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Abstract

During the 2000s, the problem of pesticide poisoning of honeybees seemed to be almost
solved. The number of cases has decreased in comparison to the 1970s. The problem of
acute honeybee poisoning, however, has not disappeared, but instead has transformed
into a problem of poisoning from ‘traditional’ pesticides like organophosphorus pesticides
or pyrethroids, to poisoning from additional sources of ‘modern’ systemic neonicotinoids
and fipronil. In this article, the biological activity of pesticides was reviewed. The poison-
ing symptoms, incident definitions, and monitoring systems, as well as the interpretation
of the analytical results, were also reviewed. The range of pesticides, and the detected
concentrations of pesticides in poisoned honeybee samples, were reviewed. And, for the
first time, cases of poisoning related to neonicotinoids were reviewed. The latter es-
pecially is of practical importance and could be helpful to analysts and investigators of
honeybee poisoning incidents. It is assumed that secondary poisoning induced by plant
collected materials contaminated with systemic pesticides occurs. Food stored in a hive
and contaminated with systemic pesticides consumed continuously by the same genera-
tion of winter bees, may result in sub-lethal intoxication. This leads to abnormal behav-
iour identified during acute intoxication. The final result is that the bees discontinue their
social role in the honeybee colony super organism, and colony collapse disorder (CCD)
takes place. The process described above refers primarily to robust and strong colonies
that were able to collect plenty of food due to effective plant protection.

Keywords: colony collapse disorder, fipronil, honeybee poisoning, neonicotinoids,

secondary poisoning, systemic pesticides
INTRODUCTION

In recent years, there has been a global decline
in the honeybee population. In many European
and North American countries, beekeepers and
scientist reported huge losses of honeybee
colonies. The latest data from the United States
showed the unexpected finding that commercial
beekeepers were reporting greater total summer
loss than total winter loss (Seitz et al., 2015).
When the honeybee colonies take the opportuni-
ty to use the plant flowering season to reinforce
themselves after the hard winter period, they
may be exposed to potentially toxic pesticides by
several routes summarised on Fig. 1.

Honeybees are exposed to different types
of natural and artificial chemical substances.
Pesticides are the second group of man-made

chemicals in the world after the fertilisers, as
concerns the amount applied and the extent of
use (AAAS, 2013). Within the European Union
there are 484 active substances approved for
use as pesticides and 793 substances no longer
approved for use as pesticides according to
Regulation (EC) No 1107/2008.

Overwintered, old, and poorly fed bees are
more vulnerable to pesticides than young ones.
This is most likely true because such bees
have a decrease of vitellogenin - a hemolymph
protein with antioxidant properties (Johnson,
2015). Compared to other insects, honeybees
are extremely sensitive to pesticides, due to a
deficiency in the number of genes encoding de-
toxification enzymes (Atkins, 1992; Claudianos
et al, 2006). Intraspecific genetic differenc-
es also have an impact on the susceptibility

]



KILJANEK E1 AL

Pesticide poisoning of honeybees

@ Neectar

Spray
applicatioﬂa.q @

=N

Systemic pesticides

Fig. 1

Different routes by which honeybees may be exposed to pesticides.

to pesticides, e.g. imidacloprid (Suchail, Guez &
Belzunec, 2001).

To minimise the risk of honeybee poisonings or
unacceptable weakening of a colony, the regis-
tration procedures of plant protection products
(PPPs) take this issue into account. Many
authors note the overall decline in bee pesticide
poisoning incidents in most countries of Europe
and North America as a consequence of proper
and sufficient risk management. The number of
incidents investigated in the United Kingdom and
the number of incidents attributed to pesticides
has halved during each 5 year period from
1994 to 2003 (Barnett, Charlton & Fletcher,
2007). In Germany, the number of samples with
damaged bees sent for the investigation, also
decreased from more than 400 in the 1970s to
67 in 2004 (vanEngelsdorp & Meixner, 2010).
The above mentioned figures may seem to
assure that currently approved pesticides do

)

not pose an unacceptable risk to honeybees.
This is a simplified and far-reaching conclusion.
The latest data from Germany indicates a sig-
nificantly increased number of samples that
have been sent and chemically analysed as part
of the investigation into honeybee poisoning
incidents (Bischoff et al, 2010). Analytical
methods used during the investigation of
poisoning incidents may have inadequate scope
or limits of detection of analysed pesticides.
Also monitoring systems worked out on the
basis of only contact honeybee poisonings could
become obsolete in respect to the risks related
to systemic insecticides.

