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Abstract

This study aimed to evaluate the efficacy of various control alternatives against Varroa
destructor in Apis mellifera colonies in a semi-arid region of Mexico. One hundred and ten
homogeneous colonies, with a uniform population and infestation level of V. destructor,
were randomly distributed into the following 11 experimental groups (10 colonies/group):
amitraz, oxalic acid in glycerin (OA-G), oxalic acid in sugar syrup (OA-SS), ethanolic
extracts of Bursera penicillata, Larrea tridentata, and Lippia graveolens, powdered sugar dusting,
three vehicle controls (vegetable oil, ethanol, glycerin), and one untreated control. Efficacy
was determined by recording mite fall during the treatment period relative to a subsequent
reference treatment. Significant differences were observed among treatments (p < 0.0001).
Amitraz was the most effective (94.4%), followed by OA-G (85.1%). The OA-SS and
plant extracts showed intermediate efficacy (62.1% to 73.7%), while sugar dusting showed
lower values (55.8%) but still higher than the control (31.2%). These findings support the
restricting of amitraz use to minimize resistance risk and suggest implementing OA-G
as a high-efficacy alternative. Furthermore, ethanolic plant extracts and powdered sugar
dusting combined with sticky bottom boards may serve as accessible, complementary tools
within integrated pest management programs to reduce reliance on synthetic acaricides
and mitigate the development of resistance.

Keywords: Apis mellifera; Varroa destructor; amitraz; oxalic acid; acaricidal efficacy;
Mexican highlands

1. Introduction
Honey bees (Apis mellifera) are substantial contributors to global crop production,

honey production, and other hive products. However, their health is threatened by a range
of pests and diseases, among which the mite Varroa destructor [1] stands out as the major
health challenge for beekeeping worldwide [2]. This parasite feeds on the hemolymph and
fat body tissue of both brood and adult bees [3], and thereby suppresses their immune
system, making them more susceptible to pathogens and pesticides [4–8]. In addition, it
vectors viruses [9–11], reduces worker longevity [12], and consequently negatively impacts
colony population size and honey production [13,14]. For these reasons, varroosis is
considered one of the main factors associated with high colony losses globally [15–17].
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Beyond the direct damage the mite inflicts on colonies and the beekeeping industry, the
use of synthetic acaricides for its control represents an additional challenge. Although these
acaricides are recognized for their high efficacy, they can promote resistance, leave residues
in honey and wax, and negative impact bee health [18–21]. Amitraz (a formamidine) is
one of the most effective synthetic acaricides (≥95%) and is also considered among the
least toxic to bees, due to its rapid degradation [22,23]. However, resistance documented in
several regions, including Mexico [18,24], limits its long-term viability.

As an alternative, integrated pest management is promoted, combining cultural,
mechanical, biological, and both natural and synthetic chemical methods to reduce mite
populations while minimizing reliance on synthetic acaricides [25,26]. This approach
can mitigate the adverse effects of acaricides, reduce environmental impacts, and help
maintain selection pressure for mite-resistant colonies [27–30]. Mechanical methods include
powdered sugar dusting, which stimulates grooming and mite drop, and bottom board
traps, which prevent mites from returning to the colony, and can reduce infestations by
up to 50% [31,32]. Natural acaricides such as organic acids and plant extracts are widely
used by Mexican beekeepers [33]. Overall, they tend to have fewer adverse effects than
synthetic acaricides, however, their efficacy is variable (66% to 98%) and depends on
their formulation, method of application, and environmental conditions, yet they offer the
advantage of not generating harmful residues or promoting resistance [34,35].

