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Abstract

Adequate nutrition is essential for honey bee colony development and may influence polli-
nation services provided to agricultural crops. In contrast, fungicides commonly used in
agriculture have been associated with physiological and behavioral alterations in individual
bees, although their consequences at the colony level remain poorly understood. This study
evaluated the effects of colony nutritional status and exposure to a commercial fungicide
containing bixafen, prothioconazole, and trifloxystrobin on honey bee colony development
and soybean pollination efficiency. Twelve honey bee colonies were maintained under nutri-
tional supplementation or restriction (n = 6) for seven weeks. Subsequently, each group was
subdivided according to fungicide exposure or no exposure while colonies were confined
in soybean pollination cages. Colony weight, food reserves, hygienic behavior, brood area,
and Varroa destructor infestation were monitored throughout the experiment, and soybean
yield was assessed at harvest. Nutritional supplementation improved colony performance,
increasing weight gain, food reserves, hygienic behavior efficiency, and soybean yield,
which increased by 31.8% (3076.7 vs. 2334.2 kg ha−1) compared with pollinator-excluded
plots. Fungicide exposure did not affect colony development, food reserves, hygienic
behavior, or mite infestation, regardless of nutritional status. Confinement reduced colony
weight and brood area, but supplemented colonies resumed weight gain after returning
to the apiary, whereas food restricted colonies maintained stable weights. These findings
demonstrate that nutritional status is a key determinant of honey bee colony performance
and pollination efficiency, whereas no measurable adverse effects of fungicide exposure on
colony performance were detected.

Keywords: Apis mellifera; bixafen; hygienic behavior; pollination; prothioconazole; social
resilience; trifloxystrobin; Varroa destructor
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1. Introduction
Pollination has become an increasingly important component of modern crop produc-

tion, as the effectiveness of pollination services depends on the abundance, health, and
functional capacity of pollinator populations. Among managed pollinators, honey bees
(Apis mellifera L.) are the most widely used worldwide, contributing to the production of
numerous agricultural crops. Their extensive use in managed pollination programs results
from several characteristics, including the high floral constancy of individual workers
during foraging, together with colony-level traits such as a generalist foraging strategy,
ecological plasticity, and ease of management [1]. Honey bees are estimated to provide
up to half of all bee-mediated pollination services in agricultural systems globally [2].
Therefore, maintaining healthy and well-functioning colonies is essential for ensuring the
stability and efficiency of pollination services in agricultural landscapes.

Among crops benefiting from honey bee activity is soybean [Glycine max (L.) Merr.],
whose productivity can be enhanced by honey bee visitation despite its predominantly self-
pollinating reproductive system [3,4]. Honey bee visitation to soybean flowers can increase
both crop yield and production quality [3,5]. Although soybean is generally considered
to exhibit little to modest dependence on animal pollination, its extensive cultivation area
means that even relatively small pollination benefits translate into substantial agricultural
gains, making it one of the crops of greatest economic relevance associated with pollination
services in Brazil [6]. Pollination effectiveness is directly linked to the ability of colonies to
maintain robust populations, highlighting the importance of understanding the factors that
regulate colony development and performance [7].

Nutrition is one of the main factors regulating honey bee colony development. The
availability and quality of food resources directly influence brood production, population
growth, food reserve accumulation, worker longevity, hygienic behavior, and colony im-
munocompetence [8–10]. Consequently, well-nourished colonies tend to exhibit greater
population strength and increased capacity to exploit floral resources available in the land-
scape, potentially enhancing foraging activity and pollination service delivery [7]. Because
colony strength is a major determinant of pollination efficiency, nutritional conditions may
directly influence the ecosystem services provided by managed honey bee colonies.

However, the ability of colonies to provide pollination services depends not only on
nutritional resource availability but also on their capacity to cope with stressors commonly
present in agricultural environments, including pesticide exposure [11]. Among pesticides,
fungicides have historically been considered less harmful to bees than insecticides because
of their low acute toxicity to adult workers. Nevertheless, increasing evidence indicates
that exposure to certain fungicides may induce sublethal effects in brood and adult bees,
including physiological, immunological, metabolic, and behavioral alterations, as well as
reduced survival and longevity [12–14].

Although these effects may compromise biological processes relevant to bee perfor-
mance, most available evidence has been obtained from laboratory studies conducted
at the individual-bee level, and their implications for colony functioning remain poorly
understood. Honey bee colonies operate as superorganisms, in which social organization,
division of labor, and collective regulation of resources and behaviors may buffer envi-
ronmental stressors [15,16]. Therefore, physiological or molecular responses observed in
individual workers may not necessarily result in measurable impairment at the colony
level. This knowledge gap highlights the importance of evaluating commercial fungicide
formulations at the colony level, as interactions among active ingredients may produce
responses that differ from those of individual compounds.

Among these formulations, a triple-action fungicide containing bixafen, prothiocona-
zole, and trifloxystrobin is widely used in crops such as soybean, maize, and sunflower in
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Brazil [17]. Exposure of honey bees to this formulation and its individual active ingredients
has been associated with physiological, molecular, and immunological alterations [18–20]
at field-relevant doses [21]. Nevertheless, the extent to which these responses translate
into detectable changes in colony development, homeostasis, and pollination performance
remains unclear.

Although the effects of nutrition on colony development and the sublethal effects
of fungicides at the individual-bee level have been extensively investigated, studies si-
multaneously evaluating how colony nutritional status influences responses to fungicide
exposure and the potential consequences of this interaction for colony development and
pollination services remain scarce. Therefore, this study aimed to evaluate the effects of
nutritional supplementation and exposure to a triple-action fungicide on honey bee colony
development and soybean productivity.

2. Materials and Methods
2.1. Study Site and Experimental Period

The experiment was conducted in Dracena, São Paulo State, Brazil (21◦27′35′′ S,
51◦33′28′′ W; 421 m above sea level), from August 2023 to April 2024. Colony manage-
ment was carried out throughout the experimental period, as described in the following
sections. No health-related treatments, including acaricides or antibiotics, had been ap-
plied to the colonies before the experiment, and none were administered during the study.
Soybeans were planted during the recommended growing season, with sowing performed
in November 2023.

2.2. Honey Bees Colonies and Nutritional Management

Twelve Africanized honey bee (A. mellifera) colonies were used, established in standard
Langstroth five-frame hives, initially composed of three combs covered by adult bees, three
combs containing predominantly brood, and two combs containing food stores. Colonies
remained in these five-frame hives throughout the experimental period. Before treatment
allocation, colonies were ranked according to initial brood area and adult bee population
and randomly assigned to treatments to ensure comparable starting conditions among
experimental groups.

