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Introduction

About 90% of flowering plant species are visited by 
animals (Tong et al., 2023), and among them, bees are key 
players (Klein et al., 2007), providing essential pollination 
services. Pollinators, particularly bees, play a crucial role 
in food security by providing pollination services to plants 
and enhancing crop yields (Anees et al., 2022; Q. Ali et al., 
2024; Ejaz et al., 2025). Overall, bees provide roughly one-
third of global crop pollination services (Garibaldi et al., 
2013), yet declines in both managed and wild bee populations  
continue worldwide (Shi et al., 2024). Some of the reasons for 
bee decline include agricultural intensification, loss of diverse 
landscapes, and injudicious pesticide use (Nath et al., 2023; 
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Pontarp et al., 2024). These declines are predicted to reduce 
the food production in pollinator-dependent crops and the 
ecosystem services, ultimately affecting food security (Devkota 
et al., 2024; Uwingabire & Gallai, 2024). 

Among various factors contributing to the decline, 
agricultural intensification stands out as a crucial factor, as 
diverse landscapes are being rapidly converted into strict 
monocultures, ultimately affecting pollinator diversity and 
distribution (Proesmans et al., 2024). Most monocultures rely 
on pesticides for pest management and to ensure higher yields 
(Wagan et al., 2025; Zhang et al., 2023). Farmers routinely 
apply neonicotinoids, pyrethroids, organophosphates, and newer  
chemistries such as diamides, spinosyns, and macrocyclic 
lactones, each targeting distinct physiological systems (Sparks, 
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2025, Mode of Action|Insecticide Resistance Action Committee 
(IRAC) 2025). These insecticides primarily target nerves 
and muscles, as well as growth, respiration, the midgut, 
proteins, and unspecified regions of insect body systems 
(Mode of Action|Insecticide Resistance Action Committee 
(IRAC), 2025). Systemic compounds may translocate into 
pollen and nectar, creating oral exposure routes for insect 
pollinators (Heller et al., 2020). Although protecting yield is 
the immediate priority of the grower, disregarding pollinator 
safety can impose hidden long-term economic costs through 
decreased ecosystem services (Nchang et al., 2023). This 
recognition highlights the emerging paradigm of integrated 
pest and pollinator management (IPPM) (Egan et al., 2020; 
Lundin et al., 2021; Merle et al., 2022). 

To practice integrated pest and pollinator management, 
a broad understanding of the toxic effects of different insecticide 
groups on pollinators is needed. Most regulatory toxicology 
tests still rely on the European honey bee, Apis mellifera L. 
However, solitary species such as the small carpenter bee 
Ceratina smaragdula Smith often display greater sensitivity 
owing to their limited colony buffering, smaller body mass, 
and reduced diversity of detoxification enzymes. The effects 
of pesticides depend on whether bees live in large social 
colonies or nest alone, because social bees can share and 
buffer chemical exposure, whereas solitary bees face pesticide 
exposure individually without support from other bees 
(Sgolastra et al., 2019). A. mellifera colonies comprise 40,000 
to 80,000 worker bees that share brood care and food stores, 
which potentially dilutes the individual pesticide loads. On the 
other hand, C. smaragdula females nest singly in pithy stems, 
provisioning each brood cell alone, and therefore, experience  
direct, uncompensated exposure to pesticide-exposed forage. 
Another example of the ground-nesting solitary bee, Xenoglossa 
pruinose (Say) (Hymenoptera: Apidae), demonstrated sensitivity 
to even a single pesticide application under field conditions 
(O’Reilly & Stanley, 2023; Rondeau & Raine, 2024). 
Understanding how social and solitary bees differ in 
vulnerability is essential for risk assessment.

Here, we selected several commonly used pesticides 
from different IRAC groups (Mode of Action | Insecticide 
Resistance Action Committee (IRAC), 2025) and tested their 
toxicity against both A. mellifera and C. smaragdula. Through 
laboratory feeding bioassays and field applications of the 
least-toxic pesticides, we assessed the effects on survival 
under laboratory conditions and on the abundance of these 
pollinators in sprayed plants in the field. The study aims 
to develop actionable recommendations for practicing an 
integrated pest and pollinator management approach.

Materials and Methods
Insecticides

A total of eleven insecticides were used; nine were 
tested against small carpenter bees, and all eleven were tested 
against Apis mellifera. Insecticide formulations (Table 1) were 
chosen after (i) interviewing 25 local farmers and pesticide 

dealers, ensuring representation of at least five IRAC 
mode‑of‑action groups. These insecticides were Rani® 20 SL 
(active ingredient: acetamiprid), Talstar® 10.8 EC (active 
ingredient: bifenthrin), Coragen® 20 SC (active ingredient: 
chlorantraniliprole), Pirate® 360g/1SC (active ingredient: 
chlorfenapyr), Polo® 50 SC (active ingredient: diafenthiuron), 
Timer® 1.9 EC (active ingredient: emamectin benzoate), Ulala® 
50 DF (active ingredient: flonicamid), Hiflow® 10.8 EC (active 
ingredient: pyriproxyfen), Radiant® 120 SC (active ingredient: 
spinetoram), Belt 480 SC (active ingredient: fubendiamide), 
and Movento® 240 SC (active ingredient: spirotetramet). The 
insecticide solution was prepared by adding 20% sucrose to 
distilled water, and serial dilutions were made according to the 
recommended dose. Different concentrations of insecticides 
were used to test acute toxicity (Table 1).