Although there are studies comparing the efficacy of different acaricides, few have
comprehensively evaluated mechanical and chemical (organic and synthetic) methods in
Africanized honey bee colonies in Mexico. Generating this information is crucial given
the limited availability of registered commercial acaricides in the country [36]. Therefore,
the aim of this study was to determine and compare the efficacy of amitraz, oxalic acid,
ethanolic plant extracts of Bursera penicillata (mostoche), Larrea tridentata (gobernadora),
Lippia graveolens (oregano), and powdered sugar dusting in honey bee colonies in a semi-
arid region of Mexico, in order to provide alternatives to synthetic acaricides and contribute
to the sustainable control of V. destructor.

2. Materials and Methods
2.1. Study Site

The study was conducted from 31 August to 14 October 2024 in commercial apiaries
located in Jalpa, Zacatecas, Mexico (21◦38′ N, 100◦51′ W; 1380 m.a.s.l.). The region is
characterized by a semi-arid, warm climate, with tropical dry forest vegetation, a mean
annual temperature of 21.2 ◦C, and an average annual precipitation of 700 mm [37].

2.2. Experimental Colonies

From a total of 300 colonies managed in Langstroth hives, 110 were selected based on
homogeneous conditions. Specifically, these selected colonies averaged eight comb frames
covered with adult bees, five frames with capped brood, two with honey, and one with
pollen. The initial V. destructor infestation level on adult bees was 5.5 ± 0.08% (mean ± SE).
None of these colonies had receive any acaricide treatment during the year prior to the
study. The colonies were distributed among four apiaries separated by 2 km.

2.3. Treatments

The 110 selected colonies were randomly assigned to 11 experimental groups using
a random number generator. Each group consisted of ten colonies, and groups were
distributed in a balanced manner across the four apiaries to ensure that all experimental
treatments were represented in each apiary (Table 1).
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Table 1. Number of colonies per treatment group in each apiary.

Treatment Group Apiary 1 Apiary 2 Apiary 3 Apiary 4 Total

Amitraz 3 3 2 2 10
OA-G 2 2 3 3 10
OA-SS 3 3 2 2 10
B. penicillata 2 2 3 3 10
L. tridentata 3 3 2 2 10
L. graveolens 2 2 3 3 10
P. sugar 3 3 2 2 10
Oil 2 2 3 3 10
Ethanol 3 3 2 2 10
Glycerin 2 2 3 3 10
Control 3 3 2 2 10
Total 28 28 27 27 110

The specific treatments were:
Group 1: amitraz. Colonies received 10 mL of a 1.25% (w/v) amitraz solution

(Bovitraz® Bayer, Elanco, Animal Health, Guadalajara, Jalisco, Mexico) in vegetable oil per
application. This solution was applied via an absorbent towel (Scott®, Kimberly-Clark, State
of Mexico, Mexico, 28 × 6.5 cm) placed on top of the brood chamber frames. Treatments
were applied weekly for three weeks [36,38], thereby mimicking the artisanal formula-
tions widely used by local beekeepers given the limited availability of synthetic strips in
the region.

Group 2: oxalic acid in glycerin (OA-G). An absorbent towel (Scott®, 28 × 6.5 cm) was
impregnated with 20 g of a 1:1 (w/w) mixture of 99% dihydrated oxalic acid and glycerin,
and then placed on top of the brood chamber frames. Treatments were applied weekly for
three weeks [34].

Group 3: oxalic acid in sugar syrup (OA-SS). A total of 50 mL of a 2.1% (w/v) oxalic
acid solution prepared in 1:1 (w/v) sucrose syrup was applied with syringe on top of the
brood chamber frames. Treatments were applied weekly for three weeks [39].

Group 4: powdered sugar (P. sugar). A total of 120 g of powdered (confectioners’)
sugar was dusted over the top bars of the brood chamber frames. Treatments were applied
weekly for three weeks [40].

