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Abstract

This study addressed pesticide contamination in beeswax, explicitly focusing on detecting Amitraz using innovative spec-
troscopy quantification. Beeswax’s susceptibility to pesticides poses risks to colony health, prompting the need for efficient
detection methods. Current offline techniques, notably gas chromatography-mass spectrometry (GC-MS), are accurate but
financially burdensome. Honeybees’ significance as global pollinators underscores the need to protect colonies from pesti-
cides. Colony collapse disorder, triggered by pesticide exposure, is a widespread threat. This study proposes a cost-effective
spectroscopy method for online hive monitoring, addressing gaps in existing identification methods. A systematic laboratory
approach assessed the pesticide detection limit, targeting Amitraz in beeswax through online point spectroscopy and lever-
aging the short-wave infrared (SWIR) spectral range enhanced sensitivity to pesticide-induced color changes. The model,
combining methods, proved reliable for estimating amitraz contamination, significantly exceeding one ppm, using Analytical
Spectral Devices (ASD) sensors. Statistical analysis included. The study demonstrates the effectiveness of the AIW/BIW
ratio in identifying amitraz concentrations above 1 ppm, particularly in the SWIR spectral range. Statistical analysis revealed
a significant correlation between the AIW/BIW ratio and Amitraz concentrations, with a coefficient of determination (R2) of
0.9976. The proposed model, integrating methods, emerges as a dependable means for estimating amitraz contamination in
beeswax, especially at concentrations exceeding 1 ppm, as validated through ASD sensors. Comparative analysis highlights
the financial constraints associated with GC-MS and the impracticality of FTIR for online hive monitoring.
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Introduction

Honeybees have cultural, economic, and ecological sig-
nificance to human beings as pollinators and producers of
honey, propolis, and pollen. While honey is used for nutri-
54 Elad Zohar tional and medicinal purposes, propolis and wax are utilized
Elad.zohar1 @gmail.com in manufacturing a variety of cosmetics and health products

[1]. By transferring pollen from one flower to another, hon-
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Beeswax’s chemical structure is composed of a viscous
saturated hydrocarbon (oxygen 7.5%, hydrogen 13.2%, and
carbon 73.3%) that enables its essential role as a beehive
natural building material [4]. Other chemical components in
beeswax comprise an ester of higher fatty acids with higher
monohydric alcohols, water, stains, aromatics, and free fatty
acids [5]. Beeswax forms the beehive structure, which fur-
ther serves as a honey and pollen storage facility for lar-
val protection inside the beehive. A beeswax honeycomb
of perfect hexagon-shaped cells is created by worker bees
around the brood nest, where the queen lays eggs and raises
the offspring [5]. To generate a pound of beeswax, female
worker bees need to ingest approximately 6 to 8 pounds of
honey from approximately 1600 to 2000 flowers [6].

Bees huddle together to raise the temperature in the hive
to a minimum of 33 degrees Celsius, which enables the spe-
cial wax-producing glands in the bees’ abdomen to change
the sugar from honey into beeswax that oozes via tiny pores
to create scales on their abdomen. Female worker bees or
other hive worker bees chew these small scales to convert
them into beeswax of the appropriate consistency to create
the honeycomb. The bees maintain a warm ambient tempera-
ture to ensure beeswax can be worked into hexagon cylin-
ders[7]. After several use cycles, beeswax can be recycled
and used again to make new honeycombs [8]. Moreover,
since beeswax is a natural biodegradable commodity, it can
be recycled to create nature-friendly items such as candles,
perfumes, and soaps.

Nonetheless, pesticides tend to accumulate in beeswax
more than in any other beekeeping, threatening bee larvae
growth [9]. The pesticide problem in beeswax is manifested
by high acrinathrin, fluvalinate, chlorfenvinphos, and cou-
maphos [10]. According to Calatayud-Vernich et al. [11],
beeswax has a higher content of lipids than honey and pol-
len, which makes it a better pesticide accumulation extrac-
tion and accumulation agent.