The colonies were divided into two groups for nutritional management. Colonies
in the supplemented group (S) received 500 g of sugar syrup per week, provided in
Boardman feeders and prepared with equal proportions (w/w) of potable water and sucrose.
Additionally, these colonies received a protein supplement consisting of a mixture of
four parts bee-collected pollen and one part honey (w/w), offered as a 100 g patty placed
directly on top of the brood frames. The honey and pollen used were obtained from healthy
colonies in the same apiary where the experiment was conducted. Supplemental food
was provided once per week for seven weeks. The sugar syrup and protein patties were
completely consumed before the next weekly feeding, and no food residues were observed.

During the same period, the restricted nutrition group (R) received no supplemental
food and relied exclusively on naturally available forage resources, while pollen traps
reduced pollen influx by approximately 60% [18–20,22]. Trapped pollen pellets were
collected and removed daily. All colonies remained free-flying throughout this phase, with
access to natural floral resources.

After the initial seven-week feeding period, the colonies were transferred to pollina-
tion cages containing soybean plants (G. max) at the early flowering stage. During the
subsequent three weeks, colonies were not subjected to experimental feeding management
and relied on nectar and pollen from soybean flowers, as well as water from the irrigation
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system, as food sources. At the end of the confinement period, the colonies were returned
to the apiary, and the feeding management was resumed for an additional seven weeks.

2.3. Soybean Cultivation

Soybean cultivar 95Y95IPRO, with indeterminate growth habit, was sown in a 3000 m2

area at a planting density of 255,000 plants per hectare. Soil samples were collected 60 days
prior to sowing for chemical analysis to adjust pH and ensure balanced nutrient availability,
following the recommendations of Cantarella et al. (2022) [23]. Irrigation was provided
using a sprinkler system to meet the crop’s water requirements.

2.4. Fungicide Application and Soybean Pollination

In the soybean experimental field, 24 plots of 6.0 × 4.0 m were demarcated. Eighteen of
these plots were covered with white polyamide mesh (1 mm mesh size) for entomological
isolation during the flowering period. To support each cage, three pairs of iron rods (3/8′′)
were anchored into the soil on each side of the plots, spaced 2.0 m apart. PVC pipes
(3/4′′) were fitted onto these rods, crossing the plot transversally to form three arches,
reaching a height of 2.0 m at the center. To ensure structural stability, three iron bars
(5 mm) were installed longitudinally, connecting the PVC arches at the top and sides. The
mesh was stretched over this frame, creating an arched cage. The remaining six plots
remained uncovered.

When the plants reached the full flowering stage (R2), with open flowers on at least
two of the upper nodes, the hives containing the honey bee colonies were transported to
the experimental area at night. The hives were placed on 30 cm high stands along one of the
side walls, remaining entirely inside the cage. Six cages did not receive hives and, therefore,
excluded biotic pollinators. In six open plots, flowers were freely visited by insects. Thus,
four pollination treatments were established: 1. with bees from colonies that had received
nutritional supplementation; 2. with bees from colonies that had been under nutritional
restriction; 3. without floral visitors (caged control); and 4. with open insect visitation
under open-field conditions.

The day following the introduction of the hives, around 10:00 AM, the plants were
treated with the commercial fungicide Fox® Xpro (Agro Bayer, São Paulo, Brazil) containing
the active ingredients bixafen (125 g L−1), prothioconazole (175 g L−1), and trifloxystrobin
(150 g L−1) [17]. The dosage used was 0.5 L ha−1 in a spray volume of 144 L ha−1, following
the manufacturer’s recommendations for the control of powdery mildew (Erysiphe diffusa
(Cooke & Peck) U. Braun & S. Takam) [17]. The application was made using a sprayer
calibrated at 200 kPa pressure, with the spray nozzle positioned 0.5 m above the canopy.
To ensure operator safety, a respirator, nitrile gloves, safety goggles, and a protective
beekeeping suit were worn during the application. No other pesticides were applied to the
soybean plants.

Half of the cages and half of the open plots were treated with the fungicide. Con-
sequently, three colonies with nutritional supplementation and three with nutritional
restriction remained in cages where plants were treated with the test fungicide. Exposure
was considered to occur through direct contact with spray droplets during application and
through subsequent contact with residues on soybean plants, including flowers, leaves, and
stems. However, residue analyses were not performed, and the actual levels of fungicide
exposure experienced by the colonies were not quantified. The remaining colonies were
not exposed to the fungicide.

From this point onwards, the previous nutritional management of the colonies and the
exposure to the fungicide were considered as sources of variation. Each nutritional group
was subdivided into two (n = 3), resulting in four treatments: colonies with nutritional
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supplementation exposed to the fungicide (S_F+), colonies with nutritional supplementa-
tion not exposed to the fungicide (S_F−), colonies with nutritional restriction exposed to
the fungicide (R_F+), and colonies with nutritional restriction not exposed to the fungicide
(R_F−), with three colonies per treatment.

2.5. Weight Changes in Honey Bee Colonies

Colony weight was recorded weekly throughout the experimental period (17 weeks).
The weighing schedule was chronologically divided into three phases: the initial nutritional
management phase (Phase 1; weeks 1 to 7), the cage confinement period with or without
fungicide exposure (Phase 2; weeks 8 to 10), and the post-confinement recovery phase
(Phase 3; weeks 11 to 17). Data were collected with a digital electronic scale (Suryha,
Caixias do Sul, Brasil, 100 kg capacity). To standardize the measurements, the weights of
the external feeders (Boardman) and pollen traps were subtracted from the total mass.

2.6. Colony Strength Dynamics

Comb frame mapping was conducted four times for each hive: three assessments
occurred prior to the introduction of the hives into the pollination cages (days 0, 28, and
48 of the initial nutritional management); the final assessment was made two weeks after
removing the hives from confinement (day 84). To measure brood, honey, and pollen
areas, an adapted version of the method proposed by Al-Tikrity et al. (1971) [24] was used.
The adaptation consisted of replacing direct measurements on frames with digital image
analysis. Photographs of both sides of the frames were taken using an 18 MP Canon digital
camera (Canon Inc., Tokyo, Japan), and the images were subsequently analyzed using
ImageJ software (version 1.54p, NIH, Bethesda, MD, USA) by overlaying a digital grid with
2 × 2 cm squares to quantify the respective areas (cm2).