Post-registration monitoring of honeybee
poisonings provides real data of what pesticides
have poisoned bees, and what residue concen-
trations detected in dead bee samples indicate
the poisoning. Concentrations of pesticides in
honeybees are the best measure of honeybee



exposure, and the best measure of the bio-
availability of pesticides after PPPs applica-
tion. Bee-collected plant materials are not as
great a measure (Blacquiére et al., 2012). Such
systems and schemes should allow collecting
real data in a standardize way in order to
compare the scale of poisoning and correspond-
ing residues in dead honeybees, as well as to
compare plant products collected and stored
in the affected hives. From gathered data it is
known that not all colonies get weaker to the
same extent. The extent of colonies damaged in
confirmed honeybee poisoning incidents varied
between 10-90% (Pistorius et al., 2009). These
figures mean that without honeybee poisoning
monitoring data, it would be almost impossible
to obtain one common result from controlled
experimental data, since there are too many
variables. The already published field trials
which concluded that there were no effects on
honey bees from neonicotinoids, were statisti-
cally incapable of detecting predicted sublethal
effects (Cresswell, 2011). From a compilation of
retrospective data, it is known that contami-
nated food stores caused increased prolonged
mortality (Pistorius et al., 2009) of up to several
weeks. This data was experimentally confirmed
with dietary exposure to contaminated pollen
(Pistorius et al., 2015). Beebread may be a
reservoir of toxic systemic pesticides which
when constantly eaten by wintering bees, leads
to secondary sub-poisoning. Even similar and
less intensive symptoms of acute poisoning
(during the time when the poisoned bees could
not be replaced), would lead to the perdition
of honeybee social roles and to the rest of the
honeybees removing themselves from their
colony (Rueppell, Hayworth & Ross, 2010).
There are indications that reduced pollination-
service delivery is not due to pesticide-induced
changes in individual bee behaviour, but most
likely due to effects at the colony level (Stanley
et al, 2015). This information is valuable for
scientists, regulators, agrochemical companies,
farmers, beekeepers, and enforcement au-
thorities. These data could help improve risk
assessment processes used during registration
of PPPs. The data could also help to establish

. APIC. 3CI. VOL 60 NO. 2 2016

accurate guidance for inspection and controlling
the risk of already approved pesticide uses, by
standardisation of monitored systems.
Biological activity of pesticides in honeybees
It is necessary to include data about the modes
of action of the insecticides, even if limited only
to groups of substances determined as being the
main cause of honeybee poisoning. The sublethal
effects of insecticides on cognitive, behavioural,
and physiological functions of honeybees have
already been studied (Desneux, Decourtye &
Delpuech, 2007; Belzunces, Tchamitichian &
Brunet, 2012).

Neonicotinoids act on different subtypes of
the nicotinic acetylcholine receptors (NAChRS)
which are located entirely in the central
nervous system of insects. Neonicotinoids
initially increase the frequency of sponta-
neous discharge but will further completely
block nerve propagation (Ensley, 2012). These
compounds imitate the natural neurotransmit-
ter acetylcholine, and mainly act agonistically
on post synaptic nAChRs (Van der Sluijs et al.,
2013). Death of the insect occurs as a result
of neuronal hyper-excitation. Nitro substituted
neonicotinoids, such as imidacloprid, clothiani-
din, and thiamethoxam, are more toxic to bees
than cyano substituted ones. Some of neonico-
tinoid metabolites are also neurotoxin and are
involved in honeybee mortality.

Phenylpyrazole fipronil block gamma-aminobu-
tyric acid (GABA) receptors and furthermore
block glutamate-activated chloride channels
(GluCls). The central nervous system of insects is
thus disrupted (Narahashi et al., 2010). Fipronil,
like organophosphorus insecticides, causes hy-
perexcitation of the nerves and muscles of
insects. At sufficient concentrations, Fipronil
causes paralysis and death. Studies on several
crops showed Fipronil metabolism in plants to
fipronil-amide, fipronil-sulfone, and fipronil-
sulfide, whilst after foliar application, additional
photodegradation to desulfinyl-fipronil occurs
(Simon-Delso et al., 2015).

Organophosphorus insecticides inhibit ace-
tylcholinesterase (AChE), the enzyme that
catalyzes the hydrolysis of neurotransmitter
acetylcholine. Acetyl cholinesterase chemically
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reacts with an insecticide and as a consequence
AChE cannot fulfil its function resulting in
gradual accumulation of neurotransmitter at the
nerve synapse or neuro-muscular junction, and
continuous stimulation of nerve fiber or muscle.
Organophosphorus insecticides containing P=S
are less reactive than those having P=0 in their
structure. Chlorpyrifos containing P=S group
during a metabolic oxidation reaction, as part
of the animal's defence system, forms a much
more toxic P=0 structure. Organophosphorus
insecticides could lead to general perturbation
in all systems (Desneux, Decourtye & Delpuech,
2007).

Pyrethroids are able to alter the sodium channel
function of cells in insect neuronal membranes,
thereby disrupting electrical signalling in the
nervous system (Soderlund, 2010). But there
is broad agreement that pyrethroids affect a
variety of voltage- and ligand-gated ion channels
such as chloride and calcium ones. The inhibition
of cells (but without a lethal effect), causes a
knockdown phenomenon in insects. A variety of
ion channels affected by different pyrethroids
suggests that it is not appropriate to assess the
risks of cumulative exposure to multiple pyre-
throids with simple additivity models (Soderlund
etal, 2002).

