mono-
cytes andmacrophages (5). In zebrafish embryos,
neutrophils migrate out of the vasculature to
sites of sterile injury but then immediately re-
enter the vasculature in a process termed reverse
migration (6). In mammalian systems, there is
growing evidence that neutrophils can at least
migrate into the subendothelial space adjacent
to the basementmembraneof postischemicmuscle
and thenmigrate back into the vasculature, travel-
ing to the lungs, where they cause injury (7, 8).
The function and fate of neutrophils in a sterile
injury model that leads to normal healthy repair
remains unclear.
In a simple thermal hepatic injury model

(~0.02 mm3), an increase inneutrophil recruitment
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