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Abstract

Honeybees, which serve as vital pollinators, are often exposed to agrochemicals as non-
target organisms. Among these substances, the widely used insecticide acetamiprid is of particular
concern, as it is frequently detected in bee products. Honeybees are also routinely subjected to
multiple stressors simultaneously, including pesticide exposure and heat stress—the latter

becoming increasingly problematic under ongoing climate change. Nutrition adds an additional
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layer of complexity to honeybee resilience, shaping how individuals respond to these concurrent
stressors. In this study, the survival of nurse and forager honeybees was evaluated under two
abiotic stressors—acetamiprid exposure at a residue level (52.78 pg kg™') and short-term heat
stress (45°C for 2.5 h)—while providing bees with different dietary treatments: three types of
honey and three commercial protein diets. Mortality of nurse bees was significantly higher in all
acetamiprid-exposed groups than in the pesticide-free control, with honey-based diets providing
better protection than protein-based diets. Regarding forager bees, mortality differed significantly
between treatments, with buckwheat honey showing the lowest rates compared to protein diets and
sugar candy. Age was a determining factor, as foragers exhibited higher mortality and lower
consumption than nurses across treatments. Honey—particularly buckwheat —provided the most
favorable outcomes, combining high consumption with reduced mortality under the study
conditions. This study advances understanding of how nutrition can mitigate the impacts of

multiple stressors on honey bees.
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Introduction

Honeybees (Apis mellifera L.), well-known pollinators in global agriculture,
continually face a growing suite of stressors—pesticides, environmental extremes, and
nutritional deficits—that threaten their survival, particularly when these factors interact
synergistically (e.g., Havard et al. 2019). In fact, the widespread use of pesticides causes
various environmental contaminants and exposes non-target pollinators, such as
honeybees, to harmful chemical residues (Stanley et al. 2016; Piechowicz et al. 2025;
Staron et al. 2026). Climate change further intensifies these pressures by driving heat
waves, altering flowering phenology, and increasing the frequency of erratic weather
events (Neumann and Straub 2023). Farming practices—such as monocultures—often

reduce floral diversity, diminish forage quality, and negatively affect the availability of



floral resources for honeybees (St. Clair et al. 2020). Together, these interacting stressors
underscore the need to explicitly address the synergistic effects of multiple stressors on bee

health. This perspective formed the foundation of the present study.

Regarding pesticides, numerous studies across different geographical regions have
consistently detected pesticide residues in bee products (e.g., Sabo et al. 2024; Swiatly-
Blaszkiewicz et al. 2025). Acetamiprid (a neonicotinoid insecticide; CioH11CIN4) residues
have been reported in unripe honey, bee bread, and beeswax (Ozols et al. 2024; Bencatova
et al. 2025). Although acetamiprid is considered to be relatively fast-degrading, its
extensive use in agricultural and domestic settings contributes to its persistence in bee-
related matrices. It can be detected in areas beyond where it is directly sprayed (Capela et
al. 2022). Acetamiprid is known for its systemic action against sap-feeding pests like
aphids (Mokbel 2018). This chemical interferes with neuronal function in invertebrates,
raising concerns about potential sublethal and lethal impacts on non-target pollinators,
especially honeybees (Mackei et al. 2024; Shi et al. 2025). While research on its combined
effects with other stressors - such as heat stress - is limited, the frequent detection of
acetamiprid in bee-relevant environments underscores the pressing need for further studies

on its ecological consequences for honey bee health.

Pesticide exposure may be further exacerbated by the intensifying heat stress
experienced by honeybee colonies. Under normal conditions, honeybees can maintain
brood-area temperatures from 32°C to 36°C—ideally close to 35°C—to ensure proper
development (Abou-Shaara et al. 2017). Under elevated ambient temperatures, colonies
deploy active cooling behaviors such as fanning, water collection for evaporative cooling,
and bearding—where large groups of workers congregate outside the hive to dissipate heat
(Rowe et al. 2025). Foraging activity can also be negatively affected under heat-stress
conditions (Abou-Shaara et al. 2017). Honeybees are increasingly experiencing extreme
heat under a changing climate, pushing their thermoregulatory capacities to their limits.
These pressures underscore the urgent need to understand how honeybees may tolerate

environmental and anthropogenic stressors.



