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Agrochemical formulations are composed of two broad groups of chemicals:
active ingredients, which confer pest control action, and ‘inert’ ingredients,
which facilitate the action of the active ingredient. Most research into the
effects of agrochemicals focusses on the effects of active ingredients. This
reflects the assumption that ‘inert’ ingredients are non-toxic. A review of rel-
evant research shows that for bees, this assumption is without empirical
foundation. After conducting a systematic literature search, we found just
19 studies that tested the effects of ‘inert’ ingredients on bee health. In
these studies, ‘inert’ ingredients were found to cause mortality in bees
through multiple exposure routes, act synergistically with other stressors
and cause colony level effects. This lack of research is compounded by a
lack of diversity in study organism used. We argue that ‘inert’ ingredients
have distinct, and poorly understood, ecological persistency profiles and
toxicities, making research into their individual effects necessary. We high-
light the lack of mitigation in place to protect bees from ‘inert’ ingredients
and argue that research efforts should be redistributed to address the knowl-
edge gap identified here. If so-called ‘inert’ ingredients are, in fact,
detrimental to bee health, their potential role in widespread bee declines
needs urgent assessment.
1. Introduction
Ecosystem services provided by pollinators contribute $235–577 billion to the
global economy each year, with bees providing the majority of pollination [1].
However, declines in bees have been identified, with, for example, 37% of
European bee species with known population trends being in decline [2].
This poses a significant threat to the economic value bees provide [1].
Numerous factors may contribute, but one that has been repeatedly implicated
based on correlational, experimental and modelling data at a range of scales is
the widespread use of pesticides [3–6]. However, pesticides are not applied
alone, but are used within complex formulations. Each formulation includes
both the active ingredient itself, and co-formulants that facilitate the action of
the active ingredient [7]. When applied to crops, such formulations are often
further accompanied by separate products added to the tank mixture called
adjuvants that complement the action of the pesticide. Both co-formulants
and adjuvants play a range of roles, including as surfactants that help active
ingredients penetrate leaves, emulsifiers that help products stay thoroughly
mixed, and solvents that help to dissolve the active ingredient [7]. These sub-
stances are referred to as ‘inert’ ingredients, because they are not intended to
have direct pest control action.
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There are no comprehensive figures for global ‘inert’ use,
as California is the only regulatory zone to accurately record
their application [8,9], but they are known to be heavily used
globally. According to the United States (US) federal Environ-
mental Protection Agency, there are around 4000 ‘inert’
ingredients in use in the US [10]. No equivalent data are
available for the European Union (EU) as a whole, but
there are, for example, 294 adjuvant products and 2892 pesti-
cide products registered for use in the UK [11,12]. As almost
all active ingredients are applied as part of formulations, all
formulations contain co-formulants, and formulations are
commonly sprayed in a tank mix containing an adjuvant pro-
duct, we can surmise that the quantity of ‘inert’ ingredient
application is commensurate to, or likely even exceeds, that
of active ingredients. Further, no mitigation measures are
attached to adjuvants, meaning they can often be sprayed onto
crops while bees forage on them. Co-formulants typically only
have mitigation measures carried over from the active ingre-
dient, not measures tailored to their specific toxicity. Thus,
the exposure of bees to them, though unquantified, is
likely to be considerable.

While regulatory bodies require active ingredients to
undergo a suite of toxicity testing on bees (e.g. [13–16]), no
parallel testing is required for individual ‘inert’ ingredients
[13,14], despite evidence of potential toxicity [17,18]. Instead,
in the EU, there is toxicity testing of a single commercial pro-
duct per active ingredient, called the ‘representative
formulation’ [19], while in the US, only the toxicity of the
active ingredient is considered [13,20]. In the EU, at the
national level, all other formulations with the same active
ingredient, of which there can be hundreds [11], need indi-
vidual approval. Which additional formulations trigger
testing is determined by the similarity of their composition
to already tested substances [21]. If their toxicity to bees
can be predicted from existing data for formulations with a
similar composition, then no additional testing is required.
Formulations for which toxicity cannot be reliably predicted
are not submitted to the full suite of ecotoxicological testing,
but instead are benchmarked against existing products
using mortality at a single dose to demonstrate equivalent
toxicity [21].

Current regulatory regimes are insufficient to protect bees
for three main reasons. First, the adjuvants that are added to
these formulations via tank mixes undergo no bee toxicity
testing at all [13,14], meaning that there is no regulatory
data confirming their safety to bees (with the exclusion of
limited testing in Germany [22]). An otherwise safe formu-
lation could become toxic to bees if the adjuvant added is
toxic [23]. Second, extensive data, including that collected
by regulators, has demonstrated incredibly high variation in
the toxicity of formulations with the same active ingredient
to bees [24,25]. Finally, regulatory testing regimes are tailored
to detect toxicity from potent insecticides capable of causing
short-term mortality at low doses, not from ‘inert’ ingredients
which may have more subtle, but still pertinent, sublethal
effects at higher doses [26]. This could mean their toxicity is
underestimated by regulatory testing.

Current understanding of the effects of ‘inert’ ingredients
is almost exclusively centred around how they impact the
toxicity of active ingredients [20,27]. Here, we focus on the
individual impacts of ‘inert’ ingredients, rather than how
they impact active ingredient toxicity, which is outside the
scope of this review. It is important that we understand the
effects of ‘inert’ ingredients in isolation because the ecological
fate of each ingredient is unlikely to be uniform across the
formulation [28,29].

Importantly, the development process of active ingredi-
ents makes them less likely to be ecologically persistent
than ‘inert’ ingredients. Regulations, like maximum residue
limits, that aim to cap consumer exposure incentivize agro-
chemical companies to produce active ingredients that
readily degrade. There are no maximum residue limits for
‘inert’ ingredients [14], and as such no pressure to produce
fast-decaying substances. For example, the pyrethroid insecti-
cide deltamethrin has a half-life in pond water of less than
1 day [30]. By contrast, the surfactant adjuvant Multi-Film
X-77, which can be applied as part of the same tank mix as
pyrethroids, can repel honeybee visitation from a pond for
six months after an initial spiking of 500 mg kg−1 [31,32].
This concentration of Multi-Film X-77 also causes honeybees
to drown at high rates for 60 days after application [31]. In
this scenario, the pyrethroid active ingredient has degraded
well below the limit of detection while the ‘inert’ adjuvant
is still causing significant mortality for months afterwards.
This illustrates that assuming that all ingredients in a formu-
lation will behave in a uniform manner once in the
environment is unlikely to be true.

One of the reasons that there is a paucity of data on the
environmental fate or toxicity of ‘inert’ ingredients’ is that,
under EU law, only co-formulants with specific human
hazard statements attached need to be reported as ingredi-
ents [33]. EU laws are nonetheless among the most
stringent in the world, with comparable documents from
the US having less information. The identity and concen-
tration of other ingredients are explicitly protected under
EU law as proprietary information [14]. Maintaining the iden-
tity of ‘inert’ ingredients as trade secrets severely impedes
researchers’ capacity to understand how they spread in,
and affect, nature [25,34].

The limitations of current regulatory testing regimes are
illustrated by the fate of the three neonicotinoid insecticides
(imidacloprid, thiamethoxam and clothianidin) for which
authorization for outdoor use was revoked in the EU in
2013 [19]. These substances had passed full bee ecotoxicologi-
cal testing but were nonetheless later shown through
academic research to cause serious detriment to bees and
bee populations, as a result of sublethal effects that the regu-
latory process failed to detect [3,35]. Just as the limited scope
of the regulatory system failed to detect the risk that these
neonicotinoids posed to bees [36], ‘inert’ ingredients too
could be damaging to bees without triggering concern
during the regulatory process. Consequently, academic
research has a significant role to play in assessing the exposure,
hazards and risks associated with ‘inert’ ingredients.

