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Letter to the editor “The resilience of the beehive”
Henk A. Tennekes

Experimental Toxicology Services (ETS) Nederland BV, Zutphen, The Netherlands

ABSTRACT
A recent quantitative weight of evidence (QWoE) assessment of higher tier studies on the toxicity
and risks of neonicotinoids in honeybees by Solomon and Stephenson reported a colony-level no-
observed-adverse effect concentration (NOAEC) of 25 µg/kg (ppb) for imidacloprid and clothiani-
din. The toxicity of these insecticides to honeybees is however known to be reinforced with
chronic exposure, and extrapolation of time-to lethal-effect toxicity plots compiled from published
studies indicate that an imidacloprid level of 0.25 ppb, i.e. one-hundredth of the reported colony
NOAEC, would kill a large proportion of bees nearing the end of their life. This huge discrepancy
points to the impressive resilience of beehives in counteracting lethal effects of neonicotinoids, as
long as the colony remains otherwise healthy with a productive queen that is able to maintain the
colony population. The explicit connection between innate immunity loss and the neonicotinoids
leading to infestation with a wide variety of pathogens appears to be the decisive factor that
ultimately bring down stressed colonies.

Drs Solomon and Stephenson have performed a
quantitative weight of evidence (QWoE) assess-
ment of higher tier studies on the toxicity and
risks of the neonicotinoids imidacloprid
(Stephenson and Solomon 2017a), clothianidin
(Solomon and Stephenson 2017a), and thia-
methoxam (Stephenson and Solomon 2017b) in
honeybees. The focus of their QWoE analysis was
on responses of honeybees to neonicotinoids
under more realistic semi-field and field condi-
tions. Toxicity data for higher-tier assessment
were provided in whole-hive feeding-exposure stu-
dies conducted over a period of 42 days. For imi-
dacloprid and clothianidin, the authors report a
colony-level no-observed-adverse effect concentra-
tion (NOAEC) of 25 μg/kg (henceforth ppb)
syrup, equivalent to an oral no-observed-adverse
effect-dose (NOAED) of 7.3 ng/bee/day for all
responses measured. For thiamethoxam, an
NOAEC of 29.5 ppb syrup, equivalent to an
NOAED of 8.6 ng/bee/day, for all responses mea-
sured is reported. The authors conclude that these
neonicotinoids, as currently used as a seed treat-
ment and with good agricultural practices, do not
present a significant risk to honeybees at the level
of the colony. I dispute this conclusion. I suggest

they have merely demonstrated the impressive
resilience of beehives in counteracting lethal
effects of neonicotinoids.

In their assessment of the risks from imidacloprid
on bees, the EFSA (2013) considered toxic endpoints
for acute (3.7 ng/bee) and chronic exposure (20 ppb)
that represent a rough consensus of the toxicity
studies reported in the literature (see review by
Blacquière et al. 2012). However, they cautioned
that there are no guidelines for chronic and sublethal
exposure testing in bees, and expressed concern
regarding the uncertainty about the biological sig-
nificance of such exposures.

Neonicotinoid insecticides are based on the nat-
ural toxin nicotine (Yamamoto et al. 1995), and
are of particular concern because they bind vir-
tually irreversibly to the nicotinic-acetylcholine
receptors in the insect’s nervous system (Abbink
1991). Damage can accumulate, and therefore the
toxic effects can be reinforced with chronic expo-
sure (Tennekes 2010). Simple accumulation of a
level of toxic exposure c to a toxic threshold would
appear as directly proportional to time t, and such
dose–response relationships are known as Haber’s
rule (Tennekes and Sánchez-Bayo 2013):

c:t ¼ constant (1)
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Reinforcement of toxic effects with chronic expo-
sure can be interpreted as coming from damaging
secondary physiological effects that develop over
time (Tennekes and Sánchez-Bayo 2013).
Observations by many authors show that the
longer the exposure time, the less amount of total
chemical is needed to kill the insects; in other
words, the LD50s decrease with exposure time
(Sánchez-Bayo 2009; Tennekes and Sánchez-Bayo
2013). Whether it is enhanced, cumulative, or
delayed toxicity, all these terms describe this situa-
tion when the power-law scaling exponent of time
is greater than 1. Using published toxicity data for
imidacloprid for several insect species, time-to-
lethal-effect toxicity plots have been constructed
and temporal power-law scaling curves have been
fitted to the data (Rondeau et al. 2014). The level
of toxic exposure to imidacloprid that results in
50% mortality after time t was found to scale as
t1.7 for ants, from t1.6 to t5 for honeybees, and
from t 1.46 to t 2.9 for termites (Rondeau et al.
2014). This dose–response relationship is known
as the Druckrey–Küpfmüller equation, which was
first established for carcinogenic nitrosamines
(Druckrey et al. 1963):