Groups 5, 6, and 7: ethanolic extracts of Bursera penicillata (mostoche), Larrea tridentata
(gobernadora), and Lippia graveolens (oregano), respectively. For each group, colonies
received 10 mL of a 12.5% (w/v) ethanolic extract of either B. penicillata, L. tridentata, or
L. graveolens. These extracted were applied onto an absorbent towel (Scott®, 28 × 6.5 cm)
placed on top of the brood chamber frames. Treatments were applied every 5 days, for a
total of four applications. Extracts were obtained by macerating 25 g of leaves in 200 mL of
96% ethanol for 20 days [41]. This methodology and these plant species were chosen because
they are readily accessible to beekeepers in semi-arid regions. Four applications at 5-day
intervals were chosen in order to increase mite exposure to these products, considering
their anticipated lower potency and shorter persistence expected compared to synthetic
acaricides and oxalic acid formulations. This shorter persistence is related to the high
volatility of ethanol and plant compounds, as well as to hive temperature and ventilation,
which favor rapid evaporation.

Groups 8, 9, and 10: glycerin, vegetable oil, and ethanol, respectively. These vehicle
control groups received 10 g of glycerin, 10 mL of vegetable oil, or 6 mL of 96% ethanol,
respectively. These substances were applied on towel strips placed on top of the brood
chamber frames. Treatments were applied every 5 days, for four applications.
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Group 11: untreated control. In this absolute control group, only the bottom board
trap was installed, and no treatment was applied.

2.4. Evaluation of Treatment Efficacy Against V. destructor

To quantify mite fall, a sticky bottom board trap was installed at the bottom of each
colony of all experimental groups. The trap consisted of a plastic sheet (28 × 43.5 cm)
coated with petrolatum and protected by a metal mesh (3 mm) (Figure 1). At each treatment
application, the sticky sheets (petrolatum-coated boards) were replaced with new ones.

 

 a b 

Figure 1. Sticky bottom board trap used to quantify V. destructor mite fall. (a) Hive base with metal
mesh (structural component of the trap). (b) Experimental hive with the collection tray (plastic sheet
coated with petrolatum) installed for mite collection.

At the conclusion of the treatment applications, all experimental colonies received a
reference treatment. This consisted of an absorbent towel strip (6.5 × 28 cm) impregnated
with 10 mL of 2% (w/v) amitraz. This treatment was applied four times at 6-day intervals.
Monitoring of mite fall during the reference treatment followed the same protocol as
described above: a sticky bottom board was replaced with new ones after each application.
This reference treatment was used to estimate the residual mite population in each colony
and to ensure a homogeneous and efficient reduction of mite levels at the end of the study,
in accordance with methodological recommendations for efficacy assessment in V. destructor
control trials [42].

Efficacy (%) was calculated by dividing the number of mites that fell onto the sticky
board during the experimental treatment by the sum of the mites that from both the experi-
mental and reference treatment, and multiplying the result by 100 [42]. This calculation was
based on assumption that the cumulative mite fall (from both experimental and reference
treatments) represented the total V. destructor population in each colony [34].

2.5. Statistical Analysis

Percentage variables, including initial V. destructor infestation in adult bees and acari-
cidal efficacy for the experimental treatments, were arcsine square-root transformed prior
to analysis to improve normality. For non-percentage initial variables (amount of brood,
honey and pollen stores), normality was assessed using the Shapiro–Wilk test. Analysis of
variance (ANOVA) was then employed to confirm the absence of significant differences
among experimental groups in initial values of V. destructor infestation on adult bees, adult
bee and brood populations, and honey and pollen stores. The main analysis of treatment
performance was conducted using a linear mixed model, with treatment as a fixed effect
and apiary as a random effect. The response variable in this model was treatment efficacy
(%) at the colony level, calculated as described above. Means were compared using Tukey’s
test (p < 0.05). All analyses were performed with SAS version 9.0 [43].
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3. Results
The Shapiro–Wilk test indicated that the distributions of initial amount of brood

(W = 0.35, p = 0.63), honey (W = 0.72, p = 0.54) and pollen (W = 0.18, p = 0.47) stores did
not deviate significantly from normality. Additionally, colonies assigned to the treatments
began the experiment with similar values for adult bee population (F10,99 = 0.78, p = 0.60),
amount of brood (F10,99 = 0.74, p = 0.63), honey (F10,99 = 0.19, p = 0.34), pollen (F10,99 = 0.22,
p = 0.41), and V. destructor infestation levels on adult bees (F10,99 = 0.86, p = 0.45).