Existing academic research on ‘inert’ ingredients has
focussed on surfactants (most commonly as adjuvants) and
solvents (most commonly as co-formulants). Surfactants
(derived from surface active agent) are among the most
common adjuvant types [12]. They function by reducing sur-
face tension, enabling the spray to spread out over the surface
of the leaf, increasing contact area and active ingredient
uptake by the plant [37]. Solvents are co-formulants that
allow an active ingredient to be dissolved at a higher concen-
tration than if it were dissolved in water [7]. Because
formulations are sold as concentrated stocks, this makes for-
mulations cheaper to produce, distribute and store. Crop oil
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concentrates are a much less frequently studied type of ‘inert’
ingredient. They are typically petroleum-based spray adju-
vants used to reduce droplet evaporation and aid
degradation of the wax surface on a leaf, promoting active
ingredient penetration. The substances described above are
used widely in agriculture, and their impacts on bee health
are not well understood. As such we use a systematic
review approach to comprehensively summarize what is
known about the effects of such ‘inert’ ingredients on bees.
/journal/rspb
Proc.R.Soc.B

289:20212353
2. Methods
Web of Science Core Collection and Google Scholar searches
were undertaken based on the methods used by Cullen et al.
[38] and Haddaway et al. [39], using the PRISMA framework
[40], and combined with forward and backwards citation tracing
to ensure that all relevant literature was captured. We acknowl-
edge that using only the English language potentially excludes
relevant literature. Full methods, including search terms,
inclusion criteria and definitions are available in the electronic
supplementary material.

The literature captured was not appropriate for a
meta-analysis, so no quantitative analysis has been conducted.
Peer-reviewed studies were included in the review if they
presented experimental research testing at least one treatment
of an agricultural co-formulant or adjuvant, with an appropriate
control, or measured residues of an agricultural co-formulant or
adjuvant in bees, honey, wax or bee-collected nectar or pollen.
Because the word adjuvant is used to refer to co-formulants by
some authors we define it here as meaning a separate product
used as a tank additive [7].
3. Results
A total of 19 studies (from 1973 to 2021) fulfilled the inclusion
criteria, comprising 16 experimental studies, two residue
analysis studies, and one experimental and residue analysis
study. There was a mixture of methodological approaches,
with 12 laboratory, three semi-field and four field studies.
However, diversity among study organisms was severely lim-
ited, with 16 studies testing honeybees, and just three studies
on a species other than Apis mellifera (specifically, the bumble-
bee Bombus terrestris, and the solitary bees Osmia lignaria and
Megachile rotundata). This demonstrates the lack of knowledge
about how these widely applied substances could impact any
of the other approximately 20 000 bee species [41].

Most studies (n = 14) tested surfactants, while some tested
solvents (n = 4) and only one tested crop oil concentrates,
stickers or wetting agents (n = 1). The life-history stage
studied varied, with adults being the most commonly
studied stage (n = 14), followed by larvae (n = 6), and then
pupae (n = 2) and eggs (n = 1). Nearly all studies focused on
mortality (n = 15), while food consumption was the second
most studied metric (n = 5), followed by reproduction (n = 4).
Among the studies measuring ‘inert’ ingredient residues,
two focussed on surfactants, and one on solvents. In total, 56
substances or products have been experimentally tested in
the academic literature, and just nine have been tested in
more than one study, indicating a lack of depth of study for
those tested. For further analysis of the studies included in
this study, and the metrics extracted from them, see the elec-
tronic supplementary material. We note that seven of the
post-2010 studies are from one network of authors. Further
detail and a table summarizing the key findings of each
study can be found in the electronic supplementary material.

The risk an agrochemical poses to bees is a combination of
the exposure bees face and the likely consequences if exposed
(hazard). Below, the research identified in this systematic
review is divided into two sections: residue studies, which
quantify exposure, and then experimental studies, which
quantify hazard.
(a) Residue studies
Because the ecological persistency of ‘inert’ ingredients in
nature is poorly understood we do not know to what
extent exposure occurs [28]. To address this question, it is
possible to measure ‘inert’ ingredient residues in bee
matrices, such as honey, pollen, nectar, wax and bees them-
selves. The limited evidence available has typically
identified wax as a major substrate for residue accumulation
[42,43]. Two studies have looked at various surfactants, and
one at the solvent N-methyl-2-pyrrolidone (NMP).

Chen & Mullin [42] analysed trisiloxane surfactants in
honeybee matrices. Trisiloxane surfactants are common
surfactant co-formulants in the organosilicone group and
are included in spray adjuvants like Silwet L-77 and Dyne-
Amic. They can be used with a range of pesticide classes,
and on a range of crops. Chen & Mullin [42] sampled
honey, pollen and wax samples from seven US states, and
while there were no positive detections in honey, 60% of
pollen and all wax samples had positive detections (max. con-
centrations 39 µg kg−1 and 390 µg kg−1, respectively). The
same authors later tested for nonylphenol ethoxylate and
octylphenol ethoxylate surfactants in the same matrices [43].
Again, honey was the least contaminated (46 ± 26 µg kg−1,
mean ± s.d.), followed by pollen (429 ± 203 µg kg−1) and wax
(1051 ± 2897 µg kg−1). While Chen & Mullin [43] also ident-
ified trisiloxane surfactants residues in almond flowers, this
study is not included in the systematic review results because
the matrix analysed was not collected by bees. These studies
demonstrate that bees are exposed to surfactants at non-
negligible concentrations; however, whether these concen-
trations have a meaningful toxic impact is unknown,
particularly as the experimental literature reviewed below
typically uses much higher concentrations.

NMP is a solvent co-formulant often used in insecticide
formulations [44]. Experimentally exposed honeybee larvae
were less capable of metabolizing NMP residues than
workers [44]. While another residue analysis study, Fine
et al. [45] was excluded from this systematic review (because
the matrices studied were not collected by bees), its results
are still of interest as it is the only study in which an ‘inert’
ingredient was purposefully applied to a crop to enable the
explicit measurement of residues in pollen or other bee
relevant matrices [45]. Following the manufacturer’s instruc-
tions, an insecticide formulation (Rimon 0.83EC), containing
40–50% NMP, was applied to apple trees either at the bud
stage or while flowering. When sprayed at bud, a high of
22 000 µg kg−1 (17 150 ± 4390 µg kg−1) in pollen was detected
12 h after application, while direct application to the flowers
found a high of 234 600 µg kg−1 in pollen 2.5 h after appli-
cation [45]. These residue levels were 58 × higher than those
of the active ingredient novaluron, demonstrating the high
levels of exposure bees face.
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The lack of exposure studies we identify here has impor-
tant implications for experimental tests of hazard. For active
ingredients, exposure regimes are typically designed with
reference to the results of semi-field studies where the pesti-
cide is deliberately applied to a crop [46]. Pollen and nectar
brought back to the nest by foraging honeybees is collected
and the pesticide levels quantified [47]. Using these data,
chronic exposure scenarios can be constructed that assess
the potential effects on individuals or colonies of bees
foraging on a recently sprayed crop [46]. Without similar
experiments for a range of ‘inert’ ingredients, it is not
possible to inform experimental exposure regimes with
real-world data.
Proc.R.Soc.B
289:20212353
(b) Experimental studies
Given the general lack of exposure and residue studies we
identify above, the only reference point we can use for
exposure regimes in experimental studies is likely to be the
in-tank mix concentration, which is the concentration of the
‘inert’ ingredient in the solution as sprayed. For co-formulants,
this is not always known because their concentration and iden-
tity are not required to be publicly disclosed [14]. For
adjuvants, most UK labels mandate a maximum concentration
of 1% (1 part adjuvant to 99 parts formulation and water);
somewhat crudely, a 1% solution equates to 10 000 mg kg−1

assuming equal densities. This means that without bioaccumu-
lation we would expect around 10 000 mg kg−1 (1%) to be the
very upper end of field-realistic exposure, which is equivalent
to feeding directly on in-tank mix. While this may be appropri-
ate for acute exposure (see [48]), it is likely to vastly
overestimate field-realistic chronic exposure. The studies
detailed below use a range of exposure levels that may or
may not be field-realistic. Consequently, it is difficult to
relate the toxicities observed to real-world risks. However,
while little is known about the ecological persistencies of
‘inert’ ingredients’ and how they map to the ecotoxicological
risk posed to bees, we have known for nearly a century
that some surfactants can have strong insecticidal action
with sufficient exposure.