As far as the mode of action of individual groups
of pesticides is concerned, a new challenge is to
understand the toxicity of pesticide mixtures.
It needs to be highlighted, that risk assessment
during the registration process is done individu-
ally for each compound, while synergy effects
between pesticides from different groups of
uses occurs and are utilised by PPPs producers.
In order to overcome the inadequate efficacy or
considerably lower permitted application rates
of active compounds, the synergistic effects
of insecticides and fungicides are exploited. In
such cases, the activity of the mixture is greater
than the activity of the individual components.
Novel active compound combinations consisting
of at least one neonicotinoid (clothianidin, thia-
cloprid, dinotefuran, acetamiprid, nitenpyram,
imidacloprid or thiamethoxam) and benalaxyl
M and/or metalaxyl M, are synergistically
effective and have surprisingly good insecti-
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cidal and fungicidal properties (Krohn, Becker
& Hungenberg, 2008). Even the combination of
four pesticides comprising fipronil or ethiprole
and three fungicides are patented (Voeste,
Haden & Oloumi-Sadeghi, 2014). That is why
more attention should be paid to specific residue
mixtures because they may result in synergistic
toxicity to bees (Sanchez-Bayo & Goka, 2014).
Symptoms of honeybee poisoning - definition
of incident

The fundamental symptom indicating that
poisoning occurs is the high number of dead
bees. The figures established by the FAO as
guidelines for assessing the extent of pesticide
poisoning are; that 100 dead bees per day is
the colony’'s normal death rate; 200-400 dead
bees indicate a low level of pesticide poisoning;
500-1000 dead bees indicate a medium level
of pesticide poisoning; over 1000 dead bees
indicate a high level of pesticide poisoning
(Akratanakul, 1990). Information has been
gathered by the EFSA about natural background
mortality. The information incorporates a value
of 5.3% daily forager mortality as a conserva-
tive acceptable level for risk assessment on bees
(EFSA, 2013). The critical mortality threshold of
250 dead bees per station per week found in
the underbasket trap, was used by research-
ers for proving potential bee poisoning risks
(Porrini et al., 2003). However, this figure is not
the actual mortality rate because only a small
portion of the total of dead bees can be found
in the trap. In Germany and Poland, the inves-
tigation of honeybee poisoning occurs when at
least 1000 dead bees are collected (JKI, 2010;
PIWET, 2016). The Canadian Pest Management
Regulatory Agency (PMRA) classifies bee
poisoning incidents as ‘minor’, ‘moderate’, or
‘major’. The classification is based not only on the
number of dead bees but also on the abnormal
behavioural effects exhibited by £<10% of bees
in any one colony, 10-30% of bees in any one
colony (1000-3000 bees from each of five or
more colonies), or at least 30% of bees in any
one colony (at least 3000 bees from each of
five or more colonies), respectively (Cutler,
Scott-Dupree & Drexler, 2014).

Typical clinical symptoms of acute insecti-



cide poisoning include cramping, disorient-
ed behaviour of bees, and abnormal wing

movements. Several intoxication symptoms like
cramping, disorientation, locomotion problems,
and abdominal spasms of dying bees were
observed after bees were exposed to a priori
defined 0.25 g dose of clothianidin in dust per
ha (Pistorius et al., 2015). A temporary effect of
strong aggressiveness during exposure of bees
to clothianidin from dust was also observed
(EFSA, 2013a). Because exposure is not uniform
for bees, the extent of particular effects will
vary. After the intoxication with neonicotinoids,
such anomalous behaviour of worker bees as
rolling, was observed in 71.4% of the affected
hives, disorientation - in 57.4%, aggressiveness
- in 23.8%, and incapability to enter the hive -
in 52.3% (Bortolotti et al., 2009). Other authors
noticed trembling, tumbling or behaving in an
uncoordinated and unsynchronised way after
exposure of honeybees to imidacloprid and its
metabolites (Suchail, Guez & Belzunces, 20013;
Medrzycki et al., 2003).

The definition of incident, in many cases is
rather conservative, and based on the use of
pesticide and not on how many bees, colonies or
apiaries were affected. One pesticide application
causing bee deaths at several apiaries would be
counted as one incident. Incidents often affect
up to several hundred honeybee colonies. It was
considered a better way to measure the impact
of a pesticide, than the total number of suffered
colonies (Thompson & Thorbahn, 2009).
Legislation - monitoring systems

Within the European Union, monitoring studies
are recommended as a complement to risk
assessment, according to the Regulation (EC)
No 1107/2009. Monitoring is an invaluable tool
for verification of the conditions of exposure
and the occurrence of risk in the field, as well
as the efficiency of risk mitigation measures.
In 2010, the EU Commission required Member
States to initiate monitoring programmes. The
purpose was to verify the real exposure of
honeybees to some neonicotinoids (clothiani-
din, thiamethoxam, imidacloprid) and fipronil, in
areas extensively used by bees for foraging or
by beekeepers, where and as appropriate (EU,
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2010). However, there is no official EU guide
for performing monitoring studies for honey
bees or other pollinating insects. A review of
current methodologies applied in 24 gathered
honeybee monitoring studies, was made. The
result was that monitoring studies were rec-
ommended (Alix & Garrido, 2015). Despite the
fact that many honeybee monitoring studies
were to establish the exposure to pesticides, or
to perform residue analysis in bee matrices or
pollen/nectar/flowers, the proposed recommen-
dations did not include any of these aspects.
Thus, the result may be a general lack of data on
pesticide concentrations and lack of direct cor-
relation with a particular pesticide or pesticide
mixture.