2.7. Varroa destructor Infestation Dynamics

V. destructor mite infestation levels on adult bees were assessed four times, on the
exact same days as the comb frame mapping. Adult infestation was selected because it
provides a standardized measure suitable for repeated non-destructive monitoring. The
quantification of mites on adult worker bees followed the method described by Stort et al.
(1981) [25]. Samples of approximately 100 bees per colony were collected by removing a
comb and shaking the adhering bees into an aluminum funnel (34 cm in height, with an
upper outer diameter of 30 cm and a lower spout diameter of 5.9 cm). The funnel directed
the bees into a 500 mL disposable round plastic container, fitted with a plastic lid and
containing 70% ethanol. In the laboratory, the containers were agitated on a Kline shaker
for 30 min. Subsequently, the contents were sieved to retain the bees, while the liquid was
passed through a fine cloth to collect the dislodged mites. Finally, both mites and bees were
counted to determine the adult bee infestation rate, calculated as the ratio of the number of
mites to the total number of bees collected, and expressed as a percentage.

2.8. Hygienic Behavior Dynamics

Hygienic behavior was evaluated four times, with each assessment initiated 48 h
prior to comb frame mapping, using the pin-killed brood assay on capped brood (adapted
from Gramacho et al. 1999 [26]). In each colony, 100 capped worker brood cells on a
single comb were selected and pierced with a number 2 insect pin to kill the pupae. The
number of uncapped cells and the number of removed pupae were recorded at 12, 24, and
36-h intervals.
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2.9. Soybean Grain Yield and 100-Seed Weight

At the end of the crop cycle, plants in all experimental units (demarcated plots) were
manually harvested to measure soybean grain yield. Each experimental unit was subdi-
vided into three 8 m2 subplots. The total grain weight obtained from each subplot was
measured and adjusted to a standard moisture content of 13% using a grain moisture
and impurity tester (Gehaka, model G650i, Gehaka, São Paulo, Brazil). Grain yield was
estimated in kg ha−1 based on the mass obtained from the net area of each subplot. Addi-
tionally, to determine the 100-seed weight, three subsamples of 100 seeds were collected
from each subplot, totaling nine subsamples per experimental unit. For both grain yield
and 100-seed weight, values from subplots and subsamples were averaged per plot prior
to statistical analysis, ensuring that the individual plot was treated as the independent
experimental unit.

2.10. Statistical Analysis

The temporal dynamics of colony weight, comb frame mapping, V. destructor infesta-
tion rates, and hygienic behavior during the initial nutritional management period (Phase
1; seven weeks) were analyzed using repeated-measures linear mixed models. The models
included nutritional management, time, and their interaction as fixed effects. For hygienic
behavior, time represented successive evaluations at 12, 24, and 36 h within the same
pin-test event. To account for repeated observations within the same experimental unit,
colony was specified as the subject in the repeated-measures covariance structure (SUBJECT
= colony) for hygienic behavior, whereas a random intercept for colony was included in the
other temporal models. Models were fitted using Restricted Maximum Likelihood (REML),
and degrees of freedom were adjusted using the Kenward–Roger approximation.

To evaluate the overall response associated with confinement, fungicide exposure, and
subsequent recovery, bee-related variables were assessed based on changes (∆) between
the last pre-confinement assessment (day 48) and the post-recovery assessment (day 84).
Thus, these ∆ values capture the combined impact of the three-week confinement period
(with or without fungicide exposure) and the two-week post-confinement recovery phase
after returning to the apiary. For hygienic behavior, only the 36-h measurement was used
to calculate ∆. These ∆ values were analyzed using PROC GLM in a 2 × 2 factorial design
(nutritional management × fungicide exposure).

Colony weight was additionally monitored after the confinement period (Phase 3)
and analyzed using repeated-measures linear mixed models following the same general
approach described for Phase 1.

Soybean grain yield (kg ha−1) and 100-seed weight were analyzed using analysis of
variance (ANOVA) in a 4 × 2 factorial arrangement (pollination treatment × fungicide
application), and means were compared using Tukey’s test (p < 0.05). Model assumptions,
including normality of residuals and homogeneity of variances, were assessed for all
analyses. No data transformations were required. All analyses were performed using SAS
version 9.4 OnDemand for Academics [27].

3. Results
3.1. Honey Bee Colony Weight Changes

A highly significant interaction between time and nutritional management was ob-
served throughout the initial seven-week feeding period (F(1, 82) = 109.38, p < 0.001).
Colonies subjected to restricted nutrition exhibited a significant linear decline in weight
(−10.0 ± 3.9 g day−1; t(82) = −3.24, p = 0.002), whereas nutritionally supplemented colonies
showed a significant upward trajectory (35.7 ± 4.37 g day−1; interaction t(82) = 10.46,
p < 0.001), resulting in continuous weight gain during Phase 1 (Figure 1).
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Figure 1. Changes in hive weight throughout the experiment. Phases 1, 2, and 3 represent the
chronological phases of the study. Points represent individual colony observations (with each symbol
representing an individual hive according to its treatment), whereas lines indicate growth trajectories
estimated by linear mixed models. Phase 1: initial nutritional management (R, restricted nutrition
colonies; S, supplemented colonies) (n = 6). Phase 2: confinement of colonies (R and S) in pollination
cages with (F+) or without (F−) fungicide exposure (n = 3). Phase 3: colonies returned to nutritional
management, considering previous fungicide exposure (n = 3).

During Phase 2, only the effect of time was significant (F(1, 21) = 25.45, p < 0.001), with
a generalized reduction in colony weight over the three-week period (−69.6 ± 18.9 g day−1;
t(21) = −3.68, p = 0.001). This decline occurred similarly across the four experimental
subgroups (S_F+, S_F−, R_F+, and R_F−), indicating that neither the time × fungicide
interaction ((F(1, 21) = 1.46, p = 0.24) nor the time × nutrition interaction ((F(1, 21) = 0.01,
p = 0.90) influenced colony weight dynamics during this phase (Figure 1).

In Phase 3, colony weight dynamics were again significantly influenced by nutri-
tional management (time × nutrition interaction; F(1, 45) = 14.14, p < 0.001) (Figure 1).
Colonies under restricted nutrition showed no significant change in weight over time
(+4.1 ± 5.0 g day−1; t(45) = 0.81, p = 0.42), whereas supplemented colonies exhibited weight
recovery, with an average gain of +25.84 ± 5.79 g day−1 throughout the seven-week period
following their removal from the pollination cages (t(45) = 3.76, p < 0.001). No prolonged
effect of prior fungicide exposure on colony weight dynamics was detected during this
phase (time × fungicide interaction; F(1, 45) = 0.81, p = 0.37).