Mite fall percentages recorded during experimental treatment applications revealed
distinct patterns among groups. The colonies treated with amitraz exhibited the greatest
and most consistent reduction in V. destructor population, characterized by a high initial
mite drop in the first application followed by marked reductions in subsequent application.
OA-G also resulted in high mite fall during the first two applications, both higher than in the
third. Treatments with plant extracts, specifically B. penicillata (mostoche) and L. tridentata
(gobernadora), OA-SS, and powdered sugar showed moderate mite fall without significant
changes among applications, with the exception of the oregano extract (L. graveolens),
which showed lower mite fall in the second and third applications compared to the first.
The absolute control group and the vehicle control groups (vegetable oil, ethanol, and
glycerin) maintained low and stable mite fall percentages, as expected in the absence of an
acaricide (Table 2).

Table 2. Percentage (mean ± SE) of V. destructor mite fall per application on sticky bottom boards
under the different experimental treatments.

Treatment Group 1st Application 2nd Application 3rd Application 4th Application F-Value p-Value

Amitraz 59.9 ± 2.9% a A 29.5 ± 1.7% a B 5.0 ± 0.8% a C -- 25.06 <0.0001
OA-G 40.0 ± 1.3% a,b A 29.0 ± 0.8% a A 13.5 ± 0.7% a B -- 13.29 <0.0001
OA-SS 28.1 ± 1.5% b,c A 19.5 ± 1.1% a,b A 21.3 ± 1.2% a A -- 0.91 0.41
B. penicillata 23.4 ± 1.4% b,c A 16.4 ± 0.7% a,b A 18.9 ± 1.1% a A 15.0 ± 0.5% a A 1.52 0.22
L. tridentata 20.3 ± 1.9% b,c,d A 7.0 ± 0.5% b A 19.3 ± 2.4% a A 16.2 ± 1.2% a A 1.57 0.21
L. graveolens 28.3 ± 2.1% b,c A 9.7 ± 1.1% b B 15.0 ± 1.6% a B 9.1 ± 1.0% a B 4.32 0.01
P. sugar 25.6 ± 1.5% b,c,d A 14.1 ± 0.8% a,b A 16.2 ± 1.0% a A -- 1.59 0.22
Oil 13.5 ± 2.0% c,d A 6.9 ± 0.9% b A 6.7 ± 0.9% a A -- 0.96 0.41
Ethanol 3.8 ± 0.8% d A 5.8 ± 1.5 b A 7.8 ± 1.6% a A 7.2 ± 2.1% a A 2.98 0.12
Glycerin 9.2 ± 1.2% c,d A 10.7 ± 0.9 a,b A 7.0 ± 0.5% a A -- 0.70 0.51
Control 10.5 ± 0.5% c,d A 9.0 ± 0.5% b A 7.1 ± 0.4% a A 4.7 ± 0.3% a A 0.76 0.52
F and p values 9.2, <0.0001 5.3, <0.0001 1.6, 0.08 2.6, 0.06

Different lowercase letters within a column indicate significant differences among treatments for each application
(Tukey’s test, p < 0.05). Different uppercase letters within a row indicate significant differences among applications
within a treatment (Tukey’s test, p < 0.05), after arcsine square-root transformation of percentage data. The values
presented in the table are untransformed.

Significant differences in mite fall were observed among treatment during the first
(F10,99 = 9.2, p < 0.0001) and second applications (F10,99 = 5.3, p < 0.0001), with amitraz and
OA-G yielding the highest values (Table 2).