Amitraz, coumaphos, and fluvalinate are commonly used
in agriculture for pest control, and Amitraz is utilized glob-
ally for crops and animals. Amitraz controls aphids, scale
insects, leaf miners, and other infestations in crops. It also
controls red spider mites in fruit crops and psylla infection
in pears [12]. Amitraz controls various pests in animals,
encompassing generalized demodicosis in canines, mites,
and ticks in sheep and cattle. Walsh et al. [13] reported that
Amitraz shows insecticidal and acaricidal activity and is
often utilized by beekeepers to protect honeybee colonies
against Varroa destructor mites. Coumaphos is an organo-
phosphorus pesticide that regulates arthropod pests, mites,
lice, and ticks on swine, dairy cows, beef cattle, and other
farm animals. Unlike Amitraz, coumaphos has limited usage
in controlling mites in honeybee hives [14]. Fluvalinate is a
synthetic pyrethroid chemical compound used as an active
agent in Minadox, Klartan, and Apistan. Fluvalinate is

frequently utilized in honeybee colonies to control Varroa
destructor mites [13].

Pesticides such as Amitraz, coumaphos, and fluvalinate
also have a positive effect, as they are used to protect hon-
eybees from Varroa destructor mites. These mites are harm-
ful since they weaken bees, shorten their lives, and lead to
death from viral infections, which otherwise would cause
little harm. Severe Varroa mite infestation leads to crippled
and crawling bees, a decrease in the honeybee population,
and eventual colony breakdown and death of the hive [13].
Pesticides protect bees from infestation by Varroa mites
and hence safeguard bees from the negative consequences
and diseases caused by these mites. Nevertheless, they are
known to disrupt honeybees’ cognitive capabilities [15, 16]
High pesticide levels reduce sperm viability and impair
reproduction, resulting in fewer bee broods [16]. Fikadu
[15] reports that the uncontrolled utilization and inappro-
priate practice of pesticides cause honeybee poisoning and
ultimately bee colony loss. Hillier et al. [17] showed that
a high amitraz and fluvalinate concentration of 0.1 ppm in
bee tissues corresponding to 400 ppm in beeswax may cause
elevated bee mortality within 24 h of exposure.

Different methodologies have been developed to detect
and remove pesticide contamination from honeybee hives.
For instance, Calatayud-Vernich et al. [9] examined whether
the technique employed to clean sheep wool wax from pesti-
cides could be used to clean beeswax. An aggregate sample
of brood comb wax was made from three diverse beekeepers
and analyzed for pesticide contamination. The wax was dis-
solved into a hexane solution and run through four consecu-
tive washings with N and N-dimethylformamide (DMF),
reducing pesticide contamination by an average of 95%.
Only three pesticides out of the initial 24 were detected after
DMF extraction [9]. Luna et al. [18] developed a batch-mode
process to remove pesticides from beeswax. The extraction
procedure relied on methanol at 65 °C, and the beeswax
was purified by a volatilization procedure with hot water
(70 °C). The study showed that the batch mode procedure
reduced the beeswax contamination load by 80% and 90%
for the acaricide pesticides, usually in wax, such as clathrin,
tau-fluvalinate, chlorfenvinphos, and coumaphos.

Several tests and methods have been developed to help
identify pesticides in beeswax. Gas chromatography (GC)
is the most applied analysis for detecting pesticides in bees-
wax [19]. The GC approach is based on a mixture of com-
pounds separated by the different adsorption properties of
each compound on a solid phase and moving the compounds
on the solid phase by a mobile gas phase. Calatayud-Vernich
et al. [9] used GC to identify DMF as a pesticide group and
eradicate pesticide indicators in a beeswax sample, with only
three out of the potential 24 pesticides identified after the
DMF extraction process. Other analytical methods, such as
liquid chromatography, are also used for bee-wax pesticide
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detection. For example, ultrahigh-performance liquid chro-
matography was applied to identify pesticides in beeswax.
This approach helped to identify 17 pesticides and to deter-
mine the concentrations of 13 pesticides in the beeswax
sample. The most abundant pesticides were tau-fluvalinate
and coumaphos [20].

