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Abstract

The use of glyphosate-based herbicides in agroecosystems has increased over the past few years
because of the advent of genetically modified glyphosate-resistant crops and resistant weeds. This is
alarming because of potential damaging effects on non-target organisms. In sub-Saharan Africa, for
example Ghana, many rural farmers have not received training in the use of glyphosate-based herbi-
cides, thus tend to apply higher than recommended concentrations on farms. Therefore, this study
investigated the effect of glyphosate-based herbicides on beneficial insects under laboratory condi-
tions, using Apis mellifera L. (Hymenoptera: Apidae, Apini) and Hypotrigona ruspolii (Magretti)
(Hymenoptera: Apidae, Meliponini) as models. The bees were put in contact for 24 h with the rec-
ommended concentration of Sunphosate 360 SL, a glyphosate-based herbicide, 2x the recom-
mended concentration, or distilled water as control. The effect of the herbicide on the bees was
compared to the effect of a lambda-cyhalothrin insecticide. Generally, more bees died after contact
with plants freshly sprayed with the herbicide than on herbicide-treated filter paper. In both cases,
more bees died after contact with the higher concentration of the herbicide. These findings suggest
that beneficial insects, specifically A. mellifera and H. ruspolii, may get killed if they are sprayed upon
or come into contact with plants that have been freshly sprayed with (more than) the recommended
concentration of glyphosate-based herbicides. Therefore, it is important to restrict access and use of
such herbicides to trained personnel who will comply with spraying guidelines, that is, recommended
concentrations and timing of spray. Spraying at a time when insects are flying about may be detri-
mental to beneficial insects such as pollinator bees, parasitoids, and predators.

for Biodiversity, 2012). Elsewhere in sub-Saharan Africa,

Introduction

Herbicides are pesticides formulated to control weeds in
agroecological systems (Kraehmer et al., 2014a,b). Among
the most common and widely used are glyphosate-based
herbicides. It has been the top herbicide in use in Europe,
USA, and other parts of the world in recent years (Euro-
pean Commission, 2007; EPA, 2012; Myers et al., 2016).
South Africa used about 8 million litres of glyphosate-
based herbicides between 2005 and 2012 (African Centre
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particularly in Ghana, there are no readily available data
on the use of glyphosate-based herbicides. However, farm-
ers in both rural and peri-urban communities rampantly
use this chemical purposely for clearing weeds. The farm-
ers opt for glyphosate-based herbicides for land clearance
because they find the herbicides cheaper and less laborious
to use than the traditional manual or mechanised land
clearing methods. In fact, even in cities, many residents
use glyphosate-based herbicides to clear weeds around
their homes (Howe et al., 2004; ] Abraham, pers. obs.).
The rise in the use of commercially formulated glypho-
sate-based herbicides is alarming owing to several studies
pointing to damaging effects on several organisms includ-
ing frogs (Howe et al., 2004; Meza-Joya et al., 2013), fishes
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(do Carmo Langiano & Martinez, 2008; Marques et al.,
2014, 2015; Moreno et al., 2014) and insects (Kale et al.,
1995; Kaya et al., 2000). Apparently, the surfactants or
adjuvants added to the formulation could contribute to
these effects. In fact, it has been demonstrated that poly-
oxyethylene tallow amine (POEA), a glyphosate surfactant,
contributes to the high toxicity of glyphosate-based prod-
ucts (Perkins et al., 2000; Howe et al., 2004; Comstock
et al.,, 2007; Mann et al., 2009) and that there could be a
synergistic effect of the surfactant and other ingredients of
glyphosate-based products (Comstock et al., 2007). Aside
POEA, other surfactants such as nonylphenol ethoxylate
(NPE) and alcohol alkoxylate have been found to be toxic
(Mann & Bidwell, 2001). It is even feared that glyphosate is
‘probably carcinogenic to humans’ because of sufficient
evidence for its carcinogenicity in experimental animals,
limited evidence for its carcinogenicity in humans, and
strong evidence that glyphosate can operate through two
key characteristics of known human carcinogens (Guyton
et al,, 2015; IARC, 2015; Myers et al., 2016). However, this
assertion seems not to be conclusive, as several conflicting
reports have also been made (European Food Safety
Authority, 2015; Vandenberg et al., 2017). Moreover,
reports indicate that glyphosate is capable of causing
deformities in embryos of frogs and chicken (Paganelli
et al,, 2010). In areas where glyphosate-based herbicides
are heavily applied because glyphosate-resistant crops are
cultivated (e.g., Argentina and Paraguay), there have been
negative impacts on human health, including birth defects
in Argentina (Antoniou et al., 2012).