Insecticide Serial solution 
concentration (%)

Serial solutions 
range (µg mL-1)

Acetamiprid† 100 - 6.25 125 - 7.8125

Bifenthrin* 100 - 6.25 125 - 7.8125

Chlorantraniliprole 100 - 6.25 25 - 1.562

Chlorfenapyr 100 - 6.25 375 - 23.43

Difenthiuron* 100 - 6.25 400 - 25

Emamectin benzoate 100 - 6.25 19 - 1.19

Flonicamid* 100 - 6.25 125 - 7.8125

Pyriproxyfen* 100 - 6.25 250 - 6.25

Spinetoram* 100 - 6.25 360 - 22.5

Flubendiamide 100 - 6.25 25 - 1.562

Spirotetramet† 100 - 6.25 240 - 15

† Insecticides not used for solitary bees
* Insecticides used in the field

Table 1. Serial concentrations and corresponding dose ranges  
(µg/mL) of insecticides used in laboratory bioassays.

The concentrations of insecticides used in this study 
were selected to reflect both field-realistic exposure levels 
and higher-end concentrations that may occur in the field. 
While bees are not typically exposed to the full recommended 
application doses in nectar or pollen, residue studies have 
shown that insecticide levels in bee-consumed matrices 
can vary depending on application method, crop type, and 
environmental conditions (Sanchez-Bayo & Goka, 2014). 
Therefore, we tested a gradient of concentrations: from low 
(representing likely field exposure), to high (representing 
worst-case or acute exposure scenarios). This methodology 
allows for a more comprehensive understanding of both 
sublethal and lethal effects.

Ceratina smaragdula emergence and maintenance

We selected C. smaragdula as a model solitary bee 
species because it is a locally abundant and ecologically 
important species in the region, known for its role in pollinating 
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a wide range of crops (Abdullah et al., 2024; Rauf et al., 
2021). Its manageable nesting in Phragmites reeds also makes 
it a practical candidate for convenient collection, laboratory 
rearing, and toxicity testing.

C. smaragdula was collected from Kot Addu, a district
of Punjab, Pakistan. Reeds of Phragmites sp. containing C. 
smaragdula pupae were taken from natural nesting sites in 
the field. To reduce stress during collection, reeds containing 
pupae were carefully cut with a sharp blade and placed in a 
ventilated container in the shade to prevent overheating or 
physical disturbance. Later, the container was transferred 
to an air-conditioned vehicle and transported to the Bee 
Laboratory, MNS University of Agriculture, Multan, Pakistan. 
These reeds were maintained under controlled laboratory 
conditions (29 ± 1 °C, ~60% relative humidity, and a 16:8 
h light:dark photoperiod) until adult emergence. Emerged 
bees were monitored daily, and newly emerged adults were 
identified by their soft exoskeletons, lighter coloration, and 
absence of wing wear, indicating they had not yet taken 
flight. Individuals were collected using gentle aspiration 
within 12 hours of emergence and transferred into 60 cm³ 
labeled holding cages to prevent escape and for use in 
toxicity assays.

Apis mellifera emergence and maintenance

Worker honey bees were selected for laboratory 
experiments involving different insecticides. Newly emerged 
Apis mellifera workers were identified and collected from 
healthy, queen-right colonies maintained at the agricultural 
farm of MNS University of Agriculture. Brood frames 
containing sealed worker pupae were removed from the hives 
and placed in a glass cabinet at 29 ± 1 °C, ~60% relative 
humidity, and 16:8 h light:dark photoperiod. Frames were 
inspected every few hours, and bees emerging from sealed 
cells were immediately collected using soft forceps. Only 
bees that emerged within the last 2–3 hours were used to 
ensure uniform age and reduce variability in susceptibility. 
These bees had not yet engaged in foraging or hive tasks and 
showed soft cuticle and light coloration, confirming their 
newly emerged status.

A. mellifera colonies were managed according to standard
field practices. For insecticide exposure risk assessment, worker 
honey bees have been considered the most environmentally 
exposed caste (Picard-Nizou et al., 1995). Worker honey bees 
start foraging 20 days after they emerge from the brood 
(Winston, 1991). According to farm records, no obvious 
diseases were reported, and no hive treatments involving 
pesticides were applied. Emerged worker bees kept in containers 
were maintained at a temperature of 32 ± 2 ºC, 65 ± 5% 
relative humidity, and a 12:12 h light:dark photoperiod, and 
were fed a 50% (w/v) sucrose solution (Williams et al., 2013). 
The sucrose solution was supplied in identical feeders for all 
experimental groups and replenished daily to prevent depletion. 
Because nutrition was not an experimental factor, the volume 
of sucrose solution consumed per group was not measured.

Experimental trials

The sugar solution was prepared by mixing 50 g of 
sugar with 50 ml of distilled water for the feeding bioassay. A 
micropipette was used to measure the quantity of insecticide 
required for the mother solution. A beaker was used to measure 
the volume of the stock solution. Glass cups were used for 
the food bioassay, with tissue paper soaked in the insecticide-
treated stock solution placed inside each cup. For each trial, 
18 cups were used. Goggles and gloves were worn to prevent 
contamination from exposure to insecticides. Experiments 
were conducted in a climate-controlled growth chamber with the 
following parameters: 32 ± 2 °C, 65 ± 5% relative humidity, 
and a 12:12 light-dark photoperiod (Badawy et al., 2015).