3.2. Colony Strength Dynamics

Analysis of the honey storage area during the initial feeding period revealed a signif-
icant interaction between nutritional management and time (F(2, 20.5) = 8.87, p < 0.002).
Colonies subjected to restricted nutrition maintained stable honey stores throughout the
initial seven-week period (608.0 ± 168.3 cm2 at Day 0 to 574.0 ± 256.5 cm2 at Day 48),
whereas colonies receiving nutritional supplementation tripled their area of stored honey
food reserves, increasing from 511.3 ± 205.6 cm2 at Day 0 to 1614.7 ± 187.9 cm2 at Day 48
(Figure 2a).

For the pollen storage area, no significant interaction was detected between nutritional
management and time (F(2, 22.3) = 2.87, p = 0.078). However, the effect of nutritional man-
agement was significant (F(1, 15.1) = 4.98, p = 0.04), indicating that supplemented colonies
(S) maintained larger pollen reserves than restricted colonies (R) throughout the initial
evaluation period (Figure 2b). In the restricted nutrition group (R), the pollen storage area
showed a declining trend, decreasing from 295.3 ± 54.0 cm2 at Day 0 to 158.7 ± 47.1 cm2 at
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Day 48, although this reduction was not statistically significant (interaction F(2, 22.3) = 2.87,
p = 0.078).

  
(a) (b) (c) 

Figure 2. Changes in honey storage area (a), pollen storage area (b), and brood area (c) (cm2) in honey
bee colonies subjected to different nutritional management regimes (S = Supplemented; R = Restricted
nutrition) during the 48-day period preceding the pollination cage experiment (Phase 1). Points
represent estimated means, and vertical bars indicate the standard error of the mean (n = 6).

Regarding brood area, no significant effects were detected for nutritional manage-
ment (F(1, 11.3) = 1.17, p = 0.30), time (F(2, 20.4) = 0.20, p = 0.82), or their interac-
tion (F(2, 20.4) = 2.50, p = 0.11). Colonies began the experiment with similar brood ar-
eas (1546.7 ± 459.4 cm2 for S and 1594.0 ± 221.5 cm2 for R), and at the end of Phase
1 (Day 48), the supplemented group exhibited a numerically larger mean brood area
(1906.7 ± 353.8 cm2) than the restricted group (1600.0 ± 202.3 cm2), although this differ-
ence was not statistically significant (F(2, 20.4) = 2.50, p = 0.11) (Figure 2c).

The remaining comb-mapping analyses compared data collected between days 48 and
84 of the experiment, encompassing the period of confinement in pollination cages, with or
without fungicide exposure, followed by two weeks after the colonies had been returned
to the apiary. For honey storage area, a slight overall net reduction was observed, with a
mean global ∆ of −29.33 cm2 (Figure 3). No significant effects were detected for nutritional
management (F(1, 8) = 0.12, p = 0.74), fungicide exposure (F(1, 8) = 0.03, p = 0.86), or their
interaction (F(1, 8) < 0.01, p = 0.97). The model exhibited low explanatory power (R2 = 0.02)
and high residual variability (Root MSE = 920.95).

   

Figure 3. Resilience dynamics of honey bee colonies from pre-confinement (day 48) and two weeks
after removal from the pollination cages (day 84), based on mapping of honey, pollen, and brood areas.
Data are expressed as ∆ values for colonies subjected to two nutritional management regimes (S:
Supplemented; R: Restricted) and two levels of fungicide exposure (n = 3). Panels show honey storage
area (left), pollen storage area (center), and brood area (right). Diamonds represent arithmetic means,
and boxplots indicate the interquartile distribution. The horizontal dashed line at zero represents the
initial status (day 48); negative values indicate a net loss during the evaluated period.

Regarding pollen reserves, the overall pattern revealed a positive mean ∆ (+34.7 cm2),
indicating a slight net accumulation of this resource during the evaluated interval (Figure 3).
Although the model explained a larger proportion of the variability (R2 = 0.29; Root
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MSE = 167.53), no significant effects were detected for nutritional management (F(1,
8) = 0.02, p = 0.89), fungicide exposure (F(1, 8) = 0.96, p = 0.36), or their interaction (F(1,
8) = 2.43, p = 0.16). Numerical differences were observed within the supplemented group,
as the subgroup not exposed to fungicide (S_F−) showed a tendency toward a net reduction
in pollen storage area (LSMean = −94.67 cm2), whereas the fungicide-exposed subgroup
(S_F+) tended to accumulate pollen reserves, exhibiting the largest positive ∆ among all
treatments (LSMean = +150.67 cm2) (Figure 3).

Comparison of brood areas (Figure 3) revealed no significant effects of nutritional
management (F(1, 8) = 0.69, p = 0.43), fungicide exposure (F(1, 8) = 0.30, p = 0.60), or
their interaction (F(1, 8) = 1.05, p = 0.34), with an overall mean reduction of −571.00 cm2.
Residual variability was high (Root MSE = 794.44) relative to the magnitude of the observed
effects (R2 = 0.20). Within the restricted nutrition group (R_F− and R_F+), mean ∆ values
were similar and indicated comparable brood-area reductions (LSMean = −489.33 cm2 and
−270.7 cm2, respectively). Among supplemented colonies, the fungicide-exposed subgroup
(S_F+) showed a greater tendency toward brood-area decline, exhibiting the lowest ∆ value
among all treatments (LSMean = −1122.67 cm2).

3.3. V. destructor Infestation Dynamics

During the first seven weeks of the experiment, V. destructor infestation rates remained
stable, with no significant effects detected for nutritional management (F(1, 9.5) = 0.88,
p = 0.37), time (F(2, 18.7) = 0.70, p = 0.51), or their interaction (F(2, 18.7) = 1.49, p = 0.25)
(Figure 4). The consistency across groups was reflected by the low residual variation
in the model (Root MSE = 1.95). Descriptively, in the restricted nutrition group (R), V.
destructor infestation peaked at Day 28 (3.36 ± 0.72%) before declining by 1.44 percentage
points to 1.92 ± 0.65% by Day 48, though this reduction was not statistically significant
(t(18.2) = 1.90, p = 0.074). Conversely, the supplemented group (S) showed a continuous
numerical increase from 1.45 ± 0.50% on Day 0 (1.89 ± 0.49% on Day 28) to 2.27 ± 0.66%
on Day 48 (t(18.2) = −0.51, p = 0.62). Overall, no significant main effects or interactions
were detected for nutritional management (F(1, 9.5) = 0.88, p = 0.37), time (F(2, 18.7) = 0.70,
p = 0.51), or their interaction (F(2, 18.7) = 1.49, p = 0.25).