On the basis of these reports, perceived or real, some
countries (e.g., Colombia) have instituted restrictions on
the use of glyphosate-based pesticides (African Centre for
Biodiversity, 2015; Hansen, 2016), and relevant institu-
tions in Argentina (Sarich, 2015) and Brazil, for instance,
have suggested banning the use of glyphosate (African
Centre for Biodiversity, 2015). In Bermuda and Sri Lanka,
the product is banned, whereas in Germany, there was a
call for ‘the supply to and use by private persons to be
banned for precautionary reasons’ by state consumer pro-
tection ministers (Hansen, 2016). In spite of this call, the
European Union, including Germany, has given approval
for the use of glyphosate for the period 16 December 2017
to 15 December 2022 under strict conditions including
‘paying particular attention to the risk to diversity and
abundance of non-target terrestrial arthropods and verte-
brates via trophic interactions’ (European Commission,
2018).

Aside all the perceived or real effects of glyphosate-
based pesticides, this paper is concerned about the effect
commercially formulated glyphosate-based pesticides
could have on non-target beneficial insects. Although

earlier studies have demonstrated that ingestion of sub-
lethal doses of glyphosate by honeybees impairs their
sensitivity to nectar reward, associative learning (Herbert
et al,, 2014), and cognitive capacities (Balbuena et al,,
2015), the effect of commercial formulations on bees is
not fully known. It is important to note that, in Ghana,
any possible effect on beneficial insects could be aggra-
vated by the users, because many of the rural farmers
are not educated on the correct use of the chemical and
so seldomly apply the correct concentration (J Abraham,
pers. obs.). Beneficial insects are likely to be caught in
direct contact with the herbicide at the time of applica-
tion or immediately after application. It is known that
pollinators could be exposed to pesticides through dro-
plets directly on their cuticle or ingestion, and suffer
consequences including death (Egan et al., 2014; San-
chez-Bayo & Goka, 2014, 2016). Beneficial insects such
as pollinators enhance crop yield, whereas parasitoids
and predators protect crops against insect pests. These
natural enemies are especially useful for insect pest con-
trol in situations where the insect pests are less accessible
by insecticides (Thomson, 2012). The increasing number
of invasive insect pests — such as Drosophila suzukii
(Matsumura) in Europe, USA, and parts of South Amer-
ica (Hauser, 2011; Abraham et al., 2015), and Spodoptera
frugiperda (JE Smith) in Africa recently (Goergen et al.,
2016) — makes it important to conserve beneficial insects
that could be used for biological control. Continuous
use of pesticides (both insecticides and herbicides) in
crop production is developing resistant pest populations
and reducing the population of beneficial arthropods
such as parasitoids, insect predators, insect pollinators,
and earthworms (Gill & Garg, 2014).

Several studies have shown that insects (both pests
and beneficial) are killed when in direct contact with
insecticides or in contact with insecticide residues days
after application (Blibech et al., 2015; Thara et al., 2017;
Ullah & Shad, 2017). Although insecticides are formu-
lated to kill obnoxious insects, improper use could
result in detrimental effects on non-target organisms
(Fishel, 2005). It has been shown that only about 1%
of applied insecticides reach their target insect pests,
whereas the remaining majority contaminate the envi-
ronment (Carriger et al., 2006). Moreover, most of the
chemicals used for pest control are non-selective and
highly toxic thereby killing both pest and beneficial
insects. Ideally, insecticides should be toxic only to the
target insects, be biodegradable, and eco-friendly (San-
chez-Bayo, 2001; Rosell et al., 2008). A good insecticide
should be effective against its target pest but should not
have detrimental effects on predators and parasitoids of
insect pests (Fernandes et al., 2010).