Feeding Bioassays 

The toxicity of insecticides to social and solitary bees 
was evaluated by determining LC50 values. The susceptibility 
of both bee types to insecticides was assessed via oral toxicity 
assays. The methodology was based on the standardized 
protocol described by (Medrzycki et al., 2010), with necessary 
adaptations to accommodate the physiological differences 
between social and solitary bee species.

Different concentrations of insecticides were used for 
each treatment (Table 1). For insecticide application, we used 
glass boxes with proper ventilation, kept in an air-conditioned 
laboratory at 25 ± 2 °C and 60–70% relative humidity. Bee 
mortality assessments were recorded at different hours of 
the day to track time-dependent effects. Both social and 
solitary bees received various insecticide doses via food (a 
50% w/v sucrose solution) in plastic feeding cups. A total of 
eleven insecticides were tested against Apis mellifera, while 
only nine were tested against small carpenter bees because 
reeds containing Ceratina populations were not available for 
further insecticide testing.

Before the experiment, bees were randomly assigned to 
treatment and control groups to avoid bias. The research was 
conducted using synthetic insecticides at different concentrations 
that reflect environmentally realistic exposure levels. Bees 
were deprived of food for two hours prior to the trial to 
encourage feeding behavior.

Each treatment group received a sucrose solution spiked 
with a specific insecticide concentration after the fasting 
period, whereas the control group received an insecticide-free 
sucrose solution. All treatments were replicated at least three 
times, with each replicate consisting of at least 10 bees kept 
in separate test units.

Oral toxicity was assessed using the above-described 
feeding method, and the survival time of bees post-exposure 
was monitored. The mortality rate of bees was recorded at 12 
and 24 hours after exposure.

Insecticides for the field

After lab trials, only the less toxic insecticides with 
low mortality (higher LC50 values) were selected for field 
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application to assess their toxicity to bees. Bifenthrin, 
diafenthiuron, flonicamid, pyriproxyfen, and spinetoram were 
used for field trials at the recommended dose.

Field toxicity

The canola crop was selected to evaluate the field 
toxicity of selected insecticides because it hosts multiple 
pollinators and is cultivated over a large area during winter 
in Multan, Pakistan. In this study, we selected the five least-
toxic insecticides identified through laboratory experiments, 
along with a control. One acre of canola was selected for 
insecticide application. A randomized complete block design 
(RCBD) was used in this experiment. A total of 25 plots were 
selected, each measuring 10 feet wide by 20 feet long. The 
spacing between plots was the same as that between treatment 
plots. For the insecticide application, a knapsack sprayer 
was used. To control insecticide drift into surrounding plots, 
plastic sheets were used with dimensions matching each plot. 
Insecticide was mixed into 1 liter of water for application to 
each plot, and the same volume of water was used for the 
control without insecticide (Stanley et al., 2010). Insecticide 
application data were recorded on cross-pollinated plants. 
The toxicity of insecticides on social and solitary bees was 
assessed using the LC50. Bee abundance was recorded on clear, 
sunny days by conducting direct visual counts within 1 m² 
quadrats placed randomly across the field. Observations were 
made over 5 minutes per quadrat, between 9:00 AM and 
11:00 AM, when bee foraging activity was at its peak (Ali et 
al., 2011). 

Statistical analysis 

Polo Plus software was used for lab data analysis, in 
which we analyzed the LC50 and LC90 values to check the 

toxicity effect on bees. We measured the degree of freedom 
and slope. Statistix 8.1 software was used to analyze field 
data. We used Tukey’s HSD test for all pairwise comparisons 
to assess the abundance of social and solitary bees in 
experimental plots after insecticide application.

Results

Laboratory Bioassay (C. smaragdula)

Nine insecticides were used to assess their toxicity to C. 
smaragdula. After 12 hours of treatment, emamectin benzoate 
was more toxic than other insecticides (Fig 1). The LC50 value 
for emamectin benzoate was 4.69 µg mL-1, with no overlap to 
cause higher mortality than other insecticides. On the other 
hand, moderate toxicity was observed in flubendiamide (LC50 
value = 60.57 µg mL-1) and chlorantraniliprole (LC50 value 
= 57.64 µg mL-1) based on overlapping fiducial limits. Other 
insecticides, such as flonicamid, chlorfenapyr, spinetoram, 
bifenthrin, pyriproxyfen, and diafenthiuron, were least toxic 
to C. smaragdula, with LC50 values ranging from 141.41 
to 846.77 µg mL-1. The LC90 value for emamectin benzoate 
was 31.25 µg mL-1, with no overlap, indicating no higher 
mortality than other insecticides. On the other hand, moderate 
toxicity was observed for flubendiamide (LC90 = 407.07 µg 
mL-1) and chlorantraniliprole (LC90 = 383.12 µg mL-1), as 
indicated by overlapping fiducial limits. Other insecticides 
such as flonicamid, chlorfenapyr, spinetoram, bifenthrin, 
pyriproxyfen, and diafenthiuron were the least toxic to C. 
smaragdula, with LC90 values ranging from 1066.8 to 18663 
µg mL-1. The slope of diafenthiuron was lower than that of 
the other insecticides, while the slope of emamectin benzoate 
was higher than that of the other insecticides. The slopes for 
flubendiamide and chlorantraniliprole were moderate compared 
with other insecticides (Table 2).