Soaps, which are surfactants, have been recognized as
posing risks to insects as far back as 1931 ([49], cited in
[50]). The mechanism through which surfactants cause mor-
tality in insects is unresolved, although Stevens [37] notes
that insect spiracles are similar in size to plant stomata,
which surfactants are designed to penetrate. Thus, surfactants
may block the breathing apparatus of the insects and cause
them to suffocate [25].

Adjuvants have been tested since the 1970s [31,32], and
these studies found significant effects of surfactant adjuvants
on honeybee drowning events when added to the bees’ water
supplies and repellence from the spiked water for up to six
months. However, they found no evidence of deterrence
from sprayed flowers, meaning that bees will not avoid
contaminated flowers, and as such will be exposed to
higher levels of surfactants. These types of studies have not
been repeated since, meaning we do not know if the new
generations of ‘inert’ ingredients cause similar effects.

Exposure to adjuvants is not limited to contamination of
water sources, as farmers spray adjuvants in a range of situ-
ations, and labels do not include any guidance for reducing
bees’ exposure. As such, label guidance allows for direct
overspray of bees, which could cause mortality through
contact exposure. Contact exposure occurs when a bee is
exposed to spray droplets of a pesticide, or when it lands
on a recently sprayed surface such as a flower or leaf. In
experimental studies, this is often simulated by either using
a spraying apparatus to mimic direct overspray of bees, or
by pipetting 2 µl of the pesticide onto the dorsal side of the
thorax/abdomen of anaesthetized bees (OECD 214 [51]).
Using a Potter spray tower, which replicates recommended
spraying apparatus, two surfactant adjuvants, Pulse® and
Boost®, were found to cause 100% mortality in honeybees
at 40–50% of the label-recommended concentration [52].
While the use of a Potter spray tower and label-recommended
concentrations makes this study reasonably representative of
in-field application, the application rate (l ha−1) used is likely
an overestimate of realistic application; the rate of 2000 l ha−1

used for most experiments is an unrealistically high
application rate in nearly all settings.

A recent study, Wernecke et al. [53], again used a Potter
spray tower to apply surfactant adjuvants at field-realistic
concentrations to anaesthetized honeybees, this time using a
field-realistic application rate of 300 l ha−1. None of the six
adjuvants tested caused mortality on their own. When
paired with Goodwin & McBrydie, [52] which found con-
siderable mortality, it is likely that at field-realistic
concentrations some surfactant adjuvants cause mortality at
an application rate between 300 l ha−1 and 2000 l ha−1.
While the 300 l ha−1 used in Wernecke et al. [53] is field-
realistic, it is not the worst-case exposure when following
label guidelines. Several formulations of these adjuvants
can be applied with have maximum application rates in the
range of 800 l ha−1, meaning the amount of adjuvant could
be up to 2.7 × higher. Further, if applied alongside a pesticide
class like a herbicide, which have relatively high concen-
trations of surfactant [25], the overall amount of surfactant
would be considerably higher, and thus more toxic. As
such Wernecke et al. [53] does not rule out field-realistic tox-
icity of surfactant adjuvants, but does inform us that many
adjuvant applications will not cause acute contact mortality.

Wernecke et al. [53] also found that when surfactant adju-
vants, which did not cause mortality alone, were applied
alongside insecticide formulations, which did not cause mor-
tality alone, considerable mortality was observed. This
indicates that surfactant adjuvants can meaningfully change
the toxicity of insecticides from safe to toxic.

When testing surfactant toxicity, the methodology chosen
is likely to influence the outcome. The standard contact
toxicity test for honeybees, OECD 214 [51], has been used
to determine the toxicity (hazard) of both Silwet L-77 and
Triton X-100, with LD50’s of 357 µg bee−1 and 1436 µg bee−1,
respectively [54]. This can be used to inform risk management
strategies by allowing comparison of the toxicity with other
substances. Donovan & Elliott, [55] used OECD 214 [51] to
test the toxicity of several adjuvants, mostly surfactants, on
honeybees and found no significant mortality from any sub-
stance. However, the dosing regime lacked the range
needed to detect lethal effects and is insufficient to justify
the conclusion that the substances tested were ‘non-toxic
to honeybees’. This is because use of a 2 µl droplet applied
to the thorax does not represent the degree of exposure
bees can face in a field-realistic setting, which is poorly
understood. As such the experiment under-exposed
the bees by setting an artificial 2 µl limit while using
field-realistic concentrations.
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Chronic oral toxicity of surfactants has been tested on
honeybees in two studies. Moffett & Morton [31] found two
out of seven adjuvant/surfactant co-formulants caused mor-
tality at the very high exposure level of 1000 mg kg−1 in
nectar over 60 days (nearly equivalent to drinking in-tank
mix for the entire honeybee worker lifespan). At 10 and
100 mg kg−1, no significant difference was detected from the
control even over the full 60-day exposure period. By contrast,
Chen, Fine & Mullin [34] suggested that three trisiloxane sur-
factants at 100 mg kg−1 reduced survival over an 8- or 10-day
period. There was a clear effect of the class of surfactant, with
trisiloxane surfactants causing greater than 90% mortality
relative to the control, while alkylphenol polyethoxylates
and fatty amine polyethoxylates surfactants caused less than
20%. These results indicate that the hazard surfactants pose
could be mitigated by redesigning formulations/adjuvants
to choose the safer options.

The effects of pesticides are not limited to mortality, and
a vast body of research now documents the importance of
sublethal impacts of agrochemicals for social bees [26,56].
For example, impairment of learning ability may impact
upon foraging success [57], which may then impact colony
reproductive success. Eleven studies have measured sub-
lethal effects of ‘inert’ ingredients on bees, providing more
information on their effects on fitness. Most notably, Ciarlo
et al. [48] tested acute 20 µg bee−1 doses of several adjuvant
products individually on honeybee learning using the pro-
boscis extension reflex methodology. In the field, a
honeybee feeding for just 2 s on sprayed tank mixture
(which can be sprayed onto flowering crops or weeds)
would imbibe a 20 µg dose of the surfactant adjuvants
tested [48]. All 20 µg bee−1 doses of surfactant adjuvants
impaired learning, but crop oil concentrates did not,
suggesting that the different classes of ‘inert’ ingredient are
toxicologically distinct.