Nutrition adds an additional layer of complexity to honeybee resilience under
multiple stressors. Adequate and diverse nutrition underpins colony development, survival,
and productivity (Tsuruda et al. 2021; Al-Esawy 2023). Adequate nutrients help honeybees
endure environmental stressors. Honeybees require two primary feeding types: First,
carbohydrates—sourced from nectar and later converted into honey—vary in their
phytochemical composition depending on floral origin (Bernklau and Arathi 2023).
Second, proteins—mnaturally derived from pollen—are sometimes supplemented by
beekeepers during periods of seasonal pollen scarcity; however, these substitutes often
differ in amino acid profiles and digestibility, leading to various impacts on colony health

(Kim et al. 2024).

Given the limited understanding of how carbohydrate and protein diets—along with
pesticide residue exposure and heat stress—interact to influence honeybee health, this
study aimed to elucidate these dynamics. Feeding regimes incorporating both natural
carbohydrate sources (various honey types) and commercially available protein
supplements were examined, alongside assessments of exposure to acetamiprid residues.
To simulate extreme temperature conditions, a short-term heat stress treatment at 45°C was
applied. The experimental design included two age cohorts—nurse bees and foragers—and
assessed their feeding preferences. This study provides key insights into the complex

interactions between nutrition, pesticide residues, and thermal stress in honeybees.

Materials and Methods

Pesticides

In this study, acetamiprid was applied at a residue level previously detected in
unripe honey in Slovakia (52.78 pg kg™'; Sabo et al. 2024). The commercial formulation
Mospilan (water-soluble powder; 20% acetamiprid as active ingredient; producer:
NIPPON SODA, Tokyo, Japan; purchased from Floraservis, Bratislava, Slovakia) was

used to prepare the target residue concentration in 50% sugar syrup (1 sucrose: 1 distilled



water, w/w). Sucrose was used in the preparation of syrup and candy in these experiments

and is simply referred to as sugar.
Diet types

Three varieties of Slovakian bee honey were used in this study: buckwheat,
rapeseed, and acacia honey. Additionally, three distinct commercial protein feeds were
obtained from local retailers. The first feed, labeled as protein feeding 1, contained beet
sugar, 8% pollen, and vitamins (A, D3, E, K3, Bl, B2, B6, B12, and C), along with
pantothenic acid and niacin. The second feed, referred to as protein feeding 2, contained
sucrose, enzymatically inverted glucose-fructose syrup, 1% protein of vegetable origin,
herbal extracts (thyme, stinging nettle, and sage), and essential oils (thyme, sage, and
rosemary). The third variant, designated as protein feeding 3, contained sucrose,
enzymatically inverted glucose-fructose syrup, and was enriched with amino acids (lysine,
methionine, threonine, tryptophan, arginine, isoleucine, and valine), along with vitamins
(E, B1, B2, and B6), pantothenic acid, folic acid, biotin, niacin, and minerals. For the

control groups, bees were fed sugar candy (prepared from powdered sugar and 50% sugar

syrup).
Honeybees

Honeybees, Apis mellifera carnica Pollmann, were sourced from three colonies
situated at the apiary of the Apicultural Institute in Liptovsky Hradok, Slovakia (Latitude:
49.0417° N, Longitude: 19.7374° E) for the study. From each colony (replicate), bees from
two age groups were collected: nurse bees taken from the middle comb, where an unsealed
brood was present (i.e., larvae that are primarily attended by nurse bees), and forager bees
gathered from outside the colony, i.e., those accumulated in front of the closed beehive
entrance. This collection procedure across replicates of each treatment ensured an equal
distribution of any residual age variation between the experimental groups. Additionally,
the short-term exposure to heat stress minimized the potential influence of any occasional

age-related differences on treatment comparisons within each age group.