The EU did not establish any system to centralise
and publish information on honeybee poisoning.
Even in individual Member States, the data are
often managed by several different institutions
and frequently only with a restricted area of
coverage. This leads to a poor, limited distribu-
tion of toxicoepidemiological data, with little or
no availability for stakeholders or the general
public. The United States, in contrast to the
EU, established a detailed and comprehensive
guide for inspecting alleged cases of pesticide-
related bee incidents (US EPA, 2013). The guide
assumes standardising and strengthening the
inspections of honeybee death incident, as an
important element of the U.S. Environmen-
tal Protection Agency's Pollinator Protection
Strategic Plan. The guide contains recommenda-
tions covering the collection of preliminary in-
formation, pre-inspection planning, interviewing
the beekeeper, inspecting the hive, inspecting
the site of bee deaths, identifying and inspecting
potential pesticide sources and separate attach-
ments like sampling and sample analysis, and an
example on-site hive inspection checklist. The
US guidance is an excellent principle of stand-
ardisation for the investigation of honeybee
poisoning incidents.

Post-registration surveillance of pesticides
has been established to permit reporting of
suspected cases of honeybee poisonings and
to inform the regulatory process in the UK,
Germany, and the Netherlands (Thompson &
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Thorbahn, 2009). Honeybee pesticide incidents
in Canada should be reported directly to the
PMRA or alternatively to the pesticide company
that is obligated by law to file a report to the
PMRA. Reporting to government authori-
ties gives reliable data on honeybee pesticide
incidents, and provides valuable feedback on a
regulatory system. Government funding usually
supports conducting extensive analytical
diagnosis of complex situations when infor-
mation is lacking, when standard toxicological
analyses may not be sufficient and further in-
vestigation of these incidents may require an
additional investment of time and money.
Monitoring systems are varied between
countries in terms of: reporting individual
cases of poisoning, criteria of identification,
categorisation, analytical examination, and in-
terpretation of the results. Above all, the ef-
fectiveness of post-registration monitoring of
honeybee poisoning depends primarily on the
willingness of the beekeepers who suffered
honeybee losses. That willingness is correlated
with benefits that beekeepers could gain after
they gather the investigation results. In view of
the important ecological and economic value of
bees, there is a need to monitor and maintain
healthy bee stocks, not just locally or nationally,
but globally. The production of 84% of crop
species cultivated in Europe, depends directly
on insect pollinators, especially bees (Klein et al.,
2007).

Interpretation of the analytical results -
toxicity of pesticides

The main evidence of the involvement of
certain active substances in the poisoning of
honeybees, is the residue found in the sample
of dead bees. The incidents were attributed
to pesticides when pesticide residues were
detected in bees and other related materials,
such as plants on which the bees had been
foraging (Thompson & Thorbahn, 2009). This
interpretation is correct in reference to acute
contact poisoning incidents. But the investiga-
tion of poisoning related to systemic pesticides
needs knowledge that previous seed treatment
could be source of secondary poisoning through
contaminated pollen, nectar, and guttation
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water. Not only is the presence of pesticide
residue detected in collected samples essential
for an interpretation, but in many cases also
the level of concentration. The significance of
a result is assessed primarily against: published
toxicity data, other supporting field informa-
tion, and/or experience of previous incidents.
A specific decisive threshold does not exist,
although a study utilising honeybees as bioindi-
cators could be helpful provided that the scope
of the analytical methods do not focus mainly
on active substances withdrawn from use many
years ago (Barganska, Slebioda & Namie$nik,
2016). Within the UK, an incident is attributed
to pesticide poisoning if the residue is close
to or above the median lethal dose LD,, or
‘subsequent residue level’ (Fletcher & Barnett,
2003). Interpretation of the result is often
clear-cut (a large positive or a negative result).
Sometimes, in the case of small residues (usually
when the victim has taken a long time to die),
conclusions are based on the combined power
of field, veterinary, and analytical evidence, in-
terpreted on the basis of more than 30 years
of investigations, in addition to published and
experimental data (Brown et al., 2005). Recent
studies emphasised that ‘the formulation and
not just the dose makes the poison’ (Mullin et
al., 2015), and that a lack of disclosure of formu-
lation ingredients in major products limits risk
analysis (Mullin, 2015). It was stated, that formu-
lation will likely be a major influence in affecting
both the toxicity and the environmental fate of
pesticides. Also stated, is that toxicity and phys-
icochemical properties obtained for the active
ingredients are a source of serious limitation
(Mineau et al., 2008). On the risk assessment of
bees, EFSA suggested that studies with the for-
mulation are only required for spray application
(Tab. 1), but only if the toxicity of the formu-
lation cannot be predicted on the basis of the
active substance.