Sr. No. Insecticides Population LC50 (95% FL) (µg mL-1) LC90 (95% FL) (µg mL-1) Slope ± SE χ2 df

1 Bifenthrin 180 141.41 (79.29-589.19) a 1927.3 (499.91-99914.) a 1.13 ± 0.28 7.01 13

2 Chlorantraniliprole 180 57.64 (41.38-92.10) b 383.12 (192.92-1549.15) b 1.55 ± 0.28 11.23 13

3 Chlorfenapyr 180 387.85 (191.49-6823.29) a 5822.4 (1087.3-0.229) a 1.08 ± 0.37 8.30 13

4 Diafenthiuron 180 846.77 (362.74-17791.01) a 18663.0 (2700.90- 0.42728) a 0.95 ± 0.29 6.23 13

5 Emamectin 
Benzoate 180 4.69 (2.07- 8.29) c 31.25 (14.50-501.34) c 1.55 ± 0.38 16.76 13

6 Flonicamid 180 217.00 (104.59-3749.54) a 2613.2 (521.53-0.41) a 1.18 ± 0.39 11.84 13

7 Pyriproxyfen 180 296.96 (212.49-584.23) a 1066.8 (553.77-5280.5) a 2.30 ± 0.51 6.90 13

8 Spinetoram 180 174.93 (104.26-471.13) a 2487.5 (742.40-0.12) a 1.11 ± 0.26 14.80 13

9 Flubendiamide 180 60.57 (38.65-125.12) b 407.07 (171.76-5461.19) b 1.54 ± 0.34 15.34 13

Table 2. Acute oral toxicity (LC₅₀ and LC₉₀) of different insecticides against Ceratina smaragdula at 12 hours post-treatment. Values are 
expressed in µg/mL with 95% fiducial limits (FL). Different letters within a column indicate significant differences between treatments (based 
on non-overlapping 95% FL). Slope ± SE, chi-square (χ²), and degrees of freedom (df) are from probit regression analysis.
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Fig 1. Median lethal concentration (LC₅₀) values of different insecticides against Apis mellifera and Ceratina smaragdula 
at two exposure intervals: (A) 12 hours and (B) 24 hours post-treatment. Blue bars represent A. mellifera; red bars 
represent C. smaragdula. The figure highlights species-specific differences in insecticide susceptibility over time.
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After 24 hours of treatment, emamectin benzoate was 
found to be more toxic than the other insecticides. The LC50 
value for emamectin benzoate was 1.14 µg mL-1, with no 
overlap with other insecticides to cause higher mortality. On the 
other hand, moderate toxicity was observed in flubendiamide 
(LC50 value = 20.88 µg mL-1) and chlorantraniliprole (LC50 
value = 15.83 µg mL-1) based on overlapping fiducial limits. 
Other insecticides, such as flonicamid, chlorfenapyr, spinetoram, 
bifenthrin, pyriproxyfen, and diafenthiuron, were least toxic 
to C. smaragdula, with LC50 values ranging from 30.07 to 
332.28 µg mL-1. The LC90 value for emamectin benzoate was 
8.81 µg mL-1, with no overlap, indicating it was not more 
toxic than other insecticides. On the other hand, moderate 
toxicity was observed in flubendiamide (LC90 value = 104.39 
µg mL-1) and chlorantraniliprole (LC90 value = 70.56 µg mL-

1) based on overlapping fiducial limits. Other insecticides like
flonicamid, chlorfenapyr, spinetoram, bifenthrin, pyriproxyfen,
and diafenthiuron were least toxic to C. smaragdula, with LC90
values ranging from 122.53 to 2221.9 µg mL-1. Diafenthiuron
showed a lower slope of toxicity than other insecticides.
The slope of emamectin benzoate showed it was more toxic
than other insecticides. The slopes of flubendiamide and
chlorantraniliprole were moderate compared to other insecticides
(Table 3).

Laboratory Bioassay (Apis mellifera)

In this experiment, 11 insecticides were tested to check 
their toxicity against A. mellifera. After 12 hours of treatment, 
emamectin benzoate showed the highest toxicity (Fig 1). The 
LC50 value for emamectin benzoate was 9.64 µg mL-1, with no 
overlap to cause higher mortality than other insecticides. On the 
other hand, moderate toxicity was observed in flubendiamide 
(LC50 value = 32.24 µg mL-1) and chlorantraniliprole (LC50 
value = 122.55 µg mL-1) based on overlapping fiducial limits. 
Other insecticides such as flonicamid, chlorfenapyr, spinetoram, 
bifenthrin, pyriproxyfen, and diafenthiuron were less toxic 
to A. mellifera, with LC50 values ranging from 129.18 to 
589.92 µg mL-1. The LC90 value for emamectin benzoate 
was 18.21 µg mL-1, with no overlap with other insecticides, 
indicating higher mortality. On the other hand, moderate 
toxicity was observed for flubendiamide (LC90 = 867.09 µg 
mL-1) and chlorantraniliprole (LC90 = 450.36 µg mL-1), 
based on overlapping fiducial limits. Other insecticides, such 
as flonicamid, acetamipride, spirotetramat, chlorfenapyr, 
spinetoram, bifenthrin, pyriproxyfen, and diafenthiuron, were 
less toxic to A. mellifera, with LC90 values ranging from 
953.43 to 12234 µg mL-1. Diafenthiuron showed lower toxicity, 
while emamectin benzoate showed the highest toxicity (Table 4).