This study aimed at investigating the effect of a glypho-
sate-based herbicide on beneficial insects using Apis mellif-
era L. (Hymenoptera: Apidae, Apini) and Hypotrigona
ruspolii (Magretti) (Hymenoptera: Apidae, Meliponini) as
models. The effect of the glyphosate-based herbicide Sun-
phosate 360 SL on these bees was compared to the effect of
a known insect killer, lambda-cyhalothrin, on the bees.
Apis mellifera and H. ruspolii were used as model insects
because bees are the most important beneficial insect spe-
cies offering pollination services in African agroecological
systems (Eardley, 2004; Mensah & Kudom, 2010; Mathias-
son et al., 2015; Stein et al., 2017). It is important to inves-
tigate the effect of pesticides on pollinators because insect
pollination accounts for about 67% of all pollinated crops
(Park et al., 2012) and honeybees are the most economi-
cally valuable pollinators (Klein et al., 2007). Aside polli-
nation services, both A. mellifera and H. ruspolii produce
honey (Eardley & Kwapong, 2013; Mathiasson et al,
2015).

Materials and methods

Bees

Worker A. mellifera were obtained from the apiary of the
College of Agriculture Education, University of Education,
Winneba (UEW), Ghana. The apiary is situated in a tropi-
cal environment at 23-29 °C, ca. 70 £+ 5% r.h., and ca.
L12:D12 photoperiod. The bees were collected from their
hives and kept in 30 x 30 x 30 cm BugDorm cages
(Entomopraxis, Barcelona, Spain) placed in a laboratory
at 25-27 °C, 70 £ 5% r.h., and ca. L12:D12 photoperiod.
The bees were fed on 10% sucrose soaked in pieces of cot-
ton and placed inside the cages until they were used for the
experiments. Likewise, worker H. ruspolii were collected
from natural hives within the botanic garden of the School
of Biological Sciences, College of Agriculture and Natural
Sciences, University of Cape Coast (UCC), Ghana. The
prevailing environmental conditions in the botanic garden
at UCC were similar to those at the apiary at UEW. The
H. ruspolii were placed under the same laboratory condi-
tions and treated the same as the A. mellifera before the
experiments.

Pesticides

Sunphosate 360 SL, a commercially formulated glypho-
sate-based herbicide containing 360 g of glyphosate 1™ in
the form of 480 g 1~ isopropylamine salt of soluble liquid
(Zhejiang Xinan Chemical Industrial Group, Jiande, Zhe-
jiang, China), was used at the concentration recom-
mended by the manufacturer (10 ml 17! of water) and 2x
the recommended concentration. The experiment on
H. ruspolii was repeated with a commercially formulated
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insecticide, PAWA 2.5 EC, containing 25 g of lambda-
cyhalothrin 17! (Chemico, Tema, Ghana) as a positive
control, to compare the toxicity of the herbicide. There-
fore, only the recommended concentration (4 ml 17! of
water) was used. Distilled water was used as a negative
control.

Effect of freshly sprayed glyphosate-based herbicide on bees
Flower-bearing branches of Senna siamea (Lam.) Irwin
et Barneby (Fabaceae) were cut and potted following a
modified design from Cowles et al. (2015). Each pot-
ted plant was placed in a 30 x 30 x 30 cm BugDorm
cage (n =9). Using a handheld 450-ml sprayer bottle
(Taizhou Youfeng Plastics, Taizhou, Zhejiang, China),
the plants were sprayed manually with the recom-
mended concentration of the glyphosate-based herbi-
cide until run-off following Blibech et al. (2015). Ten
worker A. mellifera were placed inside each cage and
allowed to interact with the freshly sprayed plants for
24 h following Cowles et al. (2015). A piece of cotton
soaked in 10% sucrose was placed inside each cage to
prevent the bees from starving. Dead bees were con-
firmed after another 24 h. Through interactions with
the freshly sprayed plants, the bees contaminated
themselves topically and/or orally with droplets of the
herbicide. The same experimental set-up was repeated
with 2x the concentration of the glyphosate-based her-
bicide. As control, the plants (n=19) were sprayed
with distilled water until run-off and 10 A. mellifera
each were placed in each cage as described above. A
similar experimental set-up was used with H. ruspolii
for control, recommended concentration, and 2x the
recommended concentration (n = 10 per treatment).

Effect of pesticide (herbicide and insecticide) residues on
Hypotrigona ruspolii

In another experiment, we tested the effect of residues of
the glyphosate-based herbicide on H. ruspolii. In this
experiment, pieces of filter paper (Hangzhou Special Paper
Industry, Hangzhou, Zhejiang, China) were cut to
2 x 2 cm (n = 10) and soaked in the herbicide following
modified designs from Ksentini et al. (2010) and Roubos
et al. (2014). The filter papers were air-dried in the labora-
tory. They were then placed singly in 50-ml fly vials (DD
Biolab, Barcelona, Spain) with the vials lying by their sides.
In each vial, 10 workers of H. ruspolii were placed and cov-
ered with a cotton stopper. A piece of cotton soaked with
10% sucrose was placed inside the vial to prevent the sting-
less bees from starving. The stingless bees were left in con-
tact with the soaked filter paper for 24 h. This was
repeated 10x (n = 10). The experiment was repeated with
filter paper soaked in distilled water as control (n = 10).
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Dead stingless bees were confirmed after another
24 h. The same experimental set-up was used with
lambda-cyhalothrin at the recommended concentration
(4 ml 17! of water).