  

Figure 4. Dynamics of Varroa destructor infestation rates in honey bee colonies subjected to dif-
ferent nutritional management regimes (S: Supplemented; R: Restricted) and fungicide exposure.
(Left panel) shows the evolution of the infestation rate (%) during the pre-confinement period (days
0 to 48), with points representing estimated means, lines indicating trends (solid for S; dashed for R),
and vertical bars indicating the standard error (n = 6). (Right panel) displays sanitary resilience ex-
pressed as the Delta variation between pre- (day 48) and post-confinement (day 84) under two levels
of fungicide exposure; boxplots indicate the interquartile distribution, diamonds represent arithmetic
means, and the horizontal dashed line at zero represents the initial status (day 48). Positive values
indicate an increase in the parasitic load during the evaluated period (n = 3).
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Regarding the change in infestation rates (∆) between days 48 and 84, an overall mean
increase of +0.46% was observed. However, no significant differences were found for
nutritional management (F(1, 8) = 0.70, p = 0.42), fungicide exposure (F(1, 8) = 0.18, p = 0.68),
or their interaction (F(1, 8) = 0.18, p = 0.68). The model fit accounted for a small portion
of the total variance (R2 = 0.12; Root MSE = 2.24) (Figure 4). Specifically, the estimated
least-squares means (LSMeans) for the change in infestation rate were +1.00% for the
supplemented control group (S_F−), +1.00% for the supplemented fungicide group (S_F+),
+0.47% for the restricted control group (S_F−), and −0.63% for the restricted fungicide
group (R_F+).

3.4. Hygienic Behavior Dynamics

The uncapping rate of hygienic behavior during Phase 1 of the experiment was not
significantly affected by nutritional management ((F(1, 11) = 0.01, p = 0.93). However, a
significant interaction was observed between the evaluation day and time (F(4, 66.8) = 4.59,
p < 0.003). This interaction reflected differences in uncapping rates across evaluation times
depending on the day of assessment (Figure 5). While the mean uncapping rate at 12 h
was approximately 92.50% on day 0, this initial count exceeded 97.50% on days 28 and 48.
Despite this difference in response speed during the first 12 h, total uncapping rates leveled
off near 100% across all evaluation days when considering the full 36-h observation period.

Removed (R)Removed (S)Uncapped (R)Uncapped (S)Behavior &  Experimental Groups
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Figure 5. Dynamics of hygienic behavior in honey bee colonies subjected to different nutritional man-
agements (S: Supplemented; R: Restriction) over a 36-h evaluation period. Each panel corresponds
to a specific experimental time point (Days 0, 28, and 48). Solid lines indicate the uncapping rate of
dead brood (uncapped cells), and dashed lines indicate the effective brood removal rate. Markers
represent the estimated means (LS-Means), and vertical bars indicate the standard error (n = 6).

The brood removal rate was significantly affected by a three-way interaction between
nutritional management, experimental day, and evaluation time (F(4, 75.2) = 4.34, p = 0.003).
On day 0, colonies under nutritional restriction (R) exhibited a faster initial cleaning
response at 12 h (49.38 ± 5.60%) compared to the supplemented group (S) (23.40 ± 5.60%),
although both treatments achieved a hygienic efficiency above 93% at 36 h. By the end
of this experimental phase (day 48), a reversal in behavioral dynamics was observed, as
colonies in the supplemented group showed a substantial increase in brood removal speed,
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reaching 73.65 ± 5.60% within the first 12 h and achieving 100% cleaning at 36 h. In contrast,
the restricted group displayed a reduced response capacity over the same period, with
44.45 ± 5.60% removal at 12 h and 91.31 ± 5.60% at 36 h.

The analysis of colony resilience regarding hygienic behavior, measured by the vari-
ation (Delta) in uncapping between days 48 and 84, at 36 h after brood cell perforation,
revealed no significant effects for nutritional management (F(1, 8) = 0.13, p = 0.73), fungicide
exposure (F(1, 8) < 0.01, p = 0.96), or the interaction between these factors ((F(1, 8) = 1.81,
p = 0.22). This model yielded a coefficient of determination (R2) of 0.19 and a root mean
square error (Root MSE) of 1.12%. The colonies demonstrated good resilience for this trait,
with an overall mean delta of −0.53% (Figure 6).

 

Figure 6. Dynamics of hygienic behavior resilience in honey bee colonies. The graphs display sanitary
resilience expressed as the Delta variation (%) of uncapping and removal rates between pre- (day 48)
and post-confinement (day 84) under two levels of fungicide exposure (F+: exposed; F−: control) and
two nutritional managements (S: Supplemented; R: Restricted). Diamonds indicate the means, and
boxplots represent the interquartile range. The horizontal dashed line at zero represents the baseline
performance (day 48); negative values indicate a net loss in cleaning efficiency during the recovery
period (n = 3).

Similarly, resilience regarding larval removal did not differ significantly among treat-
ments, showing no significant main effects for nutritional management (F(1, 8) = 0.88,
p = 0.377) or fungicide exposure (F(1, 8) = 0.49, p = 0.504) nor a significant interaction
(F(1, 8) = 1.30, p = 0.288) (R2 = 0.25; Root MSE = 9.29%) (Figure 6). The overall mean
delta for removal was +1.04%, although only the subgroup of colonies under nutritional
restriction and without fungicide exposure presented a positive delta. For the remaining
subgroups, the delta ranged from −0.29% (S_F+) to −2.64% (S_F−) (Figure 6).

3.5. Soybean Grain Yield and 100-Seed Weight

Soybean grain yield was significantly influenced by the type of pollination
(F(3, 58) = 9.67, p < 0.001), whereas fungicide use ((F(1, 58) = 0.01, p = 0.94) and the
interaction between these factors (F(3, 58) = 0.28, p = 0.84) showed no significant effects
(Table 1). The highest yield was obtained using colonies that received supplemented feed-
ing (S), which significantly outperformed both the open-field treatment with free insect
visitation (p < 0.001) and the insect-free cage treatment (p < 0.001). Colonies subjected to
restricted feeding resulted in an intermediate yield), being significantly superior to the
insect-free cage treatment (p = 0.014) but not differing significantly from the open-field
treatment or the cages with supplemented colonies (p = 0.57). Regarding the phytosanitary
factor, mean yields were equivalent between plants treated with fungicide and untreated
plants, indicating no effect of fungicide application on soybean yield (Table 1).
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Table 1. Soybean grain yield (kg ha−1) and 100-seed weight (g) according to pollination conditions
(restricted access in cages using colonies with supplemented [S] or restricted [R] feeding, insect-free
cages or open field) and fungicide application.