The reference treatment with 2% amitraz, applied to all colonies at the end of the
experimental treatments, enabled quantification of the residual mite population and valida-
tion of the efficacy of the evaluated methods (Table 3). The colonies initially treated with
amitraz and OA-G exhibited the lowest percentages of residual mite fall, indicating that the
majority of the mite population had eliminated during the experimental phase. In contrast,
the vehicle controls groups (vegetable oil, ethanol, glycerin) and the absolute control group
showed high percentages of residual fall in the first application of the reference treatment,
which is consistent with the absence of prior acaricide treatment.

The groups treated with plant extracts, OA-SS, and powdered sugar showed interme-
diate residual fall in the first application, reflecting their moderate efficacy (Table 3).

Residual mite fall, as measured by the reference treatment, significantly decreased
between applications in most groups (p < 0.05), with the exception of colonies initially
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treated with amitraz. In these colonies, residual fall remained consistently low and without
significant changes among applications (F2,27 = 2.3, p = 0.12), confirming that the majority
of the mite population had been eliminated during the experimental phase (Table 3).

Table 3. Percentage (mean ± SE) of residual mites after the experimental control methods, recorded
on sticky bottom boards during the reference treatment in three or four applications.

Treatment Group 1st Application 2nd Application 3rd Application 4th Application F-Value p-Value

Amitraz 2.8 ± 0.3% d,e A 2.1 ± 0.3% b A 0.7 ± 0.2% b A -- 2.3 0.12
OA-G 9.1 ± 0.5% c,d,e A 6.4 ± 0.4% a,b B 2.0 ± 0.2% a,b B -- 8.6 0.0007
OA-SS 18.7 ± 1.2% b,c,d A 6.5 ± 0.6% a,b B 5.9 ± 0.6% a,b B -- 6.2 0.004
B. penicillata 7.6 ± 0.9% d,e A,B 10.3 ± 1.0% a,b A 7.7 ± 0.9% a,b A,B 0.7 ± 0.5% a B 3.4 0.028
L. tridentata 1.5 ± 0.3% e B 20.8 ± 2.2% a A 13.9 ± 1.9% a A 0.9 ± 1.2% a B 10.5 <0.0001
L. graveolens 3.2 ± 0.6% d,e B 25.7 ± 2.2% a A 8.0 ± 0.9% a,b B 1.1 ± 1.0% a B 13.5 <0.0001
P. sugar 29.4 ± 1.2% a,b,c A 8.4 ± 0.7% a,b B 6.3 ± 0.7% a,b B -- 15.3 <0.0001
Oil 42 ± 4.8% a,b A 25 ± 4.6% a A,B 5 ± 1.5% a,b B -- 5.4 0.02
Ethanol 50.8 ± 3.9% a A 21.9 ± 5.6 a B 1.2 ± 0.3% a,b C 1.4 ± 0.7% a C 14.4 0.005
Glycerin 54.6 ± 2.9% a A 15 ± 1.4 a,b B 3.5 ± 0.3% a,b C -- 49.3 <0.0001
Control 31.4 ± 1.4% a,b,c A 26.6 ± 1.1% a A 9.6 ± 0.8% a,b B 1.2 ± 0.3% a C 15.4 <0.0001
F and p values 13.8, <0.0001 4.7, <0.0001 5.0, <0.0187 1.3, 0.279

Different lowercase letters within a column indicate significant differences among treatments for each application
(Tukey’s test, p < 0.05). Different uppercase letters within a row indicate significant differences among applications
within a treatment (Tukey’s test, p < 0.05), after arcsine square-root transformation of percentage data. The values
presented in the table are untransformed.