Data analysis

Mortality rates (%) of the bees at the two herbicide
concentrations and water were subjected to ANOVA.
Two-sample t-tests were conducted where significant
differences were obtained. Mortality (%) of H. ruspolii
was analysed by one-sample t-test, as the insecticide caused
100% mean mortality. Analyses were performed with
Minitab v.16 (Minitab, State College, PA, USA).

Results

Effect of freshly sprayed glyphosate-based herbicide on bees
The glyphosate-based herbicide had a strong effect
on A. mellifera  mortality (F,,4 = 171.50, P<0.001;
Figure 1A). On plants freshly sprayed with 2x the recom-
mended concentration, mortality was higher than on
plants sprayed with the recommended concentration (74
vs. 28%; t = 12.66, P<0.001; Figure 1A). In comparison,
1004 A
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Figure 1 Mean (= SE) mortality (%) of (A) Apis mellifera (n = 9
replicates with 10 bees each) and (B) Hypotrigona ruspolii

(n = 10 replicates with 10 bees each) after direct contact for 24 h
in a cage with flower-bearing branches of Senna siamea freshly
sprayed with a commercially formulated glyphosate-based
herbicide at 1 or 2x the recommended concentration, or water as
control. Means capped with different letters are significantly
different (two-sample t-test: P<0.05). Rec. conc. =
Recommended concentration.

mean mortality on water-treated control plants (4%) was
negligible (Figure 1A).

The herbicide had a similar effect on the mortality of
H. ruspolii (F,,7; = 63.32 P<0.001; Figure 1B). When in
contact with 2x the recommended concentration, mortal-
ity was higher than when in contact with the recom-
mended concentration (77 vs. 23%; t = 6.83, P<0.001)
and control mortality was very low (6%; Figure 1B).

Effect of herbicide and insecticide residues on Hypotrigona ruspolii
When H. ruspolii were in contact with air-dried filter
paper soaked with Sunphosate 360 SL or distilled water as
control, there were differences in mortality (F,,; = 8.90,
P = 0.001; Figure 2). Mortality was higher when in con-
tact with 2x the recommended concentration than when
in contact with the recommended concentration (19 vs.
10%; t = 2.21, P = 0.04). Control mortality was 4%,
which was not significantly lower than the mortality at the
recommended  concentration (t=1.77, P = 0.10;
Figure 2).

All bees died (100% mortality) when in contact with fil-
ter paper treated with lambda-cyhalothrin at the recom-
mended concentration (Figure 2). In this experiment,

control mortality was 7% (Figure 2).

Discussion

High demands for food by the growing world population
of man have led to an increase in the use of pesticides to
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Figure 2 Mean (£ SE) mortality (%) of Hypotrigona ruspolii
after contact for 24 h in fly tubes with air-dried filter papers
treated with a glyphosate-based herbicide at 1 or 2x the
recommended concentration, and a lambda-cyhalothrin
insecticide at the reccommended concentration (n = 10 replicates
with 10 bees each). Water was used as control. Means capped
with different letters are significantly different (two-sample t-test:
P<0.05); the mean capped with the asterisk is significantly
different from all others (t-test: P<0.001). Rec. conc. =
Recommended concentration.



enhance crop production. Pesticide use has become an
indispensable component of agriculture for eradicating
arthropod pests and weeds, and for protecting stored
crops (Gill & Garg, 2014). Pesticide production is ever
increasing and its use may continue to increase (Migheli,
2017; Damalas & Koutroubas, 2018). For instance, the
use of glyphosate-based herbicides has increased due to
the advent of genetically modified glyphosate-resistant
crops (Howe et al., 2004, African Centre for Biodiversity,
2012, 2015; Myers et al.,, 2016) and this has led to the
development of glyphosate-resistant weeds (Myers et al.,
2016). In many sub-Saharan African countries, for
instance Ghana, agricultural land preparation increas-
ingly depends on glyphosate-based herbicides. The high
demand for these herbicides is likely driving their high
production. The rapidly increasing production of pesti-
cides and their associated problems have, however, trig-
gered efforts at minimising the use of pesticides in
agriculture without reducing yield (Lechenet et al., 2014;
Pretty & Bharucha, 2015; Sgolastra et al., 2017; Shugin
& Fang, 2018).