A different direct and reagent-free method used an
absorbance peak at 332 nm to determine the presence of
Amitraz in honey with spectroscopy, and this spectroscopic
method detection limits for Amitraz were in the range of
0.1 — 1.5 ppm [21]. From this perspective, the main objec-
tive of this study was to determine the amitraz content in
beeswax and to assess the point spectroscopy method limit
of detection. To achieve this objective, a systematically con-
trolled laboratory examination and spectral imaging of the
amitraz content in the visible spectral range (350-850 nm),
the NIR-near infrared range (850-900 nm), and the SWIR-
short wave infrared region (SWIR) (900-2500 nm) were
applied to extend existing imaging technologies and thus
bring about online comprehensive, reliable and affordable
(economically) remote sensing beekeeping technology.

Materials and methods
Beeswax sample and laboratory measurements

Pure beeswax (yellow) was purchased from Sigma-Aldrich
(CAS Number 8012-89-3) (Sigma-Aldrich, n.d.).

The pesticide amitraz was purchased from Fisher Sci-
entific Products (100 pg/mL amitraz in acetonitrile, Fisher
Chemical™, No. 12923154).

Sigma-Aldrich supplied the chemicals used throughout
this study and were of analytical grade.

GC-MS analysis was performed using a Shimadzu GC
MS-QP2010 SE gas chromatograph equipped with a J&W
DB-5 column (30 m X 0.25 mm X 0.25 um). The tempera-
ture programmed for the separation in the column was:

80 °C (3 min) — 180 °C (6 min, 30 °C/min) — 250 °C
(5 min, 20 °C/min) — 300 °C (5 min, 10 °C/min). The sam-
ple injection volume was 1 ul mixed with a helium gas car-
rier. Data were analyzed by the A7890 program (Agilent
Technologies, Santa Clara, USA) [6].

A Waters Pipette + single channel was used for sam-
pling liquids. An electronic Semi-Micro analytical balance
Mettler Toledano MS105 with a standard deviation of less
than +0.00004 g was used for weight measurements. An
MRC DNO-20 oven was used to melt the solid beeswax.
Advanced Vortex Mixer- ZX3 was used to mix the melted
beeswax with Amitraz.

Spectral measurements were performed using a port-
able Analytical Spectral Devices spectrometer ASD Field
Spec 4. The spectrometer has three detectors with 1 nm
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interpolated spectral resolution that supply 2151 bands in
the VNIR (350-1000 nm), SWIR1 (1000-1800 nm), and
SWIR2 (1800-2500 nm) regions.

Sample preparation

The pure solid beeswax was heated in an oven (UF55 Plus,
Memmert) to a temperature of 85 °C for 90 min to create a
melted mixture. For mixing the melted beeswax and Ami-
traz, 10 ml beeswax was added to a 50 ml PP tube (product
1-0276 from Simada.co.il), and amitraz concentrations (100,
500, and 1000 ppm) were added to the tube, and mixed in
Advanced Vortex Mixer — ZX3 at power 24 for 10 s. Mixing
was performed next to the heater to keep the sample liquid.
Ten seconds of mixing is required to release acetonitrile
from the sample completely. Mixed samples were prepared
in Petri plates (diameter of 5.35 cm). This is in contrast to
beeswax, which is solid at room temperature. Amitraz is in
liquid form.

For this reason, it is impossible to compare pure bees-
wax and pure Amitraz directly, and it was necessary to com-
pare beeswax with a high concentration of Amitraz. Since
500 ppm, according to the literature survey, is the lowest
dose that damages the colony, 1000 ppm was chosen as the
highest concentration in beeswax. The Amitraz concentra-
tions, number of samples, and quantities are given in Appen-
dix A. Two separated mixtures from each sample were used
to compare the GC results.

Sensor configuration and spectral data correction

The spectrum of each sample was measured by the point
spectrometer and set to a designated model [22, 23]. The
protocol uses an average spectral range that characterizes the
desired property and not just discrete wavelengths. The point
spectrometer is a portable Analytical Spectral Devices spec-
trometer ASD Field Spec 4 of the Remote Sensing Labora-
tory at Ariel University, Israel.