c:tn ¼ constant (2)

with n > 1
Extrapolating the toxicity scaling for honeybees

to the lifespan of winter bees suggested that imi-
dacloprid in honey at 0.25 ppb would be lethal to a
large proportion of bees nearing the end of their
life (Rondeau et al. 2014). This lethal concentration
is two orders of magnitude lower than the colony
level NOAEC for imidacloprid used by Solomon
and Stephenson in their risk analysis. Moreover,
in view of the similarity of the dose–response
relationship with that of carcinogenic nitrosa-
mines, a threshold of toxicity may not even exist,
so the discrepancies could even be much greater.

How can these conflicting data between be
reconciled? In my view, the evidence points to
the resilience of the beehive. Colony health may
not suffer significantly due to mortality of older
bees as long as the colony remains otherwise
healthy with a productive queen that is able to
maintain the colony population. Worker losses
do occur, and declining homing rates can be
accurately measured using radio-frequency

identification (RFID) tags (Feltham, Park, and
Goulson 2014; Henry et al. 2012; Ohashi,
D’Souza, and Thomson 2010). It is well known
that colonies can compensate for the losses of
worker bees. Indeed, full colony field studies on
neonicotinoid treated crops show not much dif-
ference in performance between the insecticide
treated and non-treated colonies (Faucon et al.
2005; Stadler, Martinez Gines, and Buteler 2003).
Also, a field study investigating imidacloprid-
treated maize found the level of contamination
in stored honey was between 0.05 ppb and 0.5
ppb, and yet mortality rates in apiaries were
inversely correlated with the surface of maize
fields treated but not with imidacloprid
(Nguyen et al. 2009). Additionally, risk analysis
studies and reviews of neonicotinoid use have
downplayed the importance of the neonicoti-
noids on honeybee losses, especially as the sole
agent (Blacquière et al. 2012; Cresswell 2011;
Staveley et al. 2014).

However, the explicit connection between
innate immunity loss and the neonicotinoids (Di
Prisco et al. 2013) was not known or considered in
these studies. The potential for accumulation of
neonicotinoids at receptor sites to the level where
loss of innate immunity occurs may be far more
detrimental to a beehive than direct poisoning.

It is generally accepted that multiple pathogens
ultimately bring down stressed colonies (Cornman
et al. 2012; VanEngelsdorp et al. 2010). Cornman
et al. (2012) found that colony collapse disorder
(CCD) colonies were more likely to have higher
levels of a wide variety of pathogens than weak,
but non-CCD colonies. Not only were the levels of
pathogens higher, but multiple agents were fre-
quently found in combinations not typical of
non-CCD colonies. It appears that the immune
system in the CCD colonies has gone awry, and
some authors hypothesize this is the case not only
for honey bees and bumblebees but possibly for all
insectivores (e.g., freshwater fish, birds, bats,
amphibians, reptiles) directly or indirectly exposed
to neonicotinoids and known to be in steep decline
(Mason et al. 2013).

Could it be a few parts per billion of insecticide
that makes the difference? The Di Prisco et al
(2013) study showed that both imidacloprid and
clothianidin adversely affect insect immunity and
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promote replication of a viral pathogen, DWV, in
honey bees at exposure levels 1 ppb or less with
exposure of 1–3 days. The potential for accumula-
tion of neonicotinoids at receptor sites to the level
where loss of innate immunity has been demon-
strated may explain the connection between neo-
nicotinoids and CCD, and the decline of
insectivores. For solitary insects, however, a far
wider array of toxic effects may lead to their
demise (Rundlöf et al 2015; Woodcock et al.
2016) because there is no resilient hive to counter-
act the losses.

References

Abbink, J. 1991. The biochemistry of imidacloprid.
Pflanzenschutz-Nachr. Bayer 42:183–95.

Blacquière, T., G. Smagghe, C. van Gestel, and V.
Mommaerts. 2012. Neonicotinoids in bees: A review on
concentrations, side-effects and risk assessment.
Ecotoxicology 21:973–92. doi:10.1007/s10646-012-0863-x.

Cornman, R. S., D. R. Tarpy, Y. Chen, L. Jeffreys, D. Lopez, J.
S. Pettis, D. vanEngelsdorp, and J. D. Evans. 2012.
Pathogen webs in collapsing honey bee colonies. PLoS
One 7:e43562. doi:10.1371/journal.pone.0043562.