Total acaricidal efficacy (defined as the percentage of mites eliminated by the experi-
mental treatment relative to the estimated total population) differed significantly among
treatments (F10,99 = 17.16, p < 0.0001). Amitraz was the most effective treatment, followed
by OA-G, with no statistical difference between them. The efficacy of OA-G, OA-SS, and
the plant extracts (B. penicillata, L. tridentata, and L. graveolens) was statistically similar
performance, ranging from 62.1% to 85.1%. Powdered sugar dusting showed low efficacy
but was statistically comparable to the plant extracts and OA-SS. The vehicle control groups
(vegetable oil, ethanol, and glycerin) were similar to the absolute control and had a lower
percentage of mite fall than all treatments (Figure 2).

Figure 2. Acaricidal efficacy (mean ± SE) of the treatments evaluated: amitraz, oxalic acid in glycerin
(OA-G), oxalic acid in sugar syrup (OA-SS), ethanolic extracts of Bursera penicillata, Larrea tridentata,
and Lippia graveolens, powdered sugar (P. sugar), as well as the absolute control and the vehicle
controls (oil, ethanol, and glycerin), in Apis mellifera colonies (n = 10 per treatment). Different letters
indicate significant differences among treatments according to a linear mixed model (treatment as
fixed effect, apiary as random effect) followed by Tukey’s test (p < 0.05), after arcsine square-root
transformation of percentage data. The values illustrated correspond to untransformed means.
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During the experiment, no clinical signs of acute toxicity such as adult bee mortality or
queen loss were observed in any of the treatment groups compared with the control groups.
Furthermore, normal brood development was maintained, and no evidence of reduced egg
laying by queens was detected in colonies treated with plant extracts or organic acids.

4. Discussion
The results of this study showed significant differences in efficacy levels among the

treatments evaluated. Amitraz was the most effective treatment, with 94.4% efficacy, similar
to that reported in Canada (92%) [44] and in European countries such as Slovenia and
France (93%) [45,46]. The high mite fall (89%) observed in the first two applications confirms
its rapid and potent effect on the nervous system of V. destructor [22,47]. The high efficacy
observed in this study likely stems from the fact that the experimental colonies had not
been repeatedly exposed to the compound or to improper dosages, thereby reducing the
probability of resistance development.

However, repeated or poorly dosed use of amitraz has favored the development
of resistant populations in several regions of the world, reducing its efficacy to values
ranging from 39% to 85% [48–51], including Mexico [18,52]. For this reason, its use should
be restricted to a single annual treatment, preferably in winter or during periods of low
brood [53], in order to reduce selection pressure on mite resistance and avoid adverse
impacts on colony health and productivity [24].

The two oxalic acid formulations evaluated exhibited differing efficacies. The oxalic
acid in glycerin (OA-G) treatment showed high efficacy (85.1%), comparable to amitraz,
whereas oxalic acid in sugar syrup (OA-SS) exhibited moderate efficacy (68.9%). These
differences may be attributed to glycerin acting as a slow-release vehicle, which favor
sustained compound distribution within the hive and prolongs mite exposure to the
acaricide [34]. In contrast, the syrup formulation can be quickly removed, consumed, or
stored by the bees, thereby reducing mite contact time with the product [39]. Reported
efficacy values for oxalic acid are variable and depend on the presence of capped brood
and on technical aspects of application [26,34]. This variability is particularly marked
when applied in sugar syrup, with reported efficacies ranging from 37% to 98% [54–57].
In contrast, controlled-release formulations, such as cellulose strips impregnated with
oxalic acid and glycerin, demonstrate high and consistent efficacy (88% to 94%), even in
the presence of brood [34]. In the present study, the 85.1% efficacy obtained with OA-G
applied to colonies with brood via absorbent towels was similar to these values, thus
confirming this formulation potential as an alternative to amitraz. Furthermore, oxalic acid
is considered safe for apicultural production, as it does not leave detectable residues in
honey after repeated applications [35].