Another important sublethal effect in social bees is queen
rearing success, with reduced queen production being likely
to reduce colony fitness. However, only two studies so far
have examined this question. Johnson & Percel [58] found
no effect of the surfactant adjuvant Break-Thru, at
200 mg kg−1 in ad libitum pollen, on several metrics of honey-
bee queen rearing success. In a follow-up study, Ricke, Lin &
Johnson [59] fed bees ad libitum pollen spiked with the surfac-
tant adjuvant Dyne-Amic at 0.8% by weight, which is likely
an overestimate of realistic chronic exposure. No significant
mortality was observed, and the adjuvant was not found to
alter fungicide or insecticide active ingredient translocation
from pollen to jelly [59]. It is notable that in managed colo-
nies, for example, most honeybee colonies, queen rearing is
less influential than in wild colonies due to the involvement
of the beekeeper.

While the studies described above have looked at ‘inert’
ingredients individually, pressures on bee health are multifac-
torial [60–63], with novel stressors like agrochemicals adding
to pre-existing stressors like parasites. Consequently, we may
only be able to appreciate the impact pesticides have when
we understand how they interact with other stressors. Only
one study has tested the interaction between an ‘inert’ ingre-
dient and a stressor other than another agrochemical. In a
fully crossed experimental design, Fine et al. [64] spiked hon-
eybee larval diets with 10 mg kg−1 of the surfactant adjuvant
Sylgard 309 and a representative dose of a mixed virus inocu-
lum. The surfactant adjuvant was found to increase black
queen cell viral titre significantly, demonstrating an inter-
action between the stressors. Both stressors alone reduced
larval survival, causing failed moults, melanization and
other developmental abnormalities. When combined, the
stressors acted synergistically, causing more larval mortality
than the additive impacts of either stressors relative to the
control.

Our systematic review revealed a severe lack of diversity
in study organism, with only three studies testing ‘inert’
ingredients on bee species other than honeybees. Straw &
Brown [26] fed individual bumblebees, Bombus terrestris, an
acute dose of each co-formulant listed on the label of a
widely used fungicide, Amistar, as well as the formulation
as a whole. The experiment followed the regulatory guide-
lines for mortality testing (OECD 247 [65]), with the
addition of the sublethal metrics, sucrose consumption,
weight change and gut browning. Significant effects of the
formulation were seen in all metrics, lethal and sublethal,
but interestingly it was the surfactant/emulsifier co-formu-
lant, alcohol ethoxylates, that was responsible for the whole
toxicity of the formulation. The alcohol ethoxylates caused
gut browning which indicates substantial damage to the
gut. For the first time, this demonstrated that a co-formulant
alone can drive the toxicity of a formulation.

In another experiment on a non-honeybee species,
Ladurner et al. [66] tested the effects of the surfactant
adjuvant Dyne-Amic on Osmia lignaria nesting behaviour
and reproduction and reported no lethal or behavioural
effects of Dyne-Amic. Artz & Pitts-Singer [67] tested the
effects of the surfactant adjuvant N-90 on both O. lignaria
and Megachile rotunda when sprayed on Phacelia tanacetifolia
and Sinapis alba at label-recommended rates. In flight cages
with the sprayed crops, nest recognition ability in both
species was significantly impaired by N-90. While no
mortality was found, these results are likely to be conserva-
tive, as the N-90 spray was applied at night when bees
were not foraging, whereas label guidance for N-90 is unli-
kely to mandate night application, and so realistic field
usage may result in direct contact with the spray, rather
than residues that may have dried by the time bees become
active.

Solvents are widely used co-formulants [68], yet only two
solvents NMP and dimethyl sulfoxide (DMSO) have been
tested on bees. These solvents are alternatives to one another
with one producer of DMSO advertizing it as safer and less
toxic than NMP [69].

All work on oral exposure to NMP has used a chronic
feeding regime whereby NMP was administered in a sucrose
solution, while the residue work has measured NMP in
pollen, and as such it is difficult to assess the field realism
of the exposure regimes in the experimental work.

As no residue analyses of field-realistic NMP nectar
concentrations are currently available, a wide range of concen-
trations (0.537–10 000 mg kg−1) have been used in the exposure
regimes in experimental work. The first study to assess NMP
toxicity to honeybee larvae was Zhu et al. [68], which found
50% mortality within 12 h at 10 000 mg kg−1; however, in
the absence of a control, these results cannot be interpreted
(and as such this study is excluded from the systematic
review results). When repeated, in a study by Fine et al.
[45], 100 mg kg−1 of NMP caused significant larval mor-
tality compared to the control, although mortality did not
reach 50% over the 20-day trial period.



Table 1. Detailing the hazard, exposure and risk insecticides and ‘inert’ ingredients pose to bees. Risk = hazard * exposure.

hazard exposure risk

insecticide high low-

stringent mitigation measures

intermediate

‘inert’ ingredients poorly characterized but non-negligible very high-

little to no mitigation measures

intermediate, but poorly characterized
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By contrast, adult honeybees only experienced significant
mortality at concentrations as high as 5000 mg kg−1 [44],
which is unlikely to be a field-realistic chronic exposure.
This suggests that larvae are more susceptible to NMP than
adults. The effects of chronic exposure to 500 mg kg−1 NMP
for 7–10 days on honeybee colony health was also investi-
gated by Fine et al. [45]. This concentration is above the
100 mg kg−1 that is known to cause larval mortality, but
below the 5000 mg kg−1 that causes adult mortality. In this
study, NMP inhibited colony weight gain and emerging for-
ager counts, which is most likely to be caused by larval
mortality and knock-on effects on colony foraging.

To investigate whether higher impacts of NMP on larvae
were a function of differential detoxification, Fine & Mullin
[44] fed honeybee workers and larvae 200 mg kg−1 of NMP
in nectar for 6 days and quantified residues of the NMP
and its metabolites from the adults and larvae. They found
that larvae were less able to detoxify the NMP, and this
may explain the higher sensitivity of larvae to NMP. Using
OECD 214, NMP was found to have an acute contact LD50

greater than 2000 µg bee−1 [51,54]. This finding suggests
NMP is of negligible toxicity when applied via acute contact.

DMSO has received less attention than NMP, with only
two studies assessing its toxicity to bees. Moffett & Morton
[31] found that DMSO produced no significant lethal effects
in honeybees with chronic exposure of 1000 mg kg−1 for
60 days. Milchreit et al. [70] found mixed effects of chronic
oral exposure (500 mg kg−1) on honeybee brood develop-
ment, with no detriment to fitness clearly demonstrated.
Together, these results support the producer’s assertion that
this substance is less toxic than its alternative NMP [69].
4. Discussion
(a) A call to reprioritize research into ‘inert’ ingredients
Research into the effects of pesticides on bees is disproportio-
nately focussed on active ingredients, with ‘inert’ ingredients
receiving significantly less attention. This is most clearly vis-
ible when considering the number of studies focussing on
them relative to the best-studied pesticide class, insecticides.
For example, a single active ingredient, the neonicotinoid imi-
dacloprid, was the subject of 168 studies as of 2015 [71]. This
dwarfs the literature on ‘inert’ ingredients, with the systema-
tic review here finding just 19 studies up to 2021. The
allocation of research is partially explained by the intended
purpose of insecticides—to kill insects. However, as we
detail above, despite ‘inert’ ingredients not being designed
to kill insects, they can have unintended consequences on
bee health.

If bee ecotoxicological research is an applied science with
the aim of understanding the risks pesticides could pose to
bees, the optimal allocation of research effort to substances
should match the potential risk each substance poses. This
risk is a combination of the hazard posed to bees and the like-
lihood of exposure. The hazard is likely greatest with
insecticides. However, exposure is likely to be greatest with
‘inert’ ingredients that are used in far higher quantities [20],
with little in the way of exposure mitigation. The current allo-
cation of research effort has focussed strongly on the hazard
posed by insecticides, without recognizing that ‘inert’ ingre-
dients have vastly higher exposure levels. This means that
the allocation of research is primarily based on hazard, not
risk as it should be (table 1). As such, research effort should
be reallocated to inert ingredients to characterize their
exposure and hazard to bees, after which the benefits of
further research can be evaluated.