The experimental setup

Two experiments were conducted—one with nurse bees and one with foragers—
using the same experimental setup. Each experiment included two control groups and six
dietary treatment groups. In the control groups, bees were fed sugar candy either without
acetamiprid (hereafter referred to as the negative control) or with acetamiprid-based
insecticide exposure (the acetamiprid-treated control). In all six dietary treatment groups—
which consisted of three honey-based candy formulations (prepared at a 5:3 honey-to-
powdered-sugar ratio by weight) and three protein-feeding formulations—bees were

exposed to acetamiprid.

After the bees were collected from the colonies, they were kept at room temperature
(approximately 24°C) for 1.5 h without access to food. Afterwards, groups of 30
individuals were confined in cages for experimental purposes. Each control and treatment
group consisted of three cages, totaling 90 bees (30 bees per cage). Accordingly, three
replicates were included for every control and treatment group, and the bees in each
replicate originated from the same colony across all groups. A total of 24 cages were used,

one for nurse bees and one for foragers.

Each cage was supplied with 3 ml of water held in a partially opened Eppendorf
tube containing a small piece of cotton, 4 g of the assigned diet in a small container, and
0.5 ml of sugar syrup (50% sugar-to-water ratio by weight) containing acetamiprid at a
residual concentration of 52.78 ng kg™ in a separate container. This method of segregating
pesticide residues from feeding ensured that all test groups were uniformly exposed to the
specified quantity of pesticide residue. Thus, except for the three cages assigned to the
negative control group, bees in all cages—including those in the positive control group—

were exposed to acetamiprid.

Heat stress and survival



The cages were placed in an incubator at 35°C (RH >50%) for 72 h to allow enough
time for food consumption as well as consuming the sugar syrup mixed with pesticide
residue. Also, the survival of bee workers was checked prior to heat stress exposure to
ensure that all bees were alive. This was followed by subjecting the bees to a brief period
of heat stress at 45°C for 2.5 h. This temperature and duration were selected as the
maximum heat stress that honeybees are likely to experience during extreme heat waves,
and they fall within the tolerance capacity of honeybees (Abou-Shaara ef al. 2017). Acute
heat stress can also occur during hyperthermia treatments against Varroa mites, where
colonies are exposed to approximately 42°C for 3 h (Xu ef al. 2025), or to 43°C for 5 h
under laboratory conditions when testing the interactive effects of other stressors (Gonzalez
et al. 2022). In the present study, an acute heat stress limit comparable to these previous

experiments was set by shortening the exposure time while increasing the temperature.

Following the heat stress treatment (45°C for 2.5 h), the number of dead bees was
recorded. Feed consumption was measured using an electronic balance by subtracting the
remaining diet from 4 g. In the present experiment, the primary objective was to evaluate
how dietary treatments and pesticide residues influence bee performance under acute heat
stress, rather than under benign temperature conditions. For this reason, all experimental
groups—including the control groups, which served to isolate dietary effects—were
intentionally subjected to the same acute heat-stress challenge to maintain full
comparability across treatments. Prior to heat exposure, all bees were kept for 72 h at 35°C
and exhibited normal survival without any observable impairment. Because this
preliminary period confirmed that bees remained healthy at 35°C, there was no justified
scientific rationale for creating an additional group exposed only to 35°C for 2.5 h, as such
a group would not meaningfully contribute to interpreting treatment effects under the acute

heat-stress conditions that were the focus of this study.