Effects Yield (kg ha−1) 100-Seed Weight (g)

Pollination groups
Caged S 3076.7 ± 72.0 a * 13.7 ± 0.1
Caged R 2823.8 ± 53.2 ab 13.6 ± 0.2
Insect-free cage 2334.2 ± 24.3 c 13.2 ± 0.2
Open Field 2676.3 ± 59.3 b 13.4 ± 0.1

Pesticide use
With fungicide 2722.8 ± 59.3 13.4 ± 0.1
Without fungicide 2733.3 ± 59.6 13.6 ± 0.1

Sources of Variation Probability (p-value)

Pollination (a) <0.001 0.096
Fungicide (b) 0.895 0.177
Interaction (a × b) 0.547 0.126

* Means followed by different lowercase letters within the same column differ significantly by Tukey’s test
(p < 0.05).

The 100-seed weight was not significantly influenced by the pollination type
(F(3, 16) = 2.51, p = 0.10), fungicide use (F(1, 16) = 2.00, p = 0.18), or the interaction
between the factors (F(3, 16) = 2.21, p = 0.13) (Table 1). Numerically, the means ranged
from 13.2 ± 0.2 g (insect-free cages) to 13.7 ± 0.2 g (cages with supplemented colonies).
Regarding the phytosanitary factor, the mean seed weights were not significantly different
between plants with (13.4 ± 0.1 g) and without (13.6 ± 0.1 g) fungicide application, showing
no response to this management under the tested conditions.

4. Discussion
4.1. Colony Development According to Nutritional Management

In this study, during the initial nutritional management (Phase 1), supplemented
colonies became heavier, accumulated more honey, and exhibited greater hygienic behavior
efficiency than colonies subjected to nutritional restriction (Figures 1, 2, 4 and 5). These
findings support those of Branchiccella et al. (2019) [28], who demonstrated that nutri-
tional stress compromises colony social immunity and reduces both adult bee and brood
populations. Overall, adequate nutritional input appears to positively modulate social
immunity and worker functional plasticity, preventing food scarcity from disrupting task
allocation and accelerating the onset of foraging activities [10], a scenario likely experienced
by nutritionally restricted colonies.

At the baseline assessment (Day 0), nutritionally restricted colonies removed dead
brood more rapidly during the first 12 h (49.4% vs. 23.4%). However, after 48 days of nu-
tritional management, this pattern was reversed. Supplemented colonies increased brood
removal to 73.7% within the first 12 h and achieved complete removal by 36 h, whereas the
efficiency of restricted colonies declined by approximately 10% (Figure 5). This contrast
suggests that greater food availability optimized colony defense tasks. Although hygienic
behavior is strongly influenced by genetic factors, its expression can also be modulated
by colony nutritional conditions. Bigio et al. (2013) [29] reported reduced hygienic effi-
ciency in colonies facing high brood demand and lacking carbohydrate supplementation.
More recently, Stanimirović et al. (2022) [30] demonstrated that dietary supplementation
enhanced hygienic behavior, while Jovanovic et al. (2025) [31] reported improvements in
both hygienic and grooming behaviors following vitamin B supplementation under field
conditions. Therefore, the present findings provide additional evidence that nutritional
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status can influence the expression of hygienic behavior, further supporting the growing
body of evidence that adequate nutrition enhances colony social immunity.

Despite the greater overall vigor of supplemented colonies, brood area and pro-
tein reserves indicated a non-linear population adjustment toward the end of this phase
(Figure 2). Although supplemented colonies maintained larger pollen stores and substan-
tially increased energetic reserves, brood area tended to stabilize between Days 28 and 48
(Figure 2c). One possible explanation is that the greater accumulation of food reserves phys-
ically restricted the comb area available for oviposition, as brood production depends on
the spatial organization of brood and food stores within the nest [32,33]. Additionally, this
pattern may reflect an adaptive response to changes in floral resource availability. Regard-
less of the underlying mechanism, supplemented colonies maintained superior nutritional
reserves compared with restricted colonies at the end of the experimental period.

Fluctuations in brood area were associated with the infestation dynamics of V. destruc-
tor, which remained below the economic injury level in both groups [34], a common pattern
in Africanized honey bees [35]. A slight divergence was observed at the end of the period,
characterized by a modest decline in infestation rates in nutritionally restricted colonies
(1.92 ± 0.64%) and a gradual increase in supplemented colonies (from 1.45 ± 0.50% to
2.27 ± 0.66%) (Figure 4). This pattern is consistent with the reproductive biology of V.
destructor and the host–parasite equilibrium commonly observed in Africanized honey
bees, in which mite populations typically remain at low levels due to reduced reproductive
success [36] and host tolerance mechanisms [37].

Because V. destructor depends on capped brood cells for reproduction, the greater
brood availability in supplemented colonies, particularly on Day 28, likely increased the
availability of hosts. However, population growth of the mite remained limited, possibly
due to the more efficient hygienic behavior observed in supplemented colonies. This
defense mechanism may promote the selective removal of infested brood and consequently
reduce the reproductive success of V. destructor [38–40].

Regardless of the regulatory mechanism involved, the final reduction in brood area
observed in supplemented colonies may have created favorable conditions for the be-
ginning of Phase 2 (Figure 2c). When introduced into pollination cages, these colonies
exhibited greater biomass, larger energetic reserves, and a lower relative investment in
brood production. Such characteristics may enhance colony resilience during temporary
periods of environmental restriction by reducing the nutritional demands associated with
brood maintenance and preserving resources for the adult population [41].

4.2. Influence of Nutritional Status and Fungicide Exposure on Colony Development

During Phase 2, colonies were confined in cages containing flowering soybean plants
to isolate the effects of fungicide exposure. Weight loss and reductions in brood area
were observed in all colonies, regardless of previous nutritional management or fungicide
exposure (Figures 1 and 3). This pattern indicates that the environmental stress associated
with confinement, combined with limited food availability, exerted a predominant influence,
overshadowing the effects of the experimental factors under investigation.

The decline in hive weight reflects the metabolic costs associated with restricted floral
resources within the cages [42]. The most pronounced effect on colony development repre-
senting the net overall response to confinement and subsequent recovery was observed
in brood dynamics. Even though the final comb mapping was conducted two weeks after
colonies were removed from the cages and both nutritional regimes had been resumed, an
average reduction of 571.0 cm2 in brood area was recorded (Figure 3). This finding indi-
cates that confinement, coupled with limited floral resource availability, was sufficient to
trigger substantial demographic contraction within the colonies. Although supplemented
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colonies entered this phase with greater nutritional reserves, a condition generally associ-
ated with increased resilience to environmental and sanitary stressors [43], this advantage
was insufficient to prevent the negative effects of confinement on colony development.