Sr. No. Insecticides Population LC50 (95% FL) (µg mL-1) LC90 (95% FL) (µg mL-1) Slope ± SE χ2 df
1 Bifenthrin 180 30.07 (20.82-41.90) a 122.53 (77.90-297.66) a 2.10 ± 0.34 14.48 13
2 Chlorantraniliprole 180 15.83 (10.48-21.29) b 70.56 (48.13-140.49) b 1.97± 0.35 9.99 13
3 Chlorfenapyr 180 105.42 (71.50-154.60) a 472.92 (273.08-1785.89) a 1.96 ± 0.45 11.71 13
4 Diafenthiuron 180 332.28 (223.59-688.09) a 2221.9 (953.67-151220.00) a 0.22 ± 0.10 11.33 13

5 Emamectin 
Benzoate 180 1.14 (0.27-1.95) c 8.81 (5.19-33.90) c 1.44 ± 0.32 15.84 13

6 Flonicamid 180 58.06 (38.05-106.62) a 365.17 (166.96-3091.3) a 1.60 ± 0.34 14.49 13
7 Pyriproxyfen 180 51.23 (37.40-68.76) a 156.53 (108.13-304.10) a 2.64 ± 0.35 18.57 13
8 Spinetoram 180 88.06 (53.19-131.19) a 502.68 (281.97-1933.01) a 1.69 ± 0.38 12.31 13
9 Flubendiamide 180 20.88 (13.37-29.46) b 104.39 (64.55-276.40) b 1.83 ± 0.32 13.49 13

Table 3. Acute oral toxicity (LC₅₀ and LC₉₀) of different insecticides against Ceratina smaragdula at 24 hours post-treatment. Values are 
expressed in µg/mL with 95% fiducial limits (FL). Different letters within a column indicate statistically significant differences between 
treatments based on non-overlapping 95% FL. Slope ± SE, chi-square (χ²), and degrees of freedom (df) are from probit regression analysis.

Table 4. Acute oral toxicity (LC₅₀ and LC₉₀) of different insecticides against Apis mellifera at 12 hours post-treatment. Values are expressed in 
µg/mL with 95% fiducial limits (FL). Different letters within a column indicate statistically significant differences between treatments based 
on non-overlapping 95% FL. Slope ± SE, chi-square (χ²), and degrees of freedom (df) are from probit regression analysis.

Sr. No. Insecticides Population LC50 (95% FL) (µg mL-1) LC90 (95% FL) (µg mL-1) Slope ± SE χ2 DF
1 Acetamiprid 180 176.49 (88.55-3674.49) a 1605.2(364.50-5021800.00) a 1.33 ± 0.38 16.34 13
2 Bifenthrin 180 163.60 (89.70-1030.45) a 953.43 (299.53- 6742.00) a 1.67 ± 0.37 19.39 13
3 Chlorantraniliprole 180 122.55 (84.49-260.65) b 450.36(224.90-2679.9) b 2.26 ± 0.44 15.20 13
4 Chlorfenapyr 180 365.69 (188.68-2862.54) a 5434.5(1153.0-16846000.00) a 1.09 ± 0.32 12.67 13
5 Diafenthiuron 180 390.51(205.81-2654.54) a 6508.6(1382.2-238500) a 1.04 ± 0.27 14.18 13

6 Emamectin 
Benzoate 180 9.64 (6.59-15.66) c 18.21 (12.32-65.90) c 4.63 ± 0.70 46.44 13

7 Flonicamid 180 156.04 (93.28-662.46) a 1121.2(362.83- 53511.00) a 1.49 ± 0.42 11.63 13
8 Pyriproxyfen 180 222.70 (113.81-2739.61) a 5399.6(908.87-687970.00) a 0.92 ± 0.32 11.14 13
9 Spinetoram 180 129.18 (74.17-278.20) a 1103.8(424.45-26538.00) a 1.37 ± 0.28 20.67 13
10 Flubendiamide 180 32.24 (12.87-87.87) b 867.09 (197.95-2942800.00) b 0.89 ± 0.26 16.34 13
11 Spirotetramet 180 589.92 (242.09-15994) a 12234(1712.4-371200.00) a 0.97 ± 0.30 12.52 13
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While evaluating the results 24 hours post-treatment on 
A. mellifera, emamectin benzoate proved to be more toxic than
other insecticides. The LC50 values for emamectin benzoate
were 5.10 µg mL-1. While moderate toxicity was observed
in flubendiamide and chlorantraniliprole, at concentrations
of 12.73 µg mL-1 and 46.74 µg mL-1, respectively, based on
the overlapping fiducial limits. Other insecticides, such as
flonicamid, acetamiprid, spirotetramet, chlorfenapyr, spinetoram,
bifenthrin, pyriproxyfen, and diafenthiuron, were less toxic to
A. mellifera with LC50 values ranging from 56.35 to 326.06
µg/mL-1. The LC90 value for emamectin benzoate was 16.01
µg mL-1. On the other hand, moderate toxicity was observed
in flubendiamide and chlorantraniliprole, 142.29 µg/mL-1

and 209.21 µg/mL-1, respectively. Other insecticides like
that flonicamid, acetamiprid, spirotetramet, chlorfenapyr,
spinetoram, bifenthrin, pyriproxyfen, and diafenthiuron were
less toxic to A. mellifera with LC90 values ranging 239.89-
13428.0µg mL-1. Slope of diafenthiuron showed the least
toxicity, while emamectin benzoate was more toxic than the
other tested insecticides (Table 5).