Preprocessing and spectral analysis

To construct an amitraz concentration prediction model,
both the beeswax spectral variance and the amitraz effect
were predicted by the following procedure:

i. A first derivative Savitzky—Golay (S-G) smoothing
[24]
ii. Identification of beeswax-indicative wavelength
(BIW) and amitraz-indicative wavelength (AIW).
iii. Calculate the AIW/BIW ratio, mean (X), and standard
deviation (a) for each mixed amitraz-Beeswax concer-
tation.
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iv. A linear correlation curve was created between the
AIW/BIW ratio and the added amitraz amounts.

v. The determination coefficient (R?) between the ATW/
BIW ratio and the added amitraz amounts was calcu-
lated.

vi. The pure beeswax spectrum was subtracted from the
mixed amitraz-beeswax spectrum to empower the ami-
traz effect.

vii. Specific wavelengths that allow the detection of a dif-
ference between the concentrations were selected for
further model development.

viii. The linear equation was selected since it reflected the
highest correlation.

ix. A factor-based partial least squares regression (PLSR)
method was used to determine the prediction strength
of the model.

X. An investigation was conducted with 15 comb foun-
dations with unknown chemical backgrounds, and
GC-MS analysis was performed to confirm the mod-
el's validity.

xi. Model calibration performance and accuracy were
evaluated using a coefficient of determination (R?)
and mean squared error (MSE) value.

Fig. 1 Reflectance spectra in 0.1
the spectral range 1650 and 0.09 AW
2500 nm of pure beeswax and 0.08
1000 ppm amitraz. The BIW =
and AIW ranges are marked in % 0.07
gray 2
8
9
2 0.04
[J]
o= 0.03
0.02 1704 nm
0.01
0 1730 ni
1650 1750

Table 1 Calculation of AIW/BIW concentration

0.06
0.05
va 7

1850

Results

Detecting amitraz contamination via the BIW
and AIW

To identify the indicative wavelength for amitraz presence
detection, the first derivative (the slope) was determined and
expressed for Amitraz only, followed by a different slope
being identified. The absorptions at 1704 to 1730 nm were
chosen for the amitraz values (AIW range) range, and 2050
to 2107 nm were chosen for the beeswax values (BIW range)
(Fig. 1). To obtain the expression intensity of the first deriva-
tive, the value of the first derivative in the BIW range was
divided by the value of the first derivative in the AIW range.
The AIW/BIW value in all samples (n=10) was suitable for
detecting Amitraz and estimating the amount of Amitraz in
the sample (Table 1).

The AIW/BIW range can give an initial amitraz pres-
ence detection represented by a transition from a negative
to a positive value. The relationship between the concentra-
tions can be represented by a linear relationship, as shown
in Fig. 2.

The methodology’s effectiveness in detecting amitraz
contamination in beeswax through the BIW and AIW ranges
is evident from the calculated AIW/BIW ratio, showcasing
a transition from negative to positive values indicative of
amitraz presence. The linear relationship observed in Fig. 2

BIW

2050 nm

2107 nm \\

1950 2050 2150 2250 2350 2450
Wavelength (nm)
pure Beeswax 1000PPM

Pure beeswax

100 ppm amitraz 500 ppm amitraz 1000 ppm amitraz

Slope value at 1704—1730 nm (AIW range) - 1.026
Slope value at 2107-2050 nm (BIW range) 0.058
AIW/BIW - 18
Standard deviation of AIW/BIW ratio 0.02

-5.513 -5.513 —6.154
—0.047 —0.046 —0.047
117 121 131
0.3 0.2 0.4
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underscores the method’s capability to accurately estimate
amitraz concentrations, providing a practical means for
quantifying contamination levels in beeswax samples. The
chosen indicative wavelengths, coupled with using the first
derivative, enhance the method’s sensitivity, enabling reli-
able detection even at low concentrations. The consistency
in AIW/BIW ratio determination across different concen-
trations, as reflected in Table 1°s standard deviation values,
further attests to the method’s precision. Detecting amitraz
concentration via the spectral features of beeswax/amitraz
mixtures.”To improve the amitraz detection sensitivity,
different beeswax/amitraz mixture spectra were measured
for different amitraz contents (0, 100, 500, and 1000 ppm)
(Fig. 3). The results indicate the feasibility of a linear
decrease in the spectral region of 645—1138 nm [hydrocar-
bons: reflectance minimum at 930 nm and 1037 nm (IRUG)]
[esters: absorption maximum (reflectance minimum) at
860 nm and 1138 nm (IRUG)]. A linear decrease in the
reflectance was also observed at 1235-1650 nm [esters, free

1138 nm

860 nm

930 nm
1037 nm

350
412
474
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598
660
722
784
846
908
970
1032
1094
1156
1218
1280
1342
1404
1466
1528
1590
1652
1714
1776
1838
1900
1962
2024
2086
2148
2210

Reflectance-Pure beeswax reflectance
2272

1328 nm

y =0.0153x + 114.69
R?=0.9761

400 600 800 1000

Amitrz concentration (ppm)

fatty acids: 1328, 1490, and 1640 nm (IRUG)]. The spec-
tra after subtracting the reflectance of the pure beeswax are
given in Fig. 3.