Regarding the ethanolic extracts of B. penicillata, L. tridentata, and L. graveolens, these
exhibited intermediate efficacies (62.1% to 73.7%), similar to each other and comparable to
OA-SS (68.9%). Although these values are lower than those of amitraz and OA-G, their
moderate efficacy, low cost, and simple preparation render them suitable as complementary
tools, within an integrated management scheme against V. destructor. Unlike essential oils,
whose production requires specialized equipment and higher investment for production,
ethanolic extracts can be prepared with basic equipment, making them accessible, practical,
and sustainable alternatives for beekeepers.

The moderate efficacy of the ethanolic extracts may be attributed, at least in part,
to their lower potency and limited persistence within the hive. It is plausible that the
colony’s internal temperature and bee ventilation promote the evaporation of ethanol and
volatile plant components, potentially reducing their acaricidal effect. This possibility
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was considered during the design of a more frequent application scheme for the extracts;
nevertheless, their efficacy remained moderate.

Most research on plant products against V. destructor has focused on essential oils,
whereas studies using ethanolic extracts are limited and methodologically heterogeneous
(regarding preparation, concentration, and application). Nevertheless, our results are
consistent with the lower value of the acaricidal efficacy reported for ethanolic extracts of
lemongrass (Cymbopogon citratus), thyme (Thymus linearus), basil (Ocimum basilicum), lemon
(Citrus limon), and garlic (Allium sativum), applied weekly by direct spraying onto bees,
which showed efficacies of 70% to 94% without adverse effects on bees or brood [58]. The
acaricidal function of these extracts has been attributed to secondary metabolites such as
terpenoids and phenolics [41]. However, it is likely that their action is not exclusively lethal,
but may also induce disorientation, detachment, and increased mite fall, which warrants
specific investigation.

Although the precise molecular profile of the active compounds was not characterized
chromatographically, this field study specifically evaluated crude ethanolic extracts, thereby
mirroring the practical preparations available to beekeepers. To ensure consistency and
minimize methodological variability, the maceration process (including time, solvent, and
plant-to-solvent ratio) was rigorously standardized. Nevertheless, natural fluctuations in
the phytochemical composition of the plant material could still influence the observed
efficacy results.

Powdered sugar dusting applied to the top bars of brood chamber frames exhibited an
average efficacy of 55.8%, statistically similar to that of the plant extracts. Its mode of action
is based on interference with the mite’s tarsal structures, reducing its ability to adhere to
the bee’s cuticle, and on stimulating grooming behavior, which promotes mite removal and
fall [31]. The efficacy of powdered sugar is contingent upon particle size (< 40 µm), dose
and frequency of application, ambient humidity, and the expression of grooming behavior
by bees [56,59]. However, the degree of exposure of bees and mites to the powder is a
critical factor. In studies where bees are confined in boxes and sugar is applied directly to
them, reported efficacies range from 77% to 92% [31,60], were higher than those observed
in the present study. The lower efficacy recorded here may be attributed to the top-bars
application method, which, despite being more practical, less invasive, and requiring no
additional equipment, results in a less homogeneous distribution of the powder.

The sticky bottom board trap is a versatile tool, frequently employed for diagnosis,
estimation of infestation levels, and acaricides evaluation, and to a lesser extent, as a control
method. Its contribution to control lies in preventing the return of up to 50% of live fallen
mites [32]. In the present study, traps were used to record mite fall, enabling the evaluation
of treatment efficacy. However, they likely contributed to control, particularly in non-
lethal methods such as powdered sugar dusting and potentially the plant extracts, whose
effectiveness may be partly attributed to a repellent effect. We observed that the group
treated with powdered sugar exhibited 24.6% greater mite fall than the absolute control,
and the B. penicillata group showed 42.5% more fall, both differences being significant.
This suggests that combining methods that promote mite drop with bottom board traps
can enhance V. destructor control. Although their efficacy was lower than that observed
for amitraz or OA-G, the local availability and low cost of the evaluated plants render
these methods viable alternatives, particularly as complementary tools within integrated
pests management.