The reduction in brood area may be interpreted as an adaptive response to nutri-
tional stress, as brood represents one of the major nutritional sinks within a colony [42].
Consequently, reduced investment in larval development likely contributed to preserv-
ing colony food reserves during confinement. This response helps explain the relatively
modest changes observed in honey and pollen stores, suggesting a balance between re-
source consumption and replenishment (Figure 3). Therefore, the relative stability of these
reserves should not necessarily be interpreted as the absence of nutritional stress but rather
as a compensatory response to the conditions imposed by confinement. Similar impacts
of confinement, particularly on brood area, have previously been reported in managed
pollination systems for tomato [44] and zucchini crops [45].

Although pollination cages impose spatial and floral restrictions, this setup provided a
conservative, worst-case scenario model that ensured a direct causal link between fungicide
exposure and biological outcomes. The fungicide was applied immediately after colony
introduction, enabling multiple contact pathways, while a three-week confinement with
exclusively treated plants ensured continuous contact with foliage and floral residues.
Nevertheless, no episodes of mass worker mortality, sudden colony collapse, or hive
abandonment were recorded, aligning with previous field and semi-field studies reporting
minimal acute colony-level impacts following fungicide exposure [46].

This absence of overt colony-level toxicity, despite potential individual physiological
responses, stems from the social resilience of the colony as a superorganism, with collective
mechanisms and demographic compensation offsetting localized stress before it manifests
as population decline [47]. Likewise, the stability of sanitary indicators, including the
minimal variation in V. destructor infestation rates (+0.46%), measured as the net change
between pre-confinement and post-recovery, further supports the maintenance of basic
biological equilibrium following the combined confinement and apiary recovery phase
(Figure 4).

Similarly, the resilience of hygienic behavior, which preserved brood uncapping and
removal rates (Figure 6), indicates that adult bees maintained their neurological integrity
and functional performance. Taken together, these findings suggest that the primary
stressor affecting colony weight and population-related parameters was the confinement-
associated restriction of resources within the monoculture system, while the potential
contribution of fungicide exposure under the tested conditions appeared limited. Although
no colony-level effects of fungicide exposure were detected under the conditions tested,
these results should be interpreted within the scope of the experimental exposure scenario,
which combined semi-field confinement and controlled contact with treated plants. The
limited number of colonies per treatment combination (n = 3) may restrict the detection of
subtle interaction effects, whereas the main effects of nutritional management and fungicide
exposure were evaluated with six colonies per factor level.

The results obtained in this study reveal an important contrast with investigations
focused on individual bee responses, demonstrating that effects observed at the individual
level do not necessarily translate into immediately detectable damage at the colony level.
While the present study evaluated the macrostructural effects of the commercial fungicide
on colony development, previous studies employed environmentally relevant exposure
levels of the active ingredients bixafen, prothioconazole, and trifloxystrobin, established
from realistic agricultural application scenarios [21].

Freitas et al. [18] demonstrated that forager bees topically exposed to these fungicides,
individually or in combination, exhibited increased oxidative stress markers, including
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elevated lipid peroxidation, regardless of the nutritional status of their source colonies.
In addition, alterations in antioxidant enzyme activity were detected, indicating that
even environmentally relevant doses were capable of inducing metabolic imbalance in
individually exposed adult bees. Similarly, Alves et al. (2024) [19] found that ingestion of
pollen contaminated with the same active ingredients induced oxidative stress and reduced
the longevity of newly emerged workers. However, bees originating from well-nourished
colonies exhibited more efficient antioxidant responses and lower survival impairment,
suggesting a protective effect of adequate nutritional status.

Similarly, Kato et al. (2024) [22] reported that exposure of forager bees altered the
regulation of genes associated with detoxification, immunity, and antioxidant defense.
These effects were more pronounced when the three active ingredients were applied as a
mixture, particularly in bees originating from nutritionally restricted colonies, including
altered expression of antioxidant genes (CAT, GPX-1, and SOD-1) and reduced expres-
sion of immune-related genes. Furthermore, Ferraz et al. (2025) [20] demonstrated that
adequate nutritional status enhances bee resilience to fungicide exposure, indicating that
nutritional factors can modulate the magnitude of these responses. Collectively, these
findings demonstrate that the active ingredients comprising the fungicide that we applied
have the potential to induce sublethal physiological and molecular effects, supporting
evidence that fungicides can affect metabolic, immunological, and physiological processes
in bees even at non-lethal exposure levels [12,14].

In our study, however, the absence of evident fungicide-related effects on colony func-
tional integrity highlights a fundamental difference between responses observed in isolated
individuals and those expressed at the colony level. Laboratory assays using individual
workers tend to maximize the detection of biochemical, physiological, and molecular al-
terations under controlled exposure conditions. In contrast, honey bee colonies function
as superorganisms endowed with collective mechanisms of social resilience, including
division of labor, population turnover, and behavioral plasticity, that buffer part of these
impacts and help maintain colony homeostasis under environmental stress [47]. Conse-
quently, alterations detected in individual bees do not necessarily translate into measurable
impairment of colony performance, helping to explain the challenges of extrapolating
results from individual-level assays to colony-level parameters [48].

The semi-field results suggest that the nutritional and environmental stress associated
with confinement exerted a stronger influence on colony performance than fungicide
exposure under the conditions evaluated. This interpretation is supported by evidence that
both the availability and quality of food resources are key determinants of honey bee colony
health and performance [43,49]. Consistent with this hypothesis, mite infestation rates,
hygienic behavior, and stored food areas were not affected by either fungicide exposure or
nutritional management, indicating the maintenance of important mechanisms of colony
homeostasis and social organization throughout the experimental period.

4.3. Delayed Effects of Fungicide Exposure

Two weeks after the colonies were returned to the apiary and the nutritional manage-
ment adopted in Phase 1 was resumed, colony development trajectories once again became
strongly influenced by food availability. During the subsequent seven weeks of monitoring,
previously supplemented colonies exhibited continuous recovery in hive weight, with an
average increase of +25.84 g day−1, whereas colonies subjected to nutritional restriction
merely stabilized their weight over the same period (Figure 1). This contrast indicates that
the recovery observed during Phase 3 was directly associated with both the restoration of
nutritional input and the pre-existing structural condition of the colonies.
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Supplemented colonies entered Phase 3 with greater energetic reserves and, likely,
a larger functional workforce than nutritionally restricted colonies (Figure 3). Colony
structure directly influences the capacity to respond to renewed resource availability, as
the acquisition, processing, storage, and allocation of resources depend on the coordinated
activities of workers responsible for foraging, food distribution, storage, and brood care.
Demographic models indicate that colony growth and recovery are strongly dependent on
the size and composition of the worker population, which determine the efficiency with
which available resources are acquired and processed [50].