A comprehensive review of LD, or LC,, values
gathered from the Pesticide Manual (Tomlin,
2009), the ECOTOX database of the US. EPA,
and the Agri-Tox Database of the ANSES in
France, has already been done (Sanchez-Bayo &
Goka, 2014). This review included data for 76%
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Table 1

The recommendations of required studies on the active substance or formulation (EFSA, 2013)

Application method

Study with active

Study with formulation

substance required required
Spray
Acute oral Yes —always required Yes

If exposure to spray
deposits are likely, then

Acute contact

If exposure to spray
deposits are likely, then

required required
Chronic oral toxicity to Ves No
adults
Toxicity to larvae Yes No
Solid
Acute oral Yes No
If exposure to spray
Acute contact deposits are likely, then No
required
Chronic oral toxicity to Ves No
adults
Toxicity to larvae Yes No

of the existing insecticides and fungicides and
83% of acaricides, registered for use in agricul-
ture.

Finally, it should be noted that the LD, and LC,,
illustrates the toxic dose and not the residue in
honeybees. For this reason, the LD, and LC,,
cannot be used as decisive threshold values for
making a statement about whether the concen-
tration found in dead honeybees clearly indicates
poisoning. Little is known about the persistence
of pesticides in apicultural matrices kept under
field conditions. The residue detected in bees
is low compared to the LD, probably because
of pesticide degradation due to the exposure
to field conditions (humidity, light and temper-
ature variation). The decomposition of some
pesticides in dead honeybees as well as plant
samples was investigated, but such data are
extremely limited (Kamler et al., 2003; Laurino
et al, 2011; DEFRA, 2014). The half-life studies
showed that there was slower penetration of
the waxy insect cuticule by lipophobic pesticides
(DEFRA, 2014). An example that lipophobic (clo-

thianidin) and lipophilic (chlorpyrifos) properties
show a clear impact in contact absorption of
active substances, is shown on Fig. 2.

This could also mean that contact toxicity of
other lipophobic pesticides could be underesti-
mated and uncertain, and surfactants, penetrant
enhancers, spreaders, stickers etc. have a huge
impact on the toxicity of active ingredients
and should be mandatory included in the risk
assessment. Producers of PPPs in formulations,
use auxiliary organic solvents such as aromatics,
chlorinated aromatics or chlorinated aliphatic
hydrocarbons, mineral oil fractions etc. The
standardise method for studying acute contact
pesticide toxicity towards Apis mellifera presup-
poses that the test substance be preferably
applied as a solution in acetone or as a water
solution with a wetting agent (Medrzycki et al.,
2013). Other organic solvents of low toxicity to
bees may be used but they must be administered
in the negative reference. The acetone or water
is only one of the pluralities of organic solvents
used in pesticide formulations and in the light of

I
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Plots of percentage of dose measured with respect to time after dosing (from DEFRA, 2014).

the other above arguments, they do not reflect
reality. The external waxy layer of insect ep/-
cuticule creates a barrier for polar solvents and
lipophobic active substances. In such cases the
toxicity of a formulation cannot be predicted on
the basis of the active substance test.
Analytical methods

As with the monitoring systems and the
definition of an incident, there are also differ-
ences in the approaches with pesticide residue
analysis. A common goal is to investigate a
poisoning incident and take samples as soon as
possible.

The range of investigated compounds is
different within different monitoring schemes.
A review of those chromatographic methods
published up till now, of pesticide residues
analysis in honeybees, is already available
(Kiljanek et al., 2016). These methods differ
by the number of analysed pesticides and by
the share of currently approved active ingre-

dients. In Germany, herbicides and fungicides
were routinely screened and used as a ‘fin-
gerprint’ to establish a link between bee and
plant material, whilst in the UK, fungicides
and herbicides were only screened when field
evidence suggested that they may be implicated
(Thompson & Thorbahn, 2009). Recent studies
showed that an average of four pesticides were
determined in poisoned honeybee samples, and
up to thirteen pesticides were simultaneously
detected (Kiljanek et al., 2016). In the UK, imi-
dacloprid or ergosterol biosynthesis inhibition
(EBI) fungicides, are only sometimes considered
in the testing (Barnett, Charlton & Fletcher,
2007), and pesticide mixtures were found only
in 4% of incidents between 1994 and 2003
(Thompson & Thorbahn, 2009). The multi-resi-
due analysis results in a more complete picture
of the possible reasons of poisoning, and makes
it possible for an effective investigation even
when there are limited initial data about the



application of a specific PPP. Furthermore, the
synergism between fungicides and insecti-
cides occurs and is widely patented by chemical
companies.  Ergosterol-biosynthesis-inhibiting
fungicides could repeatedly increase the toxicity
of insecticides (lwasa et al., 2004).

In Germany, before chemical analysis, a biotest
of contact toxicity with bee samples and larvae
of Aedes aegyptiis undertaken. The biotest was
positive in 91.4% of the samples of honeybee
poisoned with clothianidin (Pistorius et al,
2009). Bee samples often are also screened
for common biological agents that in some
periods of a year could be mortality factors as
it is shown on Fig. 3. Visual inspection and mi-
croscopic examination of stomach contents and

. APIC. 3CI. VOL 60 NO. 2 2016

tested objects such as pollen, beebread, nectar,
and guttation water. The analysis of beebread
may be underestimated, since it is most likely
that individual pollen layers in a cell show a
variation of the residue content, and partial con-
tamination cannot be detected (Pistorius et al,,
2009).