To be clear, research into insecticidal active ingredients is
in our opinion clearly justified, but a reallocation of resources
to better reflect the risks bees face in the wild would encom-
pass ‘inert’ ingredients as well. Applied bee pesticide
research would therefore benefit from allocating resources
to agrochemicals in proportion to their potential risk to
bees. This would require research into large numbers of
chemicals that may have never been tested on bees before.
We propose that the potential, and likely impacts of these
widely applied substances on bee health represents a key
knowledge gap that urgently requires research attention
and funding.

While we contend that exposure will be high for ‘inert’
ingredients, the data to support this statement are severely
limited. If regulatory bodies were to mandate residue analy-
sis for all agrochemicals, including ‘inert’ ingredients, we
would have a better understanding of the complex exposure
bees face. A well-funded and systematic approach to residue
monitoring required is something only a regulatorily man-
dated process can offer. Without this, academic researchers
will not be able to properly assess whether their exposure
regimes are field-realistic, which could lead to unsubstan-
tiated estimates of the risks that ‘inert’ ingredients pose to
bees.
5. Conclusion
The literature reviewed above raises a number of concerns
around the impacts of ‘inert’ ingredients on bee health and
productivity at the individual and colony levels. What little
research we have on ‘inert’ ingredient residues in nature
shows them to be widespread, and at high concentrations
[42,43,45], although our understanding of what the concen-
tration range of ‘inert’ ingredients is in agricultural systems
is underdeveloped. Importantly, and in addition to this lim-
ited understanding of environmental residues, the research
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identified here demonstrates that ‘inert’ ingredients are not
ecotoxicologically benign, and as such they should be subject
to greater regulation.

‘Inert’ ingredients drive mortality through multiple
exposure routes [26,31,32,52], synergize with other stressors
[53,64] and cause sublethal effects [26,48,67]. While we call
on regulators to require testing of ‘inert’ ingredients on
bees, we also caution that the current regulatory testing
system is ill-equipped to test the effects of ‘inert’ ingredients.
Current regulatory testing exclusively uses methodologies
designed for neurotoxic insecticides, which may not properly
characterize the risks of ‘inert’ ingredients that are less potent,
but have higher exposure levels [26]. Given that surfactants
have been identified as causing both sublethal [26,48,67]
and synergistic effects alongside other stressors [53,64], a
regulatory testing approach that measures sublethal effects
and incorporates multiple stressors is essential.

‘Inert’ ingredients interact with a range of stressors, but
perhaps most importantly with active ingredients. A sys-
tematic comparison of active ingredient toxicity versus
whole formulation toxicity covering academic and regulatory
data would give highly informative results, but is outside of
the scope of this review. As prior reviews have demonstrated
[20,27], formulations are commonly more toxic to non-target
organisms than active ingredients, suggesting that the term
‘inert’ ingredients may not be appropriate. In fact, the use
of the words ‘inert’ or ‘inactive’ to describe co-formulants
and adjuvants posits that they are toxicologically benign sub-
stances. The research collated here demonstrates that this is
not true for all such substances and highlights a lack of
data for many more. There is, however, currently too little
evidence to make broad conclusions about ‘inert’ ingredients
in general, or for any individual bee species. As such we
would suggest that the terms ‘co-formulant’ or ‘adjuvant’,
where appropriate, are better descriptors of the substances
because they are neutral regarding their toxicological activity.

Just as the language used to describe ‘inert’ ingredients
does not reflect their potential toxicity, neither does the legis-
lation regulating them. Legislation that protects formulation
composition as trade secrets hampers research into the
impacts of ‘inert’ ingredients [10,14,20,25], as such publi-
cation of formulation composition would be a critical step
forward for environmental risk assessment.

Progress has come with the recent European Commission
legislation on co-formulants [72], where the ostensible aim is
to ban co-formulants harmful to humans or the environment.
However, the legislation will only effect change if the Euro-
pean regulatory process is adapted accordingly. EFSA have
made progress in this area with proposals to regulate by pro-
duct, and with explicit consideration of the co-formulants
[73], but this has yet to become practice. The progress in reg-
ulating co-formulants has almost exclusively been driven by
human toxicity concerns, with little consideration given to
other non-target organisms [74]. Despite these proposals for
co-formulants, adjuvants are still entirely unregulated at the
European level, despite many containing the same chemicals
as many co-formulants [72]. Nationally, the only progress has
come from the Germany pesticide regulation authority, the
BVL. The BVL reacted to Wernecke et al. [53], which found
surfactant adjuvants interact with insecticides to cause mor-
tality, by requiring limited contact testing of adjuvants
alone and alongside some insecticides [22]. This is the first
legislation, to our knowledge, to explicitly require bee toxicity
testing for an adjuvant.

In conclusion, evidence of ‘inert’ ingredients having the
potential to cause mortality in bees dates back to the 1970s
[31], yet in the EU and US, there is still no regulatorily man-
dated toxicity testing of ‘inert’ ingredients [14]. This means
that the only currently available research stream is academic
testing, which has produced just 19 studies to date. This rep-
resents a large gap in our understanding of pesticide
ecotoxicology. The research collated here demonstrates that
‘inert’ ingredients are not inert and can pose significant
risks to bee health. We call on researchers to devote more
attention to ‘inert’ ingredients and regulators to require
testing of ‘inert’ ingredients to ensure their safety to bees.

Data accessibility. The data extracted from the systematic review litera-
ture are available in the electronic supplementary material [75].

Authors’ contributions. E.A.S.: conceptualization, data curation, investi-
gation, methodology, validation, writing—original draft and
writing—review and editing; L.J.T.: data curation, formal analysis,
investigation, methodology, validation and writing—review and edit-
ing; E.L.: conceptualization, methodology, supervision and writing—
review and editing; M.J.F.B.: conceptualization, funding acquisition,
methodology, supervision and writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. We declare we have no competing interests.
Funding. This project received funding from the European Horizon
2020 research and innovation programme under grant agreement
no. 773921.

Acknowledgements. We thank Richard Odemer, one anonymous referee
and Gary Carvalho, the editor, for their comments.
References
1. Potts SG, Ngo HT, Biesmeijer JC, Breeze TD, Dicks LV,
Garibaldi LA, Hill R, Settele J, Vanbergen Ae. 2016
The assessment report of the intergovernmental
science-policy platform on biodiversity and
ecosystem services on pollinators, pollination
and food production. Bonn, Germany:
Secretariat of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem
Services.