Cresswell, J. 2011. A meta-analysis of experiments testing the
effects of a neonicotinoid insecticide (imidacloprid) on
honey bees. Ecotoxicology 20:149–57. doi:10.1007/s10646-
010-0566-0.

Di Prisco, G., V. Cavaliere, D. Annoscia, P. Varricchio, E.
Caprio, F. Nazzi, G. Gargiulo, and F. Pennacchio. 2013.
Neonicotinoid clothianidin adversely affects insect immu-
nity and promotes replication of a viral pathogen in honey
bees. Proc. Nat. Acad. Sci. USA 110:18466–71. doi:10.1073/
pnas.1314923110.

Druckrey, H., A. Schildbach, D. Schmaehl, R. Preussmann,
and S. Ivankovic. 1963. Quantitative analysis of the carci-
nogenic effect of diethylnitrosamine. Arzneimittelforschung
13:841–51.

EFSA. 2013. Conclusion on the peer review of the pesticide
risk assessment for bees for the active substance imidaclo-
prid. Efsa J 11:3068. doi:10.2903/j.efsa.2013.3068.

Faucon, J.-P., C. Aurières, P. Drajnudel, L. Mathieu, M.
Ribiere, A.-C. Martel, S. Zeggane, M.-P. Chauzat, and M.
F. A. Aubert. 2005. Experimental study on the toxicity of
imidacloprid given in syrup to honey bee (Apis mellifera)
colonies. Pest Manage. Sci. 61:111–25. doi:10.1002/ps.957.

Feltham, H., K. Park, and D. Goulson. 2014. Field realistic
doses of pesticide imidacloprid reduce bumblebee pollen
foraging efficiency. Ecotoxicology 23:317–23. doi:10.1007/
s10646-014-1189-7.

Henry, M., M. Béguin, F. Requier, O. Rollin, J.-F. Odoux, P.
Aupinel, J. Aptel, S. Tchamitchian, and A. Decourtye.
2012. A common pesticide decreases foraging success and

survival in honey bees. Science 336:348–50. doi:10.1126/
science.1215039.

Mason, R., H. Tennekes, F. Sánchez-Bayo, and P. U. Jepsen.
2013. Immune suppression by neonicotinoid insecticides
at the root of global wildlife declines. J. Environ. Immunol.
Toxicol. 1:3–12. doi:10.7178/jeit.1.

Nguyen, B. K., C. Saegerman, C. Pirard, J. Mignon, J. Widart,
B. Thirionet, F. J. Verheggen, D. Berkvens, E. De Pauw,
and E. Haubruge. 2009. Does imidacloprid seed-treated
maize have an impact on honey bee mortality? J. Econ.
Entomol. 102:616–23. doi:10.1603/029.102.0220.

Ohashi, K., D. D’Souza, and J. D. Thomson. 2010. An auto-
mated system for tracking and identifying individual nec-
tar foragers at multiple feeders. Behav. Ecol. Sociobiol.64:
891–97. doi:10.1007/s00265-010-0907-2.

Rondeau, G., F. Sánchez-Bayo, H. A. Tennekes, A. Decourtye,
R. Ramırez-Romero, and N. Desneux. 2014. Delayed and
time-cumulative toxicity of imidacloprid in bees, ants and
termites. Sci. Rep. 4:5566. doi:10.1038/srep05566.

Rundlöf¨, M., G. K. S. Andersson, R. Bommarco, I. Fries, V.
Hederström, L. Herbertsson, O. Jonsson, B. K. Klatt, T. R.
Pedersen, J. Yourstone, and H. G. Smith. 2015. Seed coat-
ing with a neonicotinoid insecticide negatively affects wild
bees. Nature 521:77–80. doi:10.1038/nature14420.

Sánchez-Bayo, F. 2009. From simple toxicological models to
prediction of toxic effects in time. Ecotoxicology 18:343–54.
doi:10.1007/s10646-008-0290-1.

Solomon, K. R., and G. L. Stephenson. 2017a. Quantitative
weight of evidence assessment of higher tier studies on the
toxicity and risks of neonicotinoids in honeybees. 3.
Clothianidin. J. Toxicol. Environ. Health B 20:346–64.
doi:10.1080/10937404.2017.1388567.

Stadler, T., D. Martinez Gines, and M. Buteler. 2003. Long-
term toxicity assessment of imidacloprid to evaluate side
effects on honey bees exposed to treated sunflower in
Argentina. Bull. Insectol 56:77–81.