Statistical analysis



Statistical analysis was performed separately for each age group. Mortality (binary:
1 = dead, 0 = alive) and food consumption (g) were recorded for eight treatments: two
controls, three honey types, and three protein diets. Mortality was analyzed using a
binomial generalized linear model (GLM). Treatment effects were tested with likelihood
ratio tests, and pairwise comparisons used Tukey-adjusted contrasts. Consumption data
were checked for normality (Shapiro—Wilk) and homogeneity of variance (Levene’s test).
When assumptions were met, one-way ANOVA followed by Tukey’s HSD was applied.
The relationship between consumption and survival was evaluated using point-biserial

correlation and logistic regression.

To assess age effects on mortality, a binomial GLM with a logit link was fitted,
and Type II analysis of deviance tested the main effects of age, treatment, and their
interaction. Estimated marginal means (EMMs) and pairwise comparisons were then
calculated. For food consumption, an initial linear model was evaluated, but violations of
normality and variance assumptions (Shapiro—Wilk, Levene’s test) led to the use of a
Gamma GLM with a log link. Type I ANOVA assessed main effects and interactions. To
identify the most effective feeding treatment, mortality and consumption EMMs were
combined into a composite ranking: within each age class, treatments were ranked by low
mortality and high consumption, and an overall ranking was generated by integrating ranks

across age groups.

Data visualization was performed using the ggplot2 package, with mortality and
consumption summarized as bar plots (means + standard errors) and pairwise groupings
displayed as Compact Letter Display (CLD). Logistic regression predictions were
visualized as probability curves with 95% confidence intervals. Statistical analyses were
performed using R (version 4.5.1). All statistical tests were two-tailed, with significance

set at a = 0.05.

Results

Nurse honeybees



Mortality of nurse honeybees after 2.5 h of heat stress exposure differed
significantly between treatments (¥*> = 196.06; df = 7; p < 0.0001). Compared to the
negative control, all other treatments showed a significantly higher mortality risk (all p <
0.001). Tukey-adjusted pairwise comparisons confirmed clear differences between several
treatment groups (Fig. 1). Thus, mortality in the negative control was significantly lower
than in all other treatments, with protein diets (protein feeding 1 and protein feeding 3)
showing the highest mortality. Additionally, all honey diets exhibited lower mortality rates
than protein diets as well as the acetamiprid-treated control. Mortality rates in the studied
groups can be arranged in descending order as follows: protein feeding 3 (97.78 £ 1.56%),
protein feeding 1 (94.44 + 2.43%), sugar candy (82.22 + 4.05%), protein feeding 2 (80.00
+ 4.24%), rapeseed honey (72.22 + 4.75%), buckwheat honey (72.22 + 4.75%), acacia
honey (70.00 = 4.86%), and the negative control (17.77 = 4.05%).

Food consumption also varied significantly between treatments (p < 0.05).
Tukey’s test revealed distinct differences between diet types (Fig. 2). Based on food
consumption amounts, treatments were categorized into five groups: 1) protein feeding 3
(lowest consumption, mean = 1.17 + 0.02 g), II) protein feeding 2 (1.36 + 0.01 g), acacia
honey and the acetamiprid-treated control (1.38 +0.02 g and 1.44 + 0.02 g), III) protein
feeding 1 (1.48 = 0.03 g), IV) the negative control (1.80 £ 0.004 g), and V) buckwheat
honey and rapeseed honey (highest consumption, 2.47 + 0.02 g and 2.51 + 0.03 g).
Therefore, honey-based diets (buckwheat honey and rapeseed honey) exhibited the highest

consumption, while the protein-based diet (protein feeding 3) showed the lowest.

There was a significant positive correlation between survival and food
consumption (Pearson’s r = 0.132; p < 0.001). Similarly, Spearman’s rank correlation
confirmed this positive association (p = 0.165; p < 0.001). Logistic regression further
confirmed that food consumption was a significant predictor of mortality (f = -0.541 +
0.154; p < 0.001). Increased consumption was associated with a reduced probability of

death (Fig. 3).