The effect of subtracting the beeswax reflectance spec-
trum contribution was measured for different amitraz con-
tents (100 to 1000 ppm, every 100 ppm). It showed an
excellent linear correlation that may represent amitraz con-
centration differences (Fig. 4).

the observed linear decrease in reflectance across specific
wavelength ranges (645-1138 nm and 1235-1650 nm) for
different amitraz concentrations demonstrates the sensitiv-
ity of these spectral features to variations in hydrocarbons,
esters, and free fatty acids. Post-subtracting the pure bees-
wax reflectance further enhances the distinction of mixed
samples. The notable linear correlation between reflectance
and amitraz concentration differences, as depicted in Fig. 4,
underscores the potential utility of this approach for pre-
cise and quantitative amitraz detection in beeswax. Evalu-
ation of amitraz concentration in unknown samples and a

1640 nm

‘ 1490 nm | \

2334
2396
2458

Wavelength (nm)

——100PPM

500PPM

1000PPM

Fig.3 Mixed beeswax-amitraz spectra after subtracting the pure beeswax reflectance
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Fig.4 Linear correlation for reflectance against selected wavelengths

demonstration of the model’s ability to detect Amitraz in
beeswax.

Hyperspectral analysis was compared to the GC-MS
method for different mixtures with unknown amitraz con-
centrations to evaluate the amitraz concentration in bees-
wax samples. The different amitraz concentration prediction

0.3

0.25

0.2

0.15

Reflectance (%)

0.1

0.05

350 850

1138 —@—1328

—0—1490 —@—1640

methods were then evaluated and compared using PLSR
modeling. The samples’ spectral reflectance for various
amitraz concentrations (Fig. 5) was as expected (Fig. 1),
and when a reversal experiment was conducted at the high
absorption intensity within the 1650-2250 nm range, span-
ning from the AIW to the BIW (refer to Fig. 5, circled area).

1350 1850 2350

Wavelengrh (nm)

100PPM
——700PPM

200PPM
—— 800PPM

pure Beeswax
——600PPM

300PPM
——900PPM

——— 400PPM
—— 1000PPM

—— 500PPM

Fig.5 Spectra of pure beeswax and beeswax—amitraz mixtures containing different proportions of Amitraz, emphasizing indicative spectral

regions
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This section was assessed utilizing the PLSR model, con-
sidering it as an initial variable that indicates variations in
the presence or absence of Amitraz based on the slopes. To
enhance the distinction in light reflection intensity caused
by Amitraz, the pure beeswax spectrum was subtracted from
the spectrum of the mixed samples. Figure 6 illustrates the
resulting spectra of the mixed beeswax—amitraz after the
beeswax spectra were reduced.

An amitraz concentration assessment PLS model was
constructed after evaluating the characteristic wavelengths
and obtaining the linear correlations from the selected wave-
lengths and the AIW/BIW ratio (PLS_Toolbox, 2016) [25],

modeling results are given in Table 2, where the AIW and
BIW relationship values and the linear correlation between
the different concentrations support an amitraz concentra-
tion prediction by the combined PLSR model over selected
wavelengths. The model evaluates Amitraz’s presence by
monitoring the AIW/BIW ratio. According to this ratio, the
initial noticeable concentration is determined. When the sys-
tem detects the presence of Amitraz, the model selects the
appropriate wavelengths according to the AIW/BIW data
and uses the equations obtained to determine the amitraz
concentration. Figure 7 shows that the PLSR model linear
correlation is R*=0.9976.