In this laboratory study, when workers of A. mellifera
and H. ruspolii had direct contact with plants freshly
sprayed with Sunphosate 360 SL at the manufacturer’s rec-
ommended concentration (10 ml 17%), about 25% of the
bees died within 24 h. At 2x the recommended concen-
tration, about 3x as many bees (ca. 75%) were killed
within 24 h. This double concentration resembles the con-
centration applied by many rural farmers in Ghana who
have no education on the use of glyphosate-based herbi-
cides. The mortality at the recommended concentration is
considerable, compared to the ca. 5% mortality when in
contact with the water control. It is important to note that
the mortality of the stingless bees was lower when in con-
tact with air-dried herbicide-treated filter paper than when
in contact with freshly sprayed plants. As the filter paper
contained only residues, about 19% of H. ruspolii died
after contact with double the recommended concentration
of the herbicide, and even fewer died after contact with the
recommended concentration or with the control. This
suggests that if bees get into contact with dry residue of
glyphosate-based herbicides, they may not be killed.
Therefore, the timing of application is important — spray-
ing should be done when insects are not flying around.
Residue of the insecticide, lambda-cyhalothrin, was still
highly toxic: all stingless bees died after contact with filter
paper treated at the recommended concentration.
Lambda-cyhalothrin is a potent pyrethroid contact insecti-
cide, disrupting the normal functioning of the nervous
system (National Pesticide Information Center, 2001).
Hypotrigona ruspolii were observed trembling before
death.
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The mechanism by which the bees died from the gly-
phosate-based herbicide is unknown. As the bees were in
contact with the herbicide over a period of 24 h, they may
have died from contact and/or ingestion toxicity. The
study was conducted in confinement (fly tubes and cages)
in a laboratory and so mortality may differ under field
conditions. Studies with the fruitfly Drosophila melanoga-
ster Meigen exposed to 0.169 mg 17" of glyphosate showed
that a mutation was induced (Kaya et al., 2000), whereas a
glyphosate-based formulation caused sex-linked recessive
lethal mutations in Drosophila sp. (Kale et al., 1995). It is
not known whether such lethal mutation could cause the
death of adult bees within 24 h. The cause of death of bees
upon contact with the glyphosate-based herbicide would
be an interesting subject for further investigations.

Although the toxicity of glyphosate is not targeted at
insects (Mesnage et al., 2015; Myers et al.,, 2016; Van-
denberg et al,, 2017), data from Thompson et al. (2014)
suggest that between 6% and 18% of eggs or larvae in
glyphosate-treated broods of A. mellifera died after dos-
ing with ca. 1 1 of 75-300 mg 1~ of technical grade gly-
phosate for 5 days. This was about 2-3% above
mortality in control experiments (Thompson et al.,
2014). In our study, mortality after contact with the rec-
ommended concentration was about 10-28% and about
6-24% above mortality in control experiments. On the
basis of these mortality rates, the glyphosate-based herbi-
cide falls in the category of pesticides classified as being
‘slightly harmful’ to beneficial insects if the recom-
mended concentrations are applied (Thomson, 2012). It
becomes ‘harmful’ if concentrations higher than the rec-
ommended are used (Thomson, 2012). In 1994, the
World Health Organization classified technical grade gly-
phosate and glyphosate formulation (Roundup) as
‘slightly toxic’ to bees when applied either orally or topi-
cally (WHO, 1994). The observed mortality on contact
with the recommended concentration appears to be low
and may not be biologically significant, but the effect of
repeated exposure over a long term on bees has not been
explored exhaustively (Herbert et al., 2014; Balbuena
et al., 2015).

In conclusion, a key message of our study is that glypho-
sate-based herbicides have the potential to kill beneficial
insects especially at concentrations higher than recom-
mended. Relevant authorities should regulate access to
and use of glyphosate and glyphosate-based herbicides to
prevent potential damages to the environment. Beneficial
insects are important for food (honey) production, provi-
sion of pollination services, and pest control — without
them the world faces food insecurity. It is important to
protect all beneficial insects from any possible harm from
pesticides.
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