Field Assay

The abundance of C. smaragdula differed significantly 
among insecticides at 24, 48, and 72 hours after spraying. It 
was highest in control plots, while the lowest was recorded in 
bifenthrin-treated plots (Fig 2). A significant difference was 
observed in the average abundance of C. smaragdula across 
different time intervals after insecticide spraying. Highest 
abundance of this bee species was recorded after 72 hours 
while it was lowest after 24 hours of spray (Fig 3). Average 
abundance of A. mellifera was significantly higher in control 
plot where no insecticide application was done while lowest 
abundance was recorded in the plot where bifenthrin was 
applied (Fig 4). There was a significant difference in average 
abundance of A. mellifera after different time intervals of 
spray. The highest abundance was recorded after 72 hours, 
while it was lowest after 24 hours of spray (Fig 5). The 
average abundance of C. smaragdula and A. mellifera was 
significantly different. Apis mellifera was higher than C. 
smaragdula (Fig 6).

Sr. No. Insecticides Population LC50 (95% FL) (µg mL-1) LC90 (95% FL) (µg mL-1) Slope ± SE χ2 DF
1 Acetamiprid 180 56.35 (36.79-99.09) a 345.17 (177.55-1925.4) b 2.25(±0.44) 22.58 13
2 Bifenthrin 180 80.48 (44.02-428.56) a 935.29 (245.35-40637) a 1.20(±0.29) 19.46 13
3 Chlorantraniliprole 180 46.74 (24.77-72.77) b 209.21 (112.70-1545.48) b 1.47(±0.32) 13.59 13
4 Chlorfenapyr 180 212.27 (119.17-990.02) d 3819 (875.93-959660) d 1.02(±0.30) 11.37 13
5 Diafenthiuron 180 326.06 (160.36-5128.35) d 13428.0 (1761.3-13356) d 0.79(±0.28) 10.14 13

6 Emamectin 
Benzoate 180 5.10 (3.04-7.40) c 16.01 (10.23-52.12) c 2.58(±0.48) 22.05 13

7 Flonicamid 180 55.68 (40.29-80.86) a 239.89 (141.14-760.41) a 2.02(±0.41) 12.91 13
8 Pyriproxyfen 180 95.80 (2765.85-593.52) d 2765.8 (495.78-3233200) d 0.87(±0.27) 6.73 13
9 Spinetoram 180 63.73 (27.86-110.23) a 653.49 (278.83-10389) a 1.26(±0.27) 18.81 13
10 Flubendiamide 180 12.73 (2.81-22.97) b 142.29 (63.20-2952.38) b 1.22(±0.28) 20.68 13
11 Spirotetramet 180 280.48 (149.27-1957.27) d 3943 (885.79-1233100) d 1.11(±0.34) 10.83 13

Table 5. Acute oral toxicity (LC₅₀ and LC₉₀) of different insecticides against Apis mellifera at 24 hours post-treatment. Values are expressed in 
µg/mL with 95% fiducial limits (FL). Different letters within a column indicate statistically significant differences between treatments based 
on non-overlapping 95% FL. Slope ± SE, chi-square (χ²), and degrees of freedom (df) are from probit regression analysis.

Fig 2. Average abundance (mean ± SE) of Ceratina smaragdula recorded on insecticide-treated plots at 
24-, 48-, and 72-hours post-application. Bars represent different insecticides; differences in bee abundance 
reflect species response to residual toxicity and repellent effects of treatments over time.
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Fig 3. Average abundance (mean ± SE) of Ceratina smaragdula 
observed across all insecticide-treated plots at 24-, 48-, and 72-hours 
post-spray application. The bars show the increased visitation post-
pesticide treatment. 

Fig 4. Average abundance (mean ± SE) of Apis mellifera observed on insecticide-treated plots at 24, 48, and 72 hours after spray 
application. The bar graph compares the impact of different insecticides on honey bee foraging activity over time, reflecting 
differences in repellent or toxic effects.

Fig 5. Average abundance (mean ± SE) of Apis mellifera recorded 
across all insecticide-treated plots at 24-, 48-, and 72-hours post-spray 
application. The trend reflects temporal changes in honey bee activity 
and potential recovery or sustained avoidance following exposure.
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Discussion

The current study demonstrates the toxicity of 
insecticides with different modes of action in two bee species. 
Most of the reported research focuses on the managed bee, 
i.e., A. mellifera. However, there has been little research on
solitary bees. The ecotoxicological assessment methods,
including acute testing of insecticides, are limited for solitary
bees, mainly due to their seasonal occurrence and the lack of
standard rearing protocols (Leonard & Harmon-Threatt, 2019).
On the other hand, standard toxicity protocols for honey bees
and bumble bees have been well established and tested (Kueh
Tai et al., 2022). Bees are among the few insect species whose
pesticide-related mortality is not adequately addressed. Bees
serve as indicators of environmental contamination due to their
population decline, the presence of pesticide residues in their
bodies, and enzyme inhibition in their tissues when exposed to
toxic concentrations of pollutants (Hyne & Maher, 2003). 