Pesticide concentrations in
honeybee samples

One of the main goals of this review was to
collect already published data from different
countries, that may illustrate the problem of
honeybee poisoning with pesticides. The range
of detected pesticides and concentrations of
particular pesticides, in poisoned honeybee
samples are compiled in Tab. 2. Some publica-

poisoned
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Fig. 3

Main mortality factors affecting honeybees in northern Italy (from Maini et al., 2010).

bee parts could also be conducted, as well as pa-
lynological analysis of the origin of the pollen in
the body hair and pollen basket loads (Pistorius
et al,, 2009).

The analysis of systemic pesticides should be as
sensitive as possible to meet the challenges of

tions only made available data that could help
in establishing the frequency of honeybee
poisonings with a particular insecticide (Barnett,
Charlton & Fletcher, 2007; Bischoff et al., 2010).
Collected data are often obviously limited to
the capabilities of the analytical method used.

13
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Table 2

Range of pesticides and their concentrations detected in poisoned honeybee samples

Number of

Detected pesticides samples Concentration range (ng/g) Reference
Clothianidin 27 36-39.2
Imidacloprid 27 1.0 - 240.6 Bortolotti et al., 2009
Thiamethoxam 3 248-138
ﬂgmli?)rc]frlg Z; ! 1__212%2 Pistorius et al., 2009
Clothianidin 2 1.2 Nikolakis et al., 2009
Tebuconazole 12 10 - 1146
Omethoate 1 93 - 1156
Fipronil 10 10-64
Dimethoate 9 238 - 4864
C\éllgig)yzgl‘gs 2 “138 ~ 2(557 Walorczyk & Gnusowski, 2009
Fenitrothion 2 473 - 963
Boscalid 1 33
Phosalone 1 66
Prochloraz 1 412
- Chauzat et al.,
Clothianidin 1 1.8 2010
Zeta-cypermethrin N 90-5 910
Chlorpyrifos 9 10-576 576
Bifenthrin 7 20-130
Cypermethrin 4 29-6300
Dimetoate 4 11-7 280
Tebuconazole 4 60-1 780
Fipronil 3 8-17
Alpha-cypermethrin 2 40-1344
Chlorothalonil 1 1 Lozowicka, 2013
p.p’-DDE 1 90
o,p-DDT 1 30
p.p-DDT 1 80
Dichlorvos 1 302
Gamma-HCH 1 10
Lambda-cyhalothrin 1 110
Permethrin 1 15650
Phosalone 1 235
Clothianidin 21 0.7-399
Chlorpyrifos 4 <L0Q-46
Thiamethoxam 4 0.5-496
Coumaphos 2 <L0Q-20.3
Imidacloprid 2 03-57
Fipronil 1 81.5 s
Fipronil sulfone 1 791 Kasiotis et al, 2014
Indoxacarb 1 15.2
Penconazole 1 474
Phoxim 1 750
Thiacloprid 1 <L0Q
Trifloxystrobin 1 58
Chlorpyrifos 16 2-220
Fenitrothion 1 22-6 999
Pirimiphos-methyl 10 1-42
Dimethoate 6 10-40
Chlorpyrifos-methyl 3 5-492
Cypermethrin 1 26 855 Porrini et al., 2014
Diazinon 1 46
Malathion 1 74
Omethoate 1 63
Parathion 1 6
Parathion-methyl 1 1
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Chlorpyrifos 38
Dimethoate 30
Clothianidin 22
Tebuconazole 18
N-2.4-Dimethylphenylfor- 17
mamide (DMF) 13
Cyprodinil 12

Thiophanate-methyl
N-2.4-Dimethylphenyl-N"-
methylformamidine (DMPF)
Chlorothalonil
Zeta-cypermethrin
Carbendazim
Azoxystrobin
Difenoconazole
Pyrimethanil
MCPA
Trifloxystrobin
Fludioxonil
tau-Fluwalinate
Acetamiprid
Boscalid
Etofenprox
Fipronil
Fipronil-sulfone
Imidacloprid
Thiacloprid
2.4-D
Fipronil-carboxamide
Fipronil-sulfide
Lambda-cyhalothrin
Prochloraz
Propiconazole
Prosulfocarb
Thiamethoxam
Abamectin
Alpha-cypermethrin
Beta-cyfluthrin
Bifenazate
Clomazone
Cyflufenamid
Deltamethrin
Desmedipham
Dithianon
Fipronil-desulfinyl
Flurochloridon
Flusilazole
Imidacloprid-urea
Metalaxyl-M/Metalaxyl
Metconazole
Myclobutanil
Pendimethalin
Phenmedipham
Propaquizafop
Quinoclamine
S-Metolachlor
Spinosyn A
Terbuthylazine
Tetraconazole

_
_

P, s, S S S S S S S NN NWWWWWARMNOUOONNNOWO

1.5-3290
1.4 - 1596
53-76.2
1.6 -1245
59-147
10.2-782
3.6-160

171 - 746

10.2 - 55800

9.0-329
1.7-225
23-146
21-731
54-120
5.0-303
1.9-770
43-20.0
9.2-1080
20-70
1.7-82
3.0-44.0
34.2-271
232-590
2.2-26.5
33-174
21.9-288
1.8-2.2
46-66
11.0-14.0
54-445
9.3-68.1
57-156
44.0-275
588
1.0
9.7
211
1.6
1.8
125
6.9
952
55
342
44
4.0
3
10.2
109
121

Kiljanek et al.,
2016

Some compounds, due to their physicochemi-
cal properties, could only be analysed with
gas or liquid chromatography. Only methods
utilizing both gas and liquid chromatography
could analyse the whole range of pesticides
that create a main risk for honeybees.