The fall patterns recorded during the experimental applications (Table 2) and the
reference treatment (Table 3) offer valuable insights into the number of applications re-
quired for each method. For amitraz and OA-G, the majority of the mite population was
eliminated within the first two applications, as reflected by very high initial mite fall
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and significant declines in subsequent applications. This suggests that three consecutive
applications are sufficient to achieve profound control, and that additional applications
are unlikely to substantially enhance efficacy. In contrast, treatments with OA-SS, plant
extracts, and powdered sugar showed more stable per-application mite fall percentages or
less pronounced declines, without a clear pattern of parasitic population reduction. This
implies that their effect, although cumulative, is more gradual, and particularly for the
plant extracts (applied four times), several consecutive treatments may be insufficient to
reach control levels comparable to those obtained with amitraz or OA-G.

This interpretation is consistent with the residual fall values from the reference treat-
ment (Table 3). In the amitraz-treatment group, residual fall remained low and stable
across applications, indicating that most of the mite population had been eliminated during
the experimental phase. In contrast, in the groups treated with methods of moderate
efficacy (OA-SS, powdered sugar, and plant extracts), the first application of the reference
treatment still produced appreciable mite fall. Furthermore, in the absolute control and
vehicle groups, initial fall was significantly higher than in the other experimental groups.
This demonstrates that, following the experimental scheme, a significant fraction of the
parasitic population remained under several treatments, although not always with clear
statistical differences when compared with the amitraz group. Overall, these patterns
suggest that amitraz and OA-G (high-efficacy, sustained-release formulations) require
fewer applications for effective control, whereas moderate-efficacy methods may require
more intensive schedules or a combination with other strategies within an integrated
management framework.

It is important to consider that the reference treatment does not reach 100% efficacy
under field conditions; thus, the reported efficacy values reported likely underestimate the
absolute proportion of mites eliminated to some extent. Nevertheless, given that the same
highly effective reference treatment was applied and the criterion that cumulative mite fall
represents the total mite population was applied homogeneously to all colonies, this bias is
systematic and similar among groups, therefore the relative efficacy comparisons between
treatments remain valid.

We recommended further studies that integrate population and food reserve variables,
behavioral observations, and molecular markers of immune response. Additionally, the
evaluation of different application routes (e.g., fumigation or administration in sugar
syrup), the potential effects of powdered sugar on colony microflora, and the design of
more efficient acaricide application devices are warranted.

The results advocate for the implementation of integrated V. destructor management
strategies that combine, in a planned manner, highly effective synthetic acaricides (with
restricted use), organic formulations, and accessible mechanical methods. This approach
aim of reducing selection pressure for mite resistance, minimizing residues in hive products,
and promoting the sustainability of beekeeping in semiarid regions of Mexico.

5. Conclusions
This study, conducted under commercial beekeeping conditions in a semi-arid region

of Mexico, demonstrated that amitraz was the most effective treatment (94.4%), followed
by oxalic acid in glycerin (85.1%). Both treatments achieved rapid and intense control with
a limited number of applications. In contrast, oxalic acid in sugar syrup and the ethanolic
extracts of B. penicillata, L. tridentata and L. graveolens exhibited moderate efficacy (62.1%
to 73.7%), which was characterized by slower reduction and less exhaustive control of the
mite population. The application of powdered sugar in combination with sticky bottom
board traps showed lower efficacy (55.8%), although it remained higher than the control.
Therefore, these methods can be considered valuable complementary tools within inte-
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grated management programs for V. destructor. They are particularly suitable for periods of
lower infestation or as part of rotation schemes, rather than as stand-alone treatments for
colonies with high infestation levels. Overall, the implementation of integrated strategies
that combine limited and strategic use of synthetic acaricides with organic formulations
and mechanical methods is crucial. This approach can help reduce dependence on syn-
thetic acaricides, mitigate future resistance development, and support the sustainability of
beekeeping in the semi-arid regions of Mexico.
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