Forager honeybees

Mortality of forager honeybees differed significantly between treatments (}* =
38.36; df = 7; p < 0.001). The buckwheat honey group had significantly lower mortality
than protein feeding 3 (p < 0.05), while other treatments did not differ significantly (Fig.
4). Mortality rates in the studied groups can be arranged in descending order as follows:
the acetamiprid-treated control (100 £ 0.00%), protein feeding 3 (95.60 £ 2.18%), protein
feeding 2 (91.10 + 3.02%), protein feeding 1 (91.10 = 3.00%), the negative control (88.90
+ 3.33%), acacia honey (89.99 + 3.18%), rapeseed honey (85.60 + 3.73%), and buckwheat
honey (76.70 = 4.48%)).

Food consumption differed significantly between treatments (p < 0.05),
demonstrating a clear treatment effect. Rapeseed honey showed the highest consumption,
significantly exceeding all other treatments, while the controls consumed the least (Fig. 5).
Consumption ranged from 0.583 g to 1.380 g, with the following arrangement from the
highest to the lowest: rapeseed honey (1.38 £0.01 g), acacia honey (1.09 + 0.01 g), protein
feeding 1 (0.99 £0.01 g), protein feeding 2 (0.97 = 0.01 g), buckwheat honey (0.90 + 0.01
g), protein feeding 3 (0.85 £ 0.004 g), the negative control (0.66 £ 0.01 g), and the
acetamiprid-treated control (0.58 = 0.01 g).

Consumption was significantly associated with mortality. Pearson’s correlation
showed a weak but significant negative relationship between consumption and mortality (r
= —0.115; p = 0.002). Similarly, Spearman’s rank correlation confirmed this negative
association (p = —0.111; p = 0.0028). Logistic regression further supported these results,
indicating that consumption significantly predicted mortality (p = 0.0023), such that higher

consumption was associated with a reduced likelihood of death (Fig. 6).
Effect of age

Mortality differed significantly by age (> = 76.11; df = 1; p < 0.001), treatment (>
=162.02; df = 7; p <0.001), and their interaction (%> = 72.40; df =7; p <0.001). Foragers

showed higher mortality than nurses for the same treatment. Among foragers, honey diets



(especially buckwheat honey) reduced mortality relative to protein and control diets.
Among nurses, mortality was lowest in the negative control and the highest in protein diets.
The effect of treatment depended on age. The results demonstrated treatment-specific
differences in survival, with generally higher mortality in foragers than in nurses across

most feeding regimes (Fig. 7).

Food consumption differed significantly by age (F = 6121.41; p < 0.001),
treatment (F = 560.63; p < 0.001), and interaction (F = 289.39; p < 0.001). Nurses
consumed more than foragers across all diets. Honey diets generally promoted higher
consumption than protein or control diets. Across both age groups, increased food
consumption was associated with a lower probability of mortality, though the strength of
this relationship differed between foragers and nurses (Fig. 8). By combining mortality and
food consumption rankings, the overall best diets were identified. Honey diets, particularly
buckwheat honey and rapeseed honey, achieved low mortality while maintaining high
consumption, making them the most beneficial overall. Protein diets led to higher mortality

and moderate consumption, indicating they were less optimal under these conditions.
Discussion

The present study showed that protein-based diets produced the highest mortality
rates among nurse bees, whereas honey-based diets were consistently associated with lower
mortality, even when bees were exposed to pesticides. A similar pattern was observed in
foragers, which exhibited higher survival in honey diet groups than those receiving protein
diets. These findings suggest that the nutritional composition of bee diets can significantly
influence their resilience to environmental stressors. Previous research has demonstrated
that natural honey provides essential phytochemicals, antioxidants, and micronutrients that
enhance detoxification capacity and stress tolerance (e.g., Bernklau and Arathi 2023).
Notably, honey types differ in their phenolic composition and antioxidant activity
(Martinello and Mutinelli 2021; Hajian-Tilaki et al. 2024). The honey types used in this

study are recognized for their antioxidant properties (Akgiin et al. 2021; Derewiaka et al.