Neonicotinoid poisoning of honeybees

Clothianidin is the active ingredient established
as a cause of most of the investigated honeybee
poisoning incidents. Clothianidin was detected in
at least 217 dead bee samples (Tab. 2). The con-
centrations of clothianidin in dead honeybees
ranged from 0.5 to 212.2 ng/g. The data from

1y
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monitoring healthy honeybee colonies showed
a maximum clothianidin residue of 0.65 ng/g
(DEFRA, 2014). A concentration of about 0.5
ng/g, or to be more certain 1 ng/g of clothiani-
din found in poisoned honeybees, could indicate
that this active ingredient was the cause of
death. This extreme poisoning risk of clothiani-
din is well documented by mortality and residue
data available from controlled experiments, as
shown in Fig. 4 and Fig. 5, respectively.
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Pesticide poisoning of honeybees

(Nikolakis et al., 2009) . The concentration of
clothianidin in dead bees at a level of 1.2 ng/g
indicates poisoning. It should be reconsider
that honeybees could be secondarily poisoned
when being exposed to systemic residues of
clothianidin within pollen, nectar, and guttation
water. The secondary poisoning with systemic
residues of clothianidin confirms the report that
sub-lethal exposure of systemic neonicotinoids
affects the winterization of healthy colonies

TDAA
2DAA
3DAA
4DAA
SDAA
EDAA
7DAA

Days before (DBA) / after (DAA) Application

Fig. 4

Mean number of dead worker bees per day before and after application of dust with clothianidin formulation (from

Pistorius et al., 2015).

It is a far reaching conclusion that systemic
residues of clothianidin do not pose a risk to
bee colonies and that the colonies are not
exposed a second time to their harmful levels.
The results of honeybee colonies health
monitoring program conducted during plant
growing season in Germany, in the areas where
spring honeybee poisonings related to contam-
inated dust accompanying sowing occurred,
showed only two samples of dead bees with
clothianidin residues at the level of 1.2 ng/g

and it is the secondary poisoning that subse-
quently leads to CCD (Lu, Warchol & Callahan,
2014).

Other neonicotinoids such as imidacloprid and
thiamethoxam were also detected in poisoned
honeybees. The detected imidacloprid con-
centrations were from 0.3 to 240.6 ng/g. Ac-
cordingly, thiamethoxam was detected in
concentrations from 0.5 to 275 ng/g. Other ne-
onicotinoids such as thiacloprid and acetamiprid
were also determined.



35
2 ~
25 =

19
10

pg/kg Clothianidinin dead bees

. APIC. 3CI. VOL 60 NO. 2 2016

—>*%—C

7
<
<
O

2DAA X

3DAA X
4DAA X
6DAA X
7DAA

Hours (h) / Days after application

Fig. 5

Residues in dead bees from traps in control, test item treatment T1 and T2 after application of dust with clothia-

nidin formulation (from Pistorius et al., 2015).

Fipronil poisoning of honeybees

Fipronil, the active substance banned as a seed
treatment within the EU (EU, 2013), similarly
three neonicotinoids (EU, 2013a), was detected
in54 honeybee poisoning cases. The concentra-
tions ranged from 8 to 271 ng/g (Tab. 2). It was
found that fipronil quickly converts to fipronil
sulfone, which has a similar toxicity and could
possibly accumulate in foraging bees exposed
to multiple sub-acute doses over several days
(DEFRA, 2014). In the summaries of almost all
the incidents of honeybee poisonings gathered
by EFSA, the conclusions are, that although
fipronil and its metabolite were detected in
the bee samples, fipronil and its metabolite
were never detected in plants and that is why
bee losses were correlated to ‘other’ factors
(EFSA, 2013b). Fipronil was allowed for use
during seed treatment, soil treatment, and as
a biocide, and it was difficult to link the results
with the uses. In more than 70% of honeybee
poisoning cases investigated in Hungary, the

link between the pesticide application and
honeybee poisoning could not be established.
Nonetheless it was concluded that the most
severe impact on the colonies was observed
in the fipronil cases (Fazekas et al, 2012).
Generally the sources of fipronil honeybee
poisoning were unknown and considered to be
‘other’. In Poland, the poisoning of honeybees
occurred in the early autumn, and it was not
connected with any spray application. An in-
vestigation demonstrated that the poisoned
hives were located in the neighbourhood of
cauliflower plantings. The EU allowed fipronil
as a seed treatment for the group of Brassica
vegetables intended to be sown in fields and
harvested before flowering (EU, 2013). In such
a case, the source of honeybee poisoning
could be guttation water and/or pollen con-
taminated with systemic fipronil from the seed
treatment. Guttation drops can be contaminat-
ed with systemic neonicotinoids in concentra-
tions near those applied during field sprays, or