Emamectin benzoate is a relatively recent and extensively 
used pesticide that could create harmful health consequences 
through oxidative stress (El-Sheikh & Galal, 2015). In our 
study, C. smaragdula LC50 values for emamectin benzoate 
were 4.69 µg mL-1 and 1.14 µg mL-1 after 12 and 24 hours, 

respectively. Similarly, the LC50 values for emamectin benzoate 
in A. mellifera were 9.64 µg mL-1 and 1.14 µg mL-1 after 12 and 
24 hours, respectively. A previous study has also reported high 
toxicity of emamectin benzoate against A. mellifera (Abdu-Allah 
& Pittendrigh, 2018). Emamectin benzoate induces oxidative 
stress, or an imbalance in antioxidant status, which causes 
the oxidation of lipids, proteins, and DNA in cells, resulting 
in tissue damage. Emamectin benzoate primarily reduces 
intracellular antioxidant levels, leading to lipid peroxidation, 
changes in membrane permeability, DNA damage, and various 
biochemical and histological abnormalities (Sies, 1997). 
This effect can be attributed to the fact that emamectin 
benzoate has effects on the bees’ population. Additionally, 
increased exposure of adult bees to insecticides can lead to 
the development of resistance to those chemicals. Increased 
exposure of adult bees to insecticides can lead to resistance 
through natural selection and physiological changes. When 
bees are repeatedly exposed to low or long-term doses of 
insecticides, those with traits that help them survive, such as 
stronger detoxification systems or less sensitive target sites, 
are more likely to live and reproduce. Over time, these traits 
become more common in the population, making bees less 
sensitive to the insecticide (Bass et al., 2015).

Other insecticides identified as moderately or less 
toxic in the present study have nevertheless been reported 
to cause sublethal effects on honey bees and other solitary 
bees in previous investigations. Sublethal exposure to the 
pyrethroid bifenthrin reduced fecundity and delayed larval 
development in Apis mellifera, indicating negative impacts on 
growth and reproduction without causing immediate mortality 
(Dai et al., 2009). Pyriproxyfen, a juvenile hormone analog, 
has been shown to interfere with development, emergence, 
and reproductive processes in A. mellifera and other non-
target insects, suggesting potential risks to solitary bees such 
as Ceratina spp. (Devillers & Devillers, 2020). Spinosyn 
insecticides, including spinetoram, have been reported to 
alter behavior, feeding activity, and physiological processes in 
bees at sublethal concentrations, potentially affecting foraging 
efficiency and colony performance (Biondi et al., 2012). Diamide 
insecticides such as chlorantraniliprole and flubendiamide 
are generally considered less acutely toxic to bees; however, 
chronic exposure has been associated with sublethal behavioral 
effects, including reduced locomotor activity and impaired 
responsiveness in A. mellifera (Williams et al., 2015). Although 
data on flonicamid and chlorfenapyr in bees are limited, studies 
on other insects indicate that low-dose exposure can affect 
metabolism and physiological performance, highlighting the 
need for further evaluation of their sublethal effects on honey 
bees and solitary bee species.

The distinct toxicological responses observed between 
C. smaragdula and A. mellifera might be attributable to
key interspecific differences in physiology, behavior, and
routes of exposure. Physiologically, honey bees have more
developed detoxification systems, including cytochrome P450
enzymes, which enhance their ability to metabolize and

Fig 6. Average abundance (mean ± SE) of Ceratina smaragdula 
and Apis mellifera recorded across all insecticide-treated plots. The 
comparison illustrates overall differences in foraging activity between 
the solitary and social bee species under identical field conditions.
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excrete toxic compounds (Claudianos et al., 2006). By contrast, 
solitary bees generally lack these enzyme families or possess 
fewer detoxification genes, making them more vulnerable 
to pesticide exposure – a gap highlighted in recent scoping  
reviews on solitary bee ecotoxicology (Lehmann & Camp, 
2021). Behaviorally, C. smaragdula forages over shorter 
distances and nests in plant stems, which increases the likelihood 
of direct contact with pesticide residues on treated surfaces. 
In contrast, Apis mellifera workers collect food as a colony 
rather than individually, so foraging decisions and resources 
are coordinated through a centralized system. This colony-
level organization means that individual bees may be less 
directly exposed to toxic substances, as the distribution of 
food and tasks spreads risk across the entire colony (Sponsler 
& Johnson, 2016). Additionally, exposure routes differ as 
solitary bees may face greater contact exposure through 
nesting substrates and unprocessed food provisions, whereas 
A. mellifera primarily experiences oral exposure through
processed nectar and pollen stores. These differences show
that honey bee-based toxicity thresholds may not accurately
reflect risks to solitary bees, underlining the need for species-
specific ecotoxicological assessments.