2024), with buckwheat honey being particularly well known in this regard (Deng et al.
2018; Dzugan et al. 2020). In contrast, artificial protein diets may lack balanced amino
acid profiles or include components that are difficult for bees to digest, potentially

imposing additional physiological stress (Ricigliano ef al. 2022).

The two control groups showed contrasting effects depending on bee age. The
control group exposed to acetamiprid exhibited the highest mortality rates in both nurse
and forager bees. In contrast, the pesticide-free control group showed the highest mortality
rates for foragers but the lowest for nurse bees. These findings affirm the toxic properties
of acetamiprid as a neonicotinoid insecticide. Previous studies have documented its
negative effects on honeybees, even at sublethal doses, including decreased survival
(Manzer et al. 2024; Shi et al. 2025). Despite acetamiprid’s rapid metabolism and
degradation within the honeybee body (Zhang et al. 2021) and its relatively low acute
toxicity (Barroso et al. 2025), exposure to heat stress may impair bees’ ability to tolerate
this chemical stressor. Thus, the present study highlighted additional negative effects when

bees were simultaneously subjected to heat stress and acetamiprid.

When considering bee age as a factor, it was evident that across all treatments,
foragers experienced substantially higher mortality than nurse bees under the same
conditions. Supporting this pattern, forager Apis cerana cerana bees have been shown to
exhibit lower survival than newly emerged bees when exposed to acetamiprid (Han ef al.
2019). For both age groups, honey-based diets resulted in higher survival than all other
dietary treatments, except for the pesticide-free control among nurse bees. Beyond the
effect of bee age, the significant differences observed between diet types within pesticide
treatments suggest that food quality interacted with pesticide toxicity, potentially by
influencing detoxification pathways (Mao et al. 2013).

Nurse bees consumed more food than forager bees, which is to be expected given
that younger bees have higher nutritional requirements than older foragers (e.g., Rodney

and Purdy 2020). Across both age groups, higher food consumption correlated with



increased survival, underscoring the importance of diet palatability and nutritional
adequacy. Honey-based diets generally promoted higher consumption than protein-based
or control diets, suggesting a preference for natural honey over commercially tested protein
diets under the experimental conditions. Likewise, colony-level studies have shown that
natural honey diets yield superior outcomes, with colonies fed honey exhibiting better
overall health than those receiving artificial diets such as sugar solution, inverted sugar, or
wheat starch syrup (Papezikova et al. 2020). Together, these findings highlight the vital
role of natural honey in supporting and preserving bee health. Unlike a previous study
suggesting that sublethal doses of acetamiprid can increase heat tolerance under 43°C for
5 h of exposure (Gonzalez et al. 2022), this study revealed a contrasting effect at 45°C for
2.5 h. These differing outcomes highlight the need for further research under varied
experimental conditions. Given that short-term heat stress (40—42°C for 1.5-3 h) has been
proposed as a strategy for Varroa mite management (Xu ef al. 2025), the present results
suggest that the potential impacts of such hyperthermia treatments on pesticide-exposed

colonies require careful evaluation.
Conclusion

This study showed that honeybee survival under acetamiprid-based insecticide
exposure and short-term heat stress (45°C for 2.5 h) was strongly shaped by both diet type
and bee age. Nurse bees consistently exhibited higher survival and food intake than
foragers, and honey-based diets provided the greatest resilience across both groups. In
contrast, protein-based diets combined with acetamiprid substantially increased mortality,
indicating limited suitability under heat stress. These results highlighted the critical role of
diet quality—particularly natural honey diets—in enhancing tolerance to combined
chemical and environmental stressors. The findings emphasized the importance of honey
availability for honeybee colonies in mitigating the negative effects of exposure to multiple
stressors. Future field studies using experimental colonies, acetamiprid-contaminated diets,
controlled hyperthermia, and varied dietary treatments are needed to clarify long-term