I/
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even higher (Girolami et al., 2009). Surprisingly,
fipronil was never detected in guttation drops
(Bonmatin et al.,, 2015) though it was reported
as one of the most frequent residues found in
pollen in France (Chauzat et al., 2006, 2009,
2011). The cause could be that only fipronil
but not its metabolites (which are known to
be of the same toxicity to honeybees as the
parent substance), were examined in guttation
water till now (Tapparo et al., 2011). In autumn,
the water demand of honeybee colonies is
almost exclusively covered by guttation water
collection (Reetz et al, 2012). The poisoning
of honeybees foraging cauliflower in the
early autumn could be a perfect example of
secondary poisoning.

Organophosphorus pesticide poisoning and
pyrethroid poisoning of honeybees
Chlorpyrifos is the second most commonly
quantified pesticide in poisoned honeybee
samples. Chlorpyrifos was measured in con-
centrations from 1.5 to 576576 ng/g (Tab.
2). Other organophosphorus pesticides like
dimethoate, and its metabolite omethoate,
were detected in concentrations from 1.4 to
7280 ng/g and 63 to 1156 ng/g, respectively.
Organophosphorus pesticides lead to many
honeybee poisoning incidents.

Pyrethroids like the isomers of cypermethrin,
lambda-cyhalothrin, bifenthrin, and deltame-
thrin, were detected in a total of 81 honeybee
poisoning cases (Tab. 2). Maximum pyrethroid
residues, with the exception of cypermethrin,
were approximately two times lower than ne-
onicotinoid residues and much less than con-
centrations of organophosphorus pesticides.
Pyrethroids have a quick knockdown effect.
This means that bees would be more likely to
die away from the hive and not be reported.
Additionally, pyrethroids have a low application
rate which could result in very small concen-
trations of the pyrethroids in dead bees, and
could result in the under-reporting of poisoning
incidents (Mineau et al., 2008).

Conclusion

Neonicotinoids and fipronil are first systemic
insecticides. Neonicotinoids toxicity against
honeybees could be underestimated. Because

Pesticide poisoning of honeybees

neonicotinoids have systemic and hydrophilic
properties, they can persist in plant matter.
This ability causes an extreme risk of acute
toxicity and also secondary poisoning and
sub-poisoning of winter honeybees which are
dependent on a very limited source of food.
Poisoning, secondary poisoning or sub-poison-
ing probably cause colony collapse disorder.
Gradually eating toxic food could lead winter
bees to exceed the toxic level. The bees then
lose proper functioning of the nervous system
and lose appropriate behaviour during the
winterising period. The absence of the proper
fulfilment of social functions assigned to the
different castes of bees consequently leads
to extinction of the superorganism. A strong
colony becomes somewhat victim to the
well-being of plants and collection of large
stocks of food. In the winter it is not possible
to get rid of the bees which are ‘disobeying the
queen’ and to replace these bees with new,
useful copies. Systemic pesticides most likely
cause secondary systemic poisoning.
Fungicides, particularly systemic ones, as well
as insecticides, could play a synergistic role in
sub-poisoning. A clearly significant positive re-
lationship between the probability of a colony
showing disorders and the total number of
fungicides, has been discovered (Simon-Delso
et al,, 2014). Midgut metabolism is important in
the detoxification of chemicals in the honeybee.
Therefore, the health of the midgut is key in
the detoxification following oral exposure
(Thompson et al., 2014). Fungicides may have
an impact on the colony since they modify the
existing microflora present in the beebread
(DeGrandi-Hoffman, Chen & Simonds, 2013;
Yoder et al, 2013) or because they modify
existing microflora in the bee intestinal tract
(Batra, Batra & Bohart, 1973; Anderson et al,,
2011). Thus, fungicide residues could impair
detoxification of systemic insecticides ad-
ministered orally with beebread. The model
explaining the delayed and time-cumulative
toxicity of imidacloprid, based on its mode of
action, already exists (Rondeau et al., 2014).
Honeybees are at risk of ‘modern’ systemic
pesticides. Pre-registration risk assessment



addresses the sources of risks very well.
But, the protection of honeybees also needs
a ‘systemic’ approach and not only already
worked-out solutions. Systemic clothianidin
is @ top insecticide causing acute honeybee
poisonings in Europe and North America. Risk of
secondary poisonings or sub-poisoning which
is most probably the CCD phenomenon, needs
to be globally and comprehensively managed
and resolved. The honeybee poisoning investi-
gation systems, worked out on the basis of ex-
periences with ‘traditional’ contact poisoning,
are unable to investigate secondary poisoning
or sub-poisoning from systemic pesticides.
The fate of honeybees is inextricably linked
with the fate of pest insects such as aphids
and diseases transferred by the pests, such as
the barley yellow dwarf virus (BYDV). Fighting
against this virus carried out by combating
aphids has already been identified as a
possible source for another massive honeybee
poisoning incident.
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