Staveley, J. P., S. A. Law, A. Fairbrother, and C. A. Menzie.
2014. A causal analysis of observed declines in managed
honey bees (Apis mellifera). Human Ecol. Risk Assess.
20:566–91. doi:10.1080/10807039.2013.831263.

Stephenson, G. L., and K. R. Solomon. 2017a. Quantitative
weight of evidence assessment of higher-tier studies on the
toxicity and risks of neonicotinoids in honeybees. 2.
Imidacloprid. J. Toxicol. Environ. Health B 20:330–45.
doi:10.1080/10937404.2017.1388564.

Stephenson, G. L., and K. R. Solomon. 2017b. Quantitative
weight of evidence assessment of higher tier studies on the
toxicity and risks of neonicotinoids in honeybees. 4.
Thiamethoxam. J. Toxicol. Environ. Health B 20:365–82.
doi:10.1080/10937404.2017.1388568.

Tennekes, H. A. 2010. The significance of the Druckrey-
Küpfmüller equation for risk assessment - The toxicity of
neonicotinoid insecticides to arthropods is reinforced by
exposure time. Toxicology 276:1–4. doi:10.1016/j.
tox.2010.07.005.

Tennekes, H. A., and F. Sánchez-Bayo. 2013. The molecular
basis of simple relationships between exposure

JOURNAL OF TOXICOLOGY & ENVIRONMENTAL HEALTH, PART B 3

D
ow

nl
oa

de
d 

by
 [

81
.2

06
.1

65
.2

33
] 

at
 0

7:
57

 0
8 

Ja
nu

ar
y 

20
18

 

https://doi.org/10.1007/s10646-012-0863-x
https://doi.org/10.1371/journal.pone.0043562
https://doi.org/10.1007/s10646-010-0566-0
https://doi.org/10.1007/s10646-010-0566-0
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.2903/j.efsa.2013.3068
https://doi.org/10.1002/ps.957
https://doi.org/10.1007/s10646-014-1189-7
https://doi.org/10.1007/s10646-014-1189-7
https://doi.org/10.1126/science.1215039
https://doi.org/10.1126/science.1215039
https://doi.org/10.7178/jeit.1
https://doi.org/10.1603/029.102.0220
https://doi.org/10.1007/s00265-010-0907-2
https://doi.org/10.1038/srep05566
https://doi.org/10.1038/nature14420
https://doi.org/10.1007/s10646-008-0290-1
https://doi.org/10.1080/10937404.2017.1388567
https://doi.org/10.1080/10807039.2013.831263
https://doi.org/10.1080/10937404.2017.1388564
https://doi.org/10.1080/10937404.2017.1388568
https://doi.org/10.1016/j.tox.2010.07.005
https://doi.org/10.1016/j.tox.2010.07.005


concentration and toxic effects with time. Toxicology
309:39–51. doi:10.1016/j.tox.2013.04.007.

VanEngelsdorp, D., N. Speybroeck, J. D. Evans, B. K.
Nguyen, C. Mullin, M. Frazier, J. Frazier, D. Cox-Foster,
Y. Chen, D. R. Tarpyg, E. Haubruge, J. S. Pettis, and C.
Saegerman. 2010. Weighing risk factors associated with
Bee Colony collapse disorder by classification and regres-
sion tree analysis. J. Econ. Entomol. 103:1517–23.
doi:10.1603/ec09429.

Woodcock, B. A., N. J. Isaac, J. M. Bullock, D. B. Roy, D. G.
Garthwaite, A. Crowe, and R. F. Pywell. 2016. Impacts of
neonicotinoid use on long-term population changes in
wild bees in England. Nat. Commun. 7:12459.
doi:10.1038/ncomms12459.

Yamamoto, N., G. Yabuta, M. Tomizawa, T. Saito, T.
Miyamoto, and S. Toshibali. 1995. Molecular mechanism
for selective toxicity of nicotinoids and neonicotinoids. J.
Pest. Sci. 20:33–40. doi:10.1584/jpestics.20.33.

4 H. A. TENNEKES

D
ow

nl
oa

de
d 

by
 [

81
.2

06
.1

65
.2

33
] 

at
 0

7:
57

 0
8 

Ja
nu

ar
y 

20
18

 

https://doi.org/10.1016/j.tox.2013.04.007
https://doi.org/10.1603/ec09429
https://doi.org/10.1038/ncomms12459
https://doi.org/10.1584/jpestics.20.33

	Abstract
	References