impacts on colony development, survival, and productivity.
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Fig. 1. The mortality rates (means + SE) of nurse honeybees across eight treatments: 1) negative
control, 2) acetamiprid-treated control, and six dietary groups exposed to acetamiprid, 3)
buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7) protein feeding 2,
and 8) protein feeding 3. Error bars represent the standard errors of the means, and those marked

with different letters indicate significant differences between treatments according to Tukey’s test.
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Fig. 2. Food consumption (mean + SE) of nurse honeybees across eight treatments: 1) negative
control, 2) acetamiprid-treated control, and six dietary groups exposed to acetamiprid, 3)
buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7) protein feeding 2,
and 8) protein feeding 3. Error bars represent the standard errors of the means, and those marked

with different letters indicate significant differences between treatments according to Tukey’s test.
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Consumption vs Mortality: overall logistic fit (black) with 95% CI
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Fig. 3. The relationship between food consumption and mortality of nurse honeybees across eight
treatments: 1) negative control, 2) acetamiprid-treated control, and six dietary groups exposed to
acetamiprid, 3) buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7)
protein feeding 2, and 8) protein feeding 3. The y-axis denotes mortality (1 = dead, 0 = alive). A
logistic regression fit (GLM) is depicted by the black line encompassing all treatments, with the
shaded area indicating the 95% confidence interval (CI). Generally, higher consumption correlated

with increased survival, although patterns may vary across treatments.
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Fig. 4. The mortality rates (means + SE) of forager honeybees across eight treatments: 1) negative
control, 2) acetamiprid-treated control, and six dietary groups exposed to acetamiprid, 3)
buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7) protein feeding 2,
and 8) protein feeding 3. Error bars represent the standard errors of the means, and those marked

with different letters indicate significant differences between treatments according to Tukey’s test.
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Fig. 5. Food consumption (mean + SE) of forager honeybees across eight treatments: 1) negative
control, 2) acetamiprid-treated control, and six dietary groups exposed to acetamiprid, 3)
buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7) protein feeding 2,
and 8) protein feeding 3. Error bars represent the standard errors of the means, and those marked

with different letters indicate significant differences between treatments according to Tukey’s test.
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Consumption vs Mortality: overall logistic fit (black) with 95% CI
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Fig. 6. The relationship between food consumption and mortality of forager honeybees across
eight treatments: 1) negative control, 2) acetamiprid-treated control, and six dietary groups
exposed to acetamiprid, 3) buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein
feeding 1, 7) protein feeding 2, and 8) protein feeding 3. The y-axis denotes mortality (1 = dead,
0 = alive). A logistic regression fit (GLM) is depicted by the black line encompassing all

treatments, with the shaded area indicating the 95% confidence interval.
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Fig. 7. Logistic regression analysis of the effect of age on mortality across eight feeding treatments
in honeybees. Mortality was modeled as a function of age group (foragers vs. nurses) and feeding
treatment: 1) negative control, 2) acetamiprid-treated control, and six dietary groups exposed to
acetamiprid, 3) buckwheat honey, 4) acacia honey, 5) rapeseed honey, 6) protein feeding 1, 7)
protein feeding 2, and 8) protein feeding 3. Gray points represent individual mortality outcomes
within each treatment. Black lines show predicted mortality probabilities for foragers (solid) and

nurses (dashed), with shaded gray regions indicating 95% confidence intervals.
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Fig. 8. Logistic regression analysis of the relationship between food consumption and mortality in
honeybees. Mortality was modeled as a function of food consumption in two age groups: foragers
(solid line) and nurses (dashed line). Points represent individual observations. Black lines indicate

the fitted logistic regression curves, with shaded gray areas showing the 95% confidence intervals.