2. Nieto A et al. 2014 European red list of bees.
Luxembourg: Publication Office of the European
Union.
3. Rundlöf M et al. 2015 Seed coating with a
neonicotinoid insecticide negatively affects wild
bees. Nature 521, 77–80. (doi:10.1038/
nature14420)

4. Woodcock BA, Isaac NJB, Bullock JM, Roy DB,
Garthwaite DG, Crowe A, Pywell RF. 2016 Impacts of
neonicotinoid use on long-term population changes
in wild bees in England. Nat. Commun. 7, 1–8.
(doi:10.1038/ncomms12459)

5. McArt SH, Urbanowicz C, McCoshum S, Irwin RE,
Adler LS. 2017 Landscape predictors of pathogen
prevalence and range contractions in US
bumblebees. Proc. R. Soc. B 284, 20172181. (doi:10.
1098/rspb.2017.2181)

6. Tsvetkov N, Samson-Robert O, Sood K, Patel HS,
Malena A, Gajiwala PH, Maciukiewicz P, Fournier V,
Zayed A. 2017 Chronic exposure to neonicotinoids
reduces honey bee health near corn crops.
Science 356, 1395–1397. (doi:10.1126/science.
aam7470)

7. Hazen JL. 2000 Adjuvants—terminology,
classification, and chemistry. Weed Technol. 14,
773–784. (doi:10.1614/0890-037X(2000)014[0773:
ATCAC]2.0.CO;2)

http://dx.doi.org/10.1038/nature14420
http://dx.doi.org/10.1038/nature14420
http://dx.doi.org/10.1038/ncomms12459
http://dx.doi.org/10.1098/rspb.2017.2181
http://dx.doi.org/10.1098/rspb.2017.2181
http://dx.doi.org/10.1126/science.aam7470
http://dx.doi.org/10.1126/science.aam7470
http://dx.doi.org/10.1614/0890-037X(2000)014[0773:ATCAC]2.0.CO;2
http://dx.doi.org/10.1614/0890-037X(2000)014[0773:ATCAC]2.0.CO;2


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212353

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

20
 J

un
e 

20
22

 

8. Mullin CA, Fine JD, Reynolds RD, Frazier MT. 2016
Toxicological risks of agrochemical spray adjuvants:
organosilicone surfactants may not be safe. Front.
Public Health 4, 1–8. (doi:10.3389/fpubh.2016.
00092)

9. Mesnage R et al. 2021 Improving pesticide-use data
for the EU. Nat. Ecol. Evol. 5, 1560. (doi:10.1038/
s41559-021-01574-1)

10. Weinhold B. 2010 Mystery in a bottle. Environ.
Health Perspect. 22, 169–171.

11. Health and Safety Executive UK. 2020 Plant
protection products with authorisation for use in
the UK Database Search. See https://secure.
pesticides.gov.uk/pestreg/ProdSearch.asp (accessed
in November 2020).

12. Health and Safety Executive UK. 2020 Adjuvant
database search. See https://secure.pesticides.gov.uk/
adjuvants/Search.aspx (accessed in November 2020).

13. EPA. 1996 Federal insecticide, fungicide, and
rodenticide act. 7, U.S.C §136 1996.

14. EC. 2009 Regulation (EU) no 1107/2009. Official
J. Eur. Union L309, 1–50.

15. EFSA. 2012 Scientific opinion on the science behind
the development of a risk assessment of plant
protection products on bees (Apis mellifera, Bombus
spp. and solitary bees). EFSA J. 10, 2668. (doi:10.
2903/j.efsa.2012.2668)

16. EFSA. 2013 EFSA guidance document on the risk
assessment of plant protection products on bees
(Apis mellifera, Bombus spp. and solitary bees).
EFSA J. 11, 3295. (doi:10.2903/j.efsa.2013.3295)

17. Cox C, Surgan M. 2006 Unidentified inert
ingredients in pesticides: implications for human
and environmental health. Environ. Health Perspect.
114, 1803–1806. (doi:10.1289/ehp.9374)

18. Mesnage R, Antoniou MN. 2018 Ignoring adjuvant
toxicity falsifies the safety profile of commercial
pesticides. Front. Public Health 5, 1–8. (doi:10.
3389/fpubh.2017.00361)

19. EC. 2013 Regulation (EU) no 284/2013. Official
J. Eur. Union L93, 85–152.

20. Mullin CA, Chen J, Fine JD, Frazier MT, Frazier JL.
2015 The formulation makes the honey bee poison.
Pestic. Biochem. Physiol. 120, 27–35. (doi:10.1016/j.
pestbp.2014.12.026)

21. Chemical Regulation Division. 2021 Formulation
studies and combined risk assessment in
ecotoxicology: guidance on the need for studies and
their use in risk assessment. See https://www.hse.
gov.uk/pesticides/resources/E/CRD-Formulation-
Guidance-ecotox.pdf (accessed in March 2020).

22. Bundesamt für Verbraucherschutz und
Lebensmittelsicherheit. 2021 Genehmigung von
Zusatzstoffen – Studien mit Honigbienen. See
https://www.bvl.bund.de/SharedDocs/Downloads/
04_Pflanzenschutzmittel/Zusatzstoffe_
Studienanforderungen-Honigbienen.pdf;jsessionid=
99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?
__blob=publicationFile&v=4 (accessed in
December 2021).

23. Moffet JO, Morton HL, MacDonald RH. 1972 Toxicity
of some herbicidal sprays to honey bees. J. Econ.
Entomol. 65, 32–36. (doi:10.1093/jee/65.1.32)
24. Mullin CA. 2015 Effects of ‘inactive’ ingredients on
bees. Curr. Opin. Insect Sci. 10, 194–200. (doi:10.
1016/j.cois.2015.05.006)

25. Straw EA, Carpentier EN, Brown MJF. 2021 Roundup
causes high levels of mortality following contact
exposure in bumble bees. J. Appl. Ecol. 58,
1167–1176. (doi:10.1111/1365-2664.13867)

26. Straw EA, Brown MJF. 2021 Co-formulant in a
commercial fungicide product causes lethal and
sub-lethal effects in bumble bees. Sci. Rep. 11,
21653. (doi:10.1038/s41598-021-00919-x)

27. Nagy K, Duca RC, Lovas S, Creta M, Scheepers PTJ,
Godderis L, Ádám B. 2020 Systematic review of
comparative studies assessing the toxicity of
pesticide active ingredients and their product
formulations. Environ. Res. 181, 108926. (doi:10.
1016/j.envres.2019.108926)

28. Marutani M, Edirveerasingam V. 2006 Influence of
irrigation method and adjuvant on the persistence
of carbaryl on pakchoi. J. Environ. Qual. 35,
1994–1998. (doi:10.2134/jeq2005.0484)

29. Katagi T. 2008 Surfactant effects on environmental
behavior of pesticides. In Reviews of environmental
contamination and toxicology, vol. 194 (ed. DM
Whitacre), pp. 71–177. New York, NY: Springer.

30. Tooby TE, Thompson AN, Rycroft RJ, Black IA,
Hewson RT. 1981 A pond study to investigate the
effects of fish and aquatic invertebrates of
deltamethrin applied directly onto water. UK MAFF
Report PRD 1276.

31. Moffett JO, Morton HL. 1973 Surfactants in water
drown honey bees. Environ. Entomol. 2, 227–231.
(doi:10.1093/ee/2.2.227)

32. Moffett JO, Morton HL. 1975 Repellency of
surfactants to honey bees. Environ. Entomol. 4,
780–782. (doi:10.1093/ee/4.5.780)

33. EC. 2006 Regulation (EU) no 1907/2006. Official
J. Eur. Union L396, 1–849.

34. Chen J, Fine J, Mullin C. 2018 Are organosilicon
surfactants safe for bees or humans? Sci. Total
Environ. 612, 415–421. (doi:10.1016/j.scitotenv.
2017.08.175)

35. Sgolastra F, Medrzycki P, Bortolotti L, Maini S,
Porrini C, Simon-Delso N, Bosch J. 2020 Bees and
pesticide regulation: lessons from the neonicotinoid
experience. Biol. Conver. 241, 108356.