Therefore, the weight gain observed in supplemented colonies reflects not only an
immediate response to the reintroduction of food supplements but also the persistence of
the biological vigor established during Phase 1. In contrast, colonies subjected to nutritional
restriction exhibited a lower capacity to convert available resources into population growth,
likely due to their comparatively smaller reserves and reduced nutritional input. This inter-
pretation is consistent with evidence that nutritional stress can alter worker performance
and colony organization, with effects that may persist beyond the period of nutritional
stress and influence subsequent colony development [51].

The recovery observed after colonies returned to the apiary further supports the
interpretation that no detectable residual effects were associated with prior exposure to
the evaluated fungicide. All colonies, including those previously exposed to the fungicide,
appeared to retain a similar capacity for social reorganization, resource exploitation, and
renewed growth, indicating preservation of colony functionality and population dynamics
(Figures 1, 3, 4 and 6).

This finding is particularly relevant because colony-level effects of sublethal pesticide
exposure may require prolonged monitoring beyond the exposure period to adequately
assess both adverse effects and colony recovery [52]. Moreover, behavioral alterations
induced by environmental stressors may persist over time and compromise long-term
colony performance [51]. Nevertheless, even under a worst-case experimental scenario
characterized by confinement, exclusive access to a soybean-based monofloral diet (soybean
pollen and nectar), and controlled fungicide exposure, no evidence of chronic impairment in
recovery capacity or colony resilience was detected within the seven-week post-confinement
monitoring period.

4.4. Pollination and Soybean Yield

Soybean productivity was strongly associated with the presence of pollinators, high-
lighting the functional role of honey bees as yield-enhancing agents in a predominantly
self-pollinated crop [53]. The highest yields were observed in plots pollinated by colonies
maintained within cages, where bees had exclusive access to soybean flowers, resulting in
intense foraging activity on the crop. Under these conditions, yield increased by approxi-
mately 31.8% in plots pollinated by supplemented colonies and by 21.0% in those pollinated
by nutritionally restricted colonies compared with the treatment without confined bees.
Similarly, open-field conditions increased yield by 14.7% compared with the treatment
without confined bees (Table 1), suggesting lower effective visitation intensity per unit area.

This pattern is consistent with the pollination ecology literature, which demonstrates
that pollination efficiency depends not only on pollinator abundance but also on the
configuration and relative availability of floral resources within the environment [53–55].
In systems dominated by a single floral resource, such as caged monocultures, foraging
activity tends to be concentrated on the target crop, increasing visitation rates per unit area.
In contrast, in open and more heterogeneous landscapes, the presence of multiple floral
resources can redistribute foraging effort [56,57], reducing visitation constancy to the focal
crop and consequently lowering pollination efficiency at the field scale [58,59].
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Our findings are consistent with previous studies showing that the introduction of
honey bees into soybean fields can increase yield by approximately 8% to 18% under
controlled pollination conditions [60]. In open-field systems, however, average gains
are generally more modest, typically ranging from 5% to 13%, although higher values
may occur under conditions of elevated pollinator density and strong synchrony between
flowering and peak foraging activity [3,5,61].

Floral visitation intensity is one of the primary factors associated with increased
productivity in pollinator-dependent crops, as higher pollinator densities generally promote
greater pollen deposition and higher agricultural output [62]. In this context, colony
nutritional status may act as an important modulator of pollination efficiency by influencing
worker population size, individual physiological performance, and the capacity to exploit
floral resources. Pollen quality and nutritional composition play fundamental roles in
worker development and colony functioning, affecting processes related to foraging activity
and population maintenance [63,64]. Furthermore, evidence indicates that bees adjust their
foraging decisions in response to the nutritional quality of available resources, altering
patterns of resource exploitation and floral investment [64,65]. Although these mechanisms
were not directly evaluated in our study, they provide a biologically plausible explanation
for the differences in yield observed between areas pollinated by supplemented colonies
and those pollinated by nutritionally restricted colonies.

Regarding the mechanisms involved, supplemented colonies are generally associated
with greater physiological vigor and a larger population of active workers, which may in-
crease floral visitation rates relative to colonies subjected to nutritional restriction. Previous
studies have demonstrated a positive relationship between colony strength and pollination
services in agricultural crops [66], suggesting that variation in colony population structure
can modulate floral visitation intensity. Consequently, even under confinement and ho-
mogeneous floral availability, differences in colony nutritional status may translate into
variation in pollen transfer efficiency and, ultimately, crop reproductive success [64,67].

With respect to crop protection practices, the absence of fungicide effects and of any
interaction between fungicide application and pollination systems indicates that fungicide
treatment did not compromise colony performance or crop yield under the evaluated
conditions (Table 1). These findings suggest that the product did not interfere with either
foraging activity or colony functionality during the critical flowering period. This result is
particularly relevant because the maintenance of bee activity during bloom is considered a
key determinant of successful supplementary pollination in soybean [5]. Furthermore, the
absence of detectable negative effects on colony performance suggests that exposure re-
mained below levels capable of producing measurable impairment in worker functionality.
Taken together, these findings demonstrate no measurable adverse impact of the fungicide
application or its interaction with pollination systems within the context of the present
study. Given the variability in responses reported in the literature for different active
ingredients and application scenarios, these results reinforce the need for case-specific
evaluations of crop protection strategies under field conditions.

5. Conclusions
Nutritional supplementation contributed to improved colony performance, as evi-

denced by greater weight gain, increased food reserves, and enhanced hygienic behavior. In
addition, supplemented colonies produced the highest increases in soybean yield, indicat-
ing that adequate colony nutritional status supports the provision of pollination services.

Under the conditions evaluated, exposure to the triple-action fungicide containing
bixafen, prothioconazole, and trifloxystrobin did not affect colony development, food
reserves, brood area, V. destructor infestation rates, or hygienic behavior, regardless of the

https://doi.org/10.3390/agriculture16151667

https://doi.org/10.3390/agriculture16151667


Agriculture 2026, 16, 1667 18 of 21

nutritional management adopted. The maintenance of these parameters under controlled
conditions highlights the social resilience of honey bee colonies, demonstrated by the
preservation of colony functionality and homeostasis specifically within the evaluated
exposure regime, with no evidence of detectable residual effects on colony performance
over the experimental period.
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