In the field, bifenthrin proved to be the most toxic 
among the insecticides tested. Due to the field application, a 
low abundance of both social and solitary bees was recorded. 
The LC50 values of pesticides indicated that bifenthrin was 
highly toxic to honeybees. The results of the present study 
can be attributed to pesticide exposure of bees in the field. 
The recommended concentration of bifenthrin for agricultural 
pest control is approximately 20-100 mg/L, a level that is 
highly toxic to bees in the field. In each plot, a low abundance 
of social and solitary bees was observed due to bifenthrin 
in the field. Few bees visited bifenthrin-treated plots due to 
its repellency. Bifenthrin belongs to the pyrethroid group, 
which is repellent in nature. Cyclopropane carboxylate and 
phenylacetate-ester, both pyrethroids, repel insects due to 
their mode of action (Delabie et al., 1985; Rieth & Levin, 
1988). Pyrethroids are known to repel insects not only 
because of their toxic effects but also due to sublethal impacts 
on the insect’s body. When insects come into contact with 
pyrethroids, their tarsi can be affected, reducing their ability 
to walk or cling to treated surfaces. Additionally, pyrethroids 
can affect the digestive system, which may reduce feeding or 
cause discomfort, further discouraging insects from staying 
on or consuming treated material (Mamood & Waller, 1990). 
Like A. mellifera, Osmia lignaria was five times more 
susceptible to bifenthrin (Peterson et al., 2021). Bifenthrin is 
known to reduce neuronal excitability in the honeybee brain 
by inhibiting sodium currents (Zhou et al., 2011). Pyrethroids 
are extremely harmful insecticides when they come into close 
contact with bees. In field conditions, honey bee foragers 
may encounter insecticides in ways that are unpredictable 
compared to controlled laboratory experiments. The repellent 
properties of pyrethroids and similar chemicals can cause 
foragers to avoid treated flowers or hive areas, reducing direct 

contact with toxic residues. This avoidance behavior under 
variable field conditions helps protect individual bees from 
mortality, allowing the colony to maintain foraging activity 
even when pesticides are present (Rieth & Levin, 1988). 
Pyrethroids function as both insecticides and repellents against 
target insect pests as well as non-target organisms. Although 
they are highly toxic to bees when applied directly (Smart 
& Stevenson, 1982), their toxicity under field conditions is 
generally lower and largely depends on the application rate 
used on the crop (Rieth & Levin, 1988). It has also been found 
that residues of these insecticides are present in honey bee 
hives (Mullin et al., 2010; Pettis et al., 2013), indicating that 
these insecticides may not completely repel foraging bees. 
Honeybees are highly susceptible to bifenthrin, and exposure 
can be fatal (Qualls et al., 2010). Furthermore, bifenthrin has 
been shown to have deleterious effects on bees, reducing 
fertility and growth and prolonging immature life stages (Dai 
et al., 2009).

Multiple studies have reported relative sensitivities of 
insecticides on managed bees and solitary bees. For example, 
a meta-analysis compared the comparative sensitivity of 
different bee species and reported that solitary and bumble 
bees are more sensitive to insecticide application than honey 
bees. Moreover, the safety levels defined for honey bees should 
be divided by 10 to be considered as safe for all other bee 
species (Arena & Sgolastra, 2014). A recent study revealed 
that in honey bees and bumble bees, a cytochrome P450 
enzyme belonging to the CYP9Q subfamily is responsible 
for the detoxification of neonicotinoids (Manjon et al., 2018). 
However, solitary bees, such as O. bicornis and M. rotundata, 
lack these detoxifying enzymes (Beadle et al., 2019). In 
a previous study, imidacloprid was tested against ground 
nesting and social bees, revealing that its contact toxicity was 
equally sensitive to honey bee (A. mellifera) as well as ground 
nesting bee (N. melanderi) (Stark et al., 1995), while Tai et al. 
(2022) reported that the sensitivity of L. paahaumaa was 194 
times greater than that of A. mellifera. 

Pesticides have been shown to negatively affect 
the foraging performance of both social and solitary bees 
(Hesselbach et al., 2020). Pesticide exposure reduces pollination 
service, biodiversity, and crop yields. Insecticides also affect 
the survival rate of social and solitary bees (Boff et al., 2021). 
Emamectin benzoate is more toxic than other insecticides, 
and we should use less toxic insecticides. In the evening, 
spraying is better than in the morning for the conservation 
of natural pollinators and the bee population. Development 
of those insecticides is required that can affect the target 
insect pest but not other beneficial insects. IPM strategies for 
insect pest control should be used instead of direct insecticide 
application. We need to use biopesticides because they are 
safer for natural pollinators and highly effective against 
insect pests. Those insecticides should be used that are less 
toxic to the bee population and other natural pollinators. 
Public awareness and education about toxic insecticides 
are required to promote the habitat of natural pollinators. 
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Moreover, multiple factors affect the bees’ ability to resist 
insecticide exposure in their surroundings. These include 
the environmental variability in different seasons around the 
hive, temperature fluctuation, age of bees, biological factors 
including disease spread in the colony, pests and parasites 
attack, and the food resources present in their habitat (Wahl 
& Ulm, 1983; Johansen & Mayer, 1990; Johnson et al., 2009; 
Vidau et al., 2011). These changes can affect their degree of 
intoxication and, consequently, how they behave after being 
exposed to pesticides. To understand the effects of pesticides 
on bees, future research should investigate how different biotic 
and abiotic pressures influence bee behavior across seasons.
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