36. Goulson D. 2018 Call to restrict neonicotinoids.
Science 360, 973. (doi:10.1126/science.aau0432)

37. Stevens PJG. 1993 Organosilicone surfactants as
adjuvants for agrochemicals. Pesticide Sci. 38,
103–122. (doi:10.1002/ps.2780380206)

38. Cullen MG, Thompson LJ, Carolan LC, Stout JC,
Stanley DA. 2019 Fungicides, herbicides and bees: a
systematic review of existing research and methods.
PLoS ONE 14, e0225743. (doi:10.1371/journal.pone.
0225743)

39. Haddaway NR, Bethel A, Dicks LV, Koricheva J,
Macura B, Petrokofsky G, Pullin AS, Savilaakso S,
Stewartm GB. 2020 Eight problems with literature
reviews and how to fix them. Nat. Ecol. Evol. 4,
1582–1589. (doi:10.1038/s41559-020-01295-x)

40. Moher D, Liberati A, Tetzlaff J, Altman DG, The
PRISMA Group. 2009 preferred reporting items for
systematic reviews and meta-analyses: the PRISMA
statement. PLoS Med. 6, e1000097. (doi:10.1371/
journal.pmed.1000097)

41. Michener CD. 2000 The bees of the world. Baltimore,
MD: Johns Hopkins University Press.

42. Chen J, Mullin C. 2013 Quantitative determination
of trisiloxane surfactants in beehive environments
based on liquid chromatography coupled to mass
spectrometry. Environ. Sci. Technol. 47, 9317–9323.
(doi:10.1021/es4010619)

43. Chen J, Mullin CA. 2014 Determination of
nonylphenol ethoxylate and octylphenol ethoxylate
surfactants in beehive samples by high performance
liquid chromatography coupled to mass
spectrometry. Food Chem. 158, 473–479. (doi:10.
1016/j.foodchem.2014.03.004)

44. Fine JD, Mullin C. 2017 Metabolism of n-methyl-2-
pyrrolidone in honey bee adults and larvae:
exploring age related differences in toxic effects.
Environ. Sci. Technol. 51, 11 412–11 422. (doi:10.
1021/acs.est.7b03291)

45. Fine JD, Mullin CA, Frazier MT, Reynolds RD. 2017
Field residues and effects of the insect growth
regulator novaluron and its major co-formulant
n-methyl-2-pyrrolidone on honey bee reproduction
and development. J. Econ. Entomol. 110,
1993–2001. (doi:10.1093/jee/tox220)

46. Linguadoca A, Rizzi C, Villa S, Brown MJF. 2021
Sulfoxaflor and nutritional deficiency synergistically
reduce survival and fecundity in bumblebees. Sci.
Total Environ. 795, 148680. (doi:10.1016/j.scitotenv.
2021.148680)

47. Schatz K, Wallner F. 2009 Pflanzenschutzmittelapplikation
in blühenden raps (Brassica napus) und deren
auswirkungen auf die rückstandssituation in honig,
nektar und pollen der honigbiene (Apis mellifera).
PhD thesis, Universität Hohenheim.

48. Ciarlo TJ, Mullin CA, Frazier JL, Schmehl DR. 2012
Learning impairment in honey bees caused by
agricultural spray adjuvants. PLoS ONE 7, e40848.
(doi:10.1371/journal.pone.0040848)

49. Sanderson ED, Peairs LM. 1931 Insect pests of farm,
garden and orchard, 2nd edn. New York, NY: John
Wiley & Sons.

50. Wolfenbarger DO. 1957 Observations of insecticidal
control by surface active agents. Florida Entomol.
40, 53–59. (doi:10.2307/3492302)

51. Organisation for Economic Co-Operation and
Development. 1998 Honeybees, acute contact toxicity
test. OECD Guidelines Testing Chem. 214, 1–7.

52. Goodwin RM, McBrydie HM. 2000 Effects of
surfactants on honey bee survival. New Zealand
Plant Protection 53, 230–234. (doi:10.30843/nzpp.
2000.53.3694)

53. Wernecke A, Eckert JH, Forster R, Kurlemann N,
Odemer R. 2021 Inert agricultural spray adjuvants
may increase the adverse effects of selected
insecticides on honey bees (Apis mellifera L.) under
laboratory conditions. J. Plant Dis. Protection 129,
93–105. (doi:10.1007/s41348-021-00541-z)

54. Chen L, Yan Q, Zhang J, Yuan S, Liu X. 2019 Joint
toxicity of acetamiprid and co-applied pesticide
adjuvants on honeybees under semifield and

http://dx.doi.org/10.3389/fpubh.2016.00092
http://dx.doi.org/10.3389/fpubh.2016.00092
http://dx.doi.org/10.1038/s41559-021-01574-1
http://dx.doi.org/10.1038/s41559-021-01574-1
https://secure.pesticides.gov.uk/pestreg/ProdSearch.asp
https://secure.pesticides.gov.uk/pestreg/ProdSearch.asp
https://secure.pesticides.gov.uk/pestreg/ProdSearch.asp
https://secure.pesticides.gov.uk/adjuvants/Search.aspx
https://secure.pesticides.gov.uk/adjuvants/Search.aspx
https://secure.pesticides.gov.uk/adjuvants/Search.aspx
http://dx.doi.org/10.2903/j.efsa.2012.2668
http://dx.doi.org/10.2903/j.efsa.2012.2668
http://dx.doi.org/10.2903/j.efsa.2013.3295
http://dx.doi.org/10.1289/ehp.9374
http://dx.doi.org/10.3389/fpubh.2017.00361
http://dx.doi.org/10.3389/fpubh.2017.00361
http://dx.doi.org/10.1016/j.pestbp.2014.12.026
http://dx.doi.org/10.1016/j.pestbp.2014.12.026
https://www.hse.gov.uk/pesticides/resources/E/CRD-Formulation-Guidance-ecotox.pdf
https://www.hse.gov.uk/pesticides/resources/E/CRD-Formulation-Guidance-ecotox.pdf
https://www.hse.gov.uk/pesticides/resources/E/CRD-Formulation-Guidance-ecotox.pdf
https://www.hse.gov.uk/pesticides/resources/E/CRD-Formulation-Guidance-ecotox.pdf
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
https://www.bvl.bund.de/SharedDocs/Downloads/04_Pflanzenschutzmittel/Zusatzstoffe_Studienanforderungen-Honigbienen.pdf;jsessionid=99BBEB30E28F3744C3FEDD146D2447C2.2_cid372?__blob=publicationFile&v=4
http://dx.doi.org/10.1093/jee/65.1.32
http://dx.doi.org/10.1016/j.cois.2015.05.006
http://dx.doi.org/10.1016/j.cois.2015.05.006
http://dx.doi.org/10.1111/1365-2664.13867
http://dx.doi.org/10.1038/s41598-021-00919-x
http://dx.doi.org/10.1016/j.envres.2019.108926
http://dx.doi.org/10.1016/j.envres.2019.108926
http://dx.doi.org/10.2134/jeq2005.0484
http://dx.doi.org/10.1093/ee/2.2.227
http://dx.doi.org/10.1093/ee/4.5.780
http://dx.doi.org/10.1016/j.scitotenv.2017.08.175
http://dx.doi.org/10.1016/j.scitotenv.2017.08.175
http://dx.doi.org/10.1126/science.aau0432
http://dx.doi.org/10.1002/ps.2780380206
http://dx.doi.org/10.1371/journal.pone.0225743
http://dx.doi.org/10.1371/journal.pone.0225743
http://dx.doi.org/10.1038/s41559-020-01295-x
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1021/es4010619
http://dx.doi.org/10.1016/j.foodchem.2014.03.004
http://dx.doi.org/10.1016/j.foodchem.2014.03.004
http://dx.doi.org/10.1021/acs.est.7b03291
http://dx.doi.org/10.1021/acs.est.7b03291
http://dx.doi.org/10.1093/jee/tox220
http://dx.doi.org/10.1016/j.scitotenv.2021.148680
http://dx.doi.org/10.1016/j.scitotenv.2021.148680
http://dx.doi.org/10.1371/journal.pone.0040848
http://dx.doi.org/10.2307/3492302
http://dx.doi.org/10.30843/nzpp.2000.53.3694
http://dx.doi.org/10.30843/nzpp.2000.53.3694
http://dx.doi.org/10.1007/s41348-021-00541-z