£ 007
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S 004

©

% 0.03
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Fig.6 Mixed beeswax—amitraz spectra after reducing the pure beeswax reflectance
Table 2 Predicted amitraz rate with the PLSR model
Amitraz concentration (ppm) Pure beeswax 100 200 300 400 500 600 700 800 900 1000
AIW/BIW ratio -26 127 126 126 125 124 123 122 121 120 120
Predicted Amitraz (ppm) via AIW/BIW ratio 97 199 297 392 483 604 724 842 900 957
Predicted Amitraz (ppm) via Selected wavelengths 95 191 300 401 512 595 709 815 884 937
Predicted Amitraz via the PLSR model 98 199 300 401 497 599.5 706 812 900 977
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Pr Wavelength PR-PLS

Fig.7 Linear correlation between the predicted Amitraz and the measured Amitraz using the PLSR model

The ASD’s high spectral resolution and accuracy made
distinguishing the amitraz concentrations in the samples
possible. In each of the wavelengths individually or together,
data predicting a deviation of up to 6.32% with threshold
concentrations (100 and 1000 ppm) showing the highest
deviations were obtained. In the AIW/BIW ratio, the devia-
tion reached up to 5.2%. Compared to these two methods,
the PLSR method was able to give a prediction at a higher
level of standard deviation of 2.3% and was able to give a
prediction even for values lower than 100 ppm. Gas chro-
matography (GC-MS) is a widely used technique to iden-
tify pesticides in beeswax. The process involves separating
the different compounds in the sample (based on different
adsorption properties of the compounds on a solid phase),
such as pesticides, and analyzing them using a detector to
identify their presence. GC is a reliable technique for food
environmental contamination analysis. While this technique
is considered accurate, it is expensive and performed offline
[26].

Advanced technologies such as surface-enhanced Raman
spectroscopy (SERS) have also been used to identify pesti-
cides in beeswax. These techniques offer several advantages
over GC-MS, including higher sensitivity and specificity and
the ability to identify compounds in complex mixtures. SERS
is a more recent technology that can identify the presence of
pesticides in a sample by analyzing the unique Raman spec-
trum of the compounds [27]. While these offline technologies
are expensive and require specialized equipment and trained
personnel to perform the analysis, several recent studies have
attempted to identify pesticides in beeswax using more effi-
cient and cost-effective methods. Tanner and Kragg [28] used
infrared spectroscopy (FTIR) to determine the concentration of
pesticides as a contaminant in beeswax. Luna et al. [18] used

the same technique to identify pesticides and their removal
methods at 1800-2600 ppm concentration ranges.

Brazas et al. [21] used visible spectrometry to identify
pesticides using the absorption peak at 332 nm. The every-
day use of VIS spectrometry for pesticide identification in
beeswax utilizes a visible spectral range (350-850 nm). This
complicates the analysis, as a beeswax sample must undergo
physical cleaning from visible absorbing compounds, so it
cannot be used for online monitoring. To overcome this, it
is proposed to refer to the ratio between different amitraz
typical spectral regions independent of the pure wax source.
The combined model used in this study integrates the AIW
to BIW ratio to identify the presence of Amitraz.

The sensitivity reaches an amitraz identification limit of
1 ppm, and the AIB/BIW ratio is affected by the spectral off-
set changes from negative to positive values. Using the AIB/
BIW method, the detection limit of Amitraz was 100 ppm.
The second method found indicative wavelengths suitable
for detecting Amitraz in pure bee wax. A lower coefficient of
determination was obtained, but the identification limit was
improved, and ten ppm could be detected. The PSLR model
was used in the third method to obtain more uniform and
accurate information between the two methods. Using this
model, the detection limit was one ppm with the best coef-
ficient of determination. This method is the most accurate
for detecting Amitraz in beeswax.

Conclusions
In conclusion, this study highlights the effectiveness of the

AIW/BIW ratio in detecting amitraz concentrations above
1 ppm, particularly in the SWIR spectral range. Combining
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these methods, the developed model proves reliable for
estimating amitraz contamination in beeswax, especially
for concentrations exceeding one ppm using ASD sensors.
A comparison with traditional GC-MS, and FTIR methods
underscores the financial constraints of GC-MS and the
requirement for direct hive contact. While the FTIR method
shows similar accuracy, its incompatibility with online hive
monitoring systems emphasizes the unique advantages of the
proposed approach for real-time and cost-effective amitraz
detection in beekeeping contexts.
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