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212353

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

20
 J

un
e 

20
22

 

laboratory conditions. Environ. Toxicol. Chem. 38,
1940–1946. (doi:10.1002/etc.4515)

55. Donovan BJ, Elliott GS. 2001 Honey bee response to
high concentrations of some new spray adjuvants.
New Zealand Plant Protection 54, 51–55. (doi:10.
30843/nzpp.2001.54.3739)

56. Straub L, Strobl V, Neumann P. 2020 The need
for an evolutionary approach to ecotoxicology.
Nat. Ecol. Evol. 4, 895. (doi:10.1038/s41559-
020-1194-6)

57. Raine NE, Chittka L. 2008 The correlation of learning
speed and natural foraging success in bumble-bees.
Proc. R. Soc. B 275, 803–808. (doi:10.1098/rspb.
2007.1652)

58. Johnson R, Percel E. 2013 Effect of a fungicide and
spray adjuvant on queen-rearing success in honey
bees (Hymenoptera: Apidae). J. Econ. Entomol. 106,
1952–1957. (doi:10.1603/EC13199)

59. Ricke DF, Lin CH, Johnson RM. 2021 Pollen treated
with a combination of agrochemicals commonly
applied during almond bloom reduces the
emergence rate and longevity of honey bee
(Hymenoptera: Apidae) queens. J. Insect Sci. 21,
1–8. (doi:10.1093/jisesa/ieab074)

60. Vanbergen AJ, Insect Pollinators Initiative. 2013
Threats to an ecosystem service: pressures on
pollinators. Front. Ecol. Environ. 11, 251–259.
(doi:10.1890/120126)

61. Goulson D, Nicholls E, Botías C, Rotheray EL. 2015
Bee declines driven by combined stress from
parasites, pesticides, and lack of flowers.
Science 347, 1255957. (doi:10.1126/science.
1255957)

62. Main AR, Hladik ML, Webb EB, Goyne KW, Mengel
D. 2020 Beyond neonicotinoids—wild pollinators
are exposed to a range of pesticides while foraging
in agroecosystems. Sci. Total Environ. 742, 140436.
(doi:10.1016/j.scitotenv.2020.140436)

63. Siviter H, Bailes EJ, Martin CD, Oliver TR, Koricheva
J, Leadbeater E, Brown MJF. 2021 Agrochemicals
interact synergistically to increase bee mortality. Nature
596, 389–392. (doi:10.1038/s41586-021-03787-7)

64. Fine JD, Cox-Foster DL, Mullin CA. 2017 An inert
pesticide adjuvant synergizes viral pathogenicity
and mortality in honey bee larvae. Sci. Rep. 7, 1–9.
(doi:10.1038/s41598-016-0028-x)

65. Organisation for Economic Co-Operation and
Development. 2017 Bumblebee, acute oral toxicity
test. OECD Guidelines Testing Chem. 247, 1–12.

66. Ladurner E, Bosch J, Kemp W, Maini S. 2008 Foraging
and nesting behavior of Osmia lignaria (Hymenoptera:
Megachilidae) in the presence of fungicides: cage
studies. J. Econ. Entomol. 101, 647–653. (doi:10.1603/
0022-0493(2008)101[647:FANBOO]2.0.CO;2)

67. Artz DR, Pitts-Singer TL. 2015 Effects of fungicide
and adjuvant sprays on nesting behavior in two
managed solitary bees, Osmia lignaria and
Megachile rotundata. PLoS ONE 10, e0135688.
(doi:10.1371/journal.pone.0135688)

68. Zhu W, Schmehl D, Mullin C, Frazier J. 2014 Four
common pesticides, their mixtures and a
formulation solvent in the hive environment have
high oral toxicity to honey bee larvae. PLoS ONE 9,
e77547. (doi:10.1371/journal.pone.0077547)

69. Gaylord Chemical Company. DMSO vs. NMP. See
https://www.gaylordchemical.com/wp-content/
uploads/2015/11/NMP-vs-DMSO-brochure.pdf
(accessed November 2020).

70. Milchreit K, Ruhnke H, Wegener J, Bienefeld K. 2016
Effects of an insect growth regulator and a solvent
on honeybee (Apis mellifera L.) brood development
and queen viability. Ecotoxicology 25, 530–537.
(doi:10.1007/s10646-016-1611-4)

71. Lundin O, Rundlöf M, Smith HG, Fries I, Bommarco
R. 2015 Neonicotinoid insecticides and their impacts
on bees: a systematic review of research
approaches and identification of knowledge
gaps. PLoS ONE 10, e0136928. (doi:10.1371/
journal.pone.0136928)

72. EC. 2021 Regulation (EU) no 383/2021. Official
J. Eur. Union L74, 7–46.

73. EFSA. 2018 Scientific risk assessment of pesticides in
the European Union (EU): EFSA contribution to
on-going reflections by the EC. EFSA J. 15, 1367.
(doi:10.2903/sp.efsa.2018.EN-1367)

74. EFSA. 2016 Request for the evaluation of the
toxicological assessment of the co-formulant
POE-tallowamine. EFSA J. 13, 4303. (doi:10.2903/j.
efsa.2015.4303)

75. Straw EA, Thompson LJ, Leadbeater E, Brown MJF.
2022 ‘Inert’ ingredients are understudied,
potentially dangerous to bees and deserve more
research attention. Figshare.

http://dx.doi.org/10.1002/etc.4515
http://dx.doi.org/10.30843/nzpp.2001.54.3739
http://dx.doi.org/10.30843/nzpp.2001.54.3739
http://dx.doi.org/10.1038/s41559-020-1194-6
http://dx.doi.org/10.1038/s41559-020-1194-6
http://dx.doi.org/10.1098/rspb.2007.1652
http://dx.doi.org/10.1098/rspb.2007.1652
http://dx.doi.org/10.1603/EC13199
http://dx.doi.org/10.1093/jisesa/ieab074
http://dx.doi.org/10.1890/120126
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1016/j.scitotenv.2020.140436
http://dx.doi.org/10.1038/s41586-021-03787-7
http://dx.doi.org/10.1038/s41598-016-0028-x
http://dx.doi.org/10.1603/0022-0493(2008)101[647:FANBOO]2.0.CO;2
http://dx.doi.org/10.1603/0022-0493(2008)101[647:FANBOO]2.0.CO;2
http://dx.doi.org/10.1371/journal.pone.0135688
http://dx.doi.org/10.1371/journal.pone.0077547
https://www.gaylordchemical.com/wp-content/uploads/2015/11/NMP-vs-DMSO-brochure.pdf
https://www.gaylordchemical.com/wp-content/uploads/2015/11/NMP-vs-DMSO-brochure.pdf
https://www.gaylordchemical.com/wp-content/uploads/2015/11/NMP-vs-DMSO-brochure.pdf
http://dx.doi.org/10.1007/s10646-016-1611-4
http://dx.doi.org/10.1371/journal.pone.0136928
http://dx.doi.org/10.1371/journal.pone.0136928
http://dx.doi.org/10.2903/sp.efsa.2018.EN-1367
http://dx.doi.org/10.2903/j.efsa.2015.4303
http://dx.doi.org/10.2903/j.efsa.2015.4303

	‘Inert’ ingredients are understudied, potentially dangerous to bees and deserve more research attention
	Introduction
	Methods
	Results
	Residue studies
	Experimental studies

	Discussion
	A call to reprioritize research into ‘inert’ ingredients

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


