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Abstract: Apis mellifera L. is considered one of the most important pollinators in nature. Unfortunately,
in addition to other insect species, honey bee populations are decreasing at an alarming rate, urging
researchers to investigate the causes and stressors that precipitated this decline. This study focuses
on chemical stressors that are found to affect bee populations. We used pollen and honey samples to
examine the variations in pesticides, selenium, and heavy metals in two different landscapes: urban
and agricultural areas of northeastern Colorado, USA. Subsequently, we extrapolated the risks of
these toxins’ residues to Apis spp. Based on the current literature, we found no spatial variations
in metal and selenium concentrations in the pollen and honey samples collected from urban and
agricultural areas. Moreover, we observed no spatial variations in pesticide concentrations in pollen
and honey samples. Based on the previous literature and a comparison of the residues of heavy
metals, selenium, and pesticides in our pollen and honey samples, we found that the heavy metal
and selenium residues in some honey and pollen likely pose a severe health risk to honey bees.
Although the levels of pesticide residues were below the documented thresholds of risk, we consider
the possibility of synergistic chemical impacts. Our findings support future efforts to investigate the
health risks associated with multiple-factor combinations.
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1. Introduction

As pollinators, Apis mellifera Linnaeus (honey bees) are a vital part of the ecosystem,
visiting more than 90% of the 107 leading global crop plants [1]. However, the number of
managed honey bee hives has decreased, and this reduction has become an international
issue over the past two decades. Managed hives have reduced by 25% in Europe over the
last 20 years and by 59% in North America over the previous 58 years [2]. This is supported
by further evidence documenting the decline of European honey bee colonies since at
least 1972 [1]. In addition, the Food and Agriculture Organization of the United Nations
(FAO) documents a broader frame of reference, including the years 1961–2007, during
which honey bee colonies decreased in both Europe and North America (−49.5%) [3].
Growing concern about the declining number of bees worldwide has prompted scientists
and researchers to investigate the factors contributing to their demise.

One phenomenon associated with bee population decline is called colony collapse
disorder. This phenomenon is defined as a dead colony in which most worker bees
inexplicably disappear from the colony, leaving behind the queen, a few immature bees,
and plentiful food [4]. Many stressors were found to escalate this phenomenon and have
been classified into different categories based on their nature and origin: (1) biological
stressors, including pathogens and parasites, such as deformed wing viruses and Varroa
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mites [5,6]; (2) physical stressors, including habitat fragmentation and the decline of
foraging resources [7], as well as climate change [8]; (3) chemical stressors, including
pesticides [9–12], fertilizers [13], and heavy metals [14,15]; and (4) nutritional stressors,
including a poor diet and inadequate beekeeping practices [6,16].

Pesticides have been extensively investigated and documented as the primary stressor
affecting honey bees. Chief among them include neonicotinoids which, as neurotoxins,
have a wide range of effects on pollinators, including (1) the impairment of foraging
behavior [10]; (2) the impairment of colony reproduction [17]; (3) lethal damage to the
nervous system [18]; and (4) the inhibition of immunity [19].

Another stressor apart from pesticides is heavy metals, although less is known about
their effects on bee species relative to those of pesticides. However, an increasing number of
studies have reported the relationship between the increase in heavy metal concentrations
in soil and plants and the decline in bee species’ diversity, richness, health, and foraging be-
havior [20–22]. Heavy metals are ubiquitous in the environment and are often amplified in
the environment as a result of either natural events, such as forest fires, volcanic emissions,
and sea spray [23], or through human activities, such as industrial emissions, hydraulic
fracturing, and coal-burning power plants [24].

Selenium (Se) is a trace mineral that occurs naturally in certain alkaline soils [25]. The
amount of selenium in soil varies with soil type and texture, organic matter content, and
rainfall [26]. In addition, how a plant assimilates selenium is influenced by the physic-
ochemical factors of the soil, such as redox status, pH, and microbiological activity [27].
For bees, selenium is lethal at high concentrations; sublethal exposure impairs honey bees’
learning and long-term memory and reduces their foraging efficiency [28], and a direct
proportion was found between bee mortality rate and the presence of selenium in their
diet [29].

Generally, bees can encounter toxins by consuming contaminated nectar or pollen
and/or exposure to contaminated dust from direct sprays or contacting contaminated
surfaces [11]. Most research has focused on honey bee exposure to pesticides in agricultural
settings because of the associated pesticide applications [30–33]. However, recent studies
also document the exposure of honey bees to pesticides in urban areas [34,35]. A few studies
have considered the significance of the combinatorial implications of both pesticides and
heavy metal residues in honey bees and their products [36].

This study will assess the spatial variations in pesticide and heavy metal residues
in pollen and honey. It will ascertain if there is a significant difference in the pesticide
and heavy metal contents in honey bee products collected from agricultural versus urban
areas. It will also address the combinatorial risk to honey bees when exposed to these
contaminants through pollen and nectar consumption by relating our findings with previ-
ously documented toxicological evidence related to the isolated effects of pesticides and
heavy metals.

2. Materials and Methods
2.1. Study Sites and Site Selection

We surveyed 24 hives distributed in seven counties in Northern Colorado. Pollen
and honey samples were collected from 10 hives during the summer of 2019 and 14 hives
during the summer of 2020. A total of 13 hives were in urban areas, while 11 hives were
located in agricultural areas, as shown in Figure 1.

Sampling sites were selected based on how urban and agricultural areas are classified.
According to the United States Census Bureau, urban areas are defined as continuously
built-up areas with populations of 2500–50,000 or more and average densities of at least 1000
inhabitants per square mile [37], while the Colorado General Assembly defines agricultural
land as “A parcel of land, whether located in an incorporated or unincorporated area and
was used the previous two years and presently is used as a farm or ranch” [38]. We had to
identify the landscape type using Google Earth, taking into consideration the observation
that honey bees can fly for more than 3 km when searching for food [39].
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Figure 1. Hive sampling sites for pollen and honey in northern Colorado, USA, 2019–2020.

2.2. Sample Collection, Preparation, and Analysis

Pollen samples were collected using pollen traps (Bee Flower, Gyengbuk High-tech
village, South Korea) at the entrance of each hive. These traps force forager bees to enter the
hive through a screen where they drop their pollen loads, which fall into the trap box. The
pollen samples were collected from the trap boxes and stored in the laboratory at −20 ◦C
until analysis. Two to three samples were collected from each hive between the months
of June and September in the years 2019 and 2020. Honey samples were collected from
each site between September and October (during the harvest season) and stored in the
laboratory at −20 ◦C until analysis [40].

2.3. Selenium and Heavy Metals Analysis

A total of 59 pollen samples and 21 honey samples were weighed (five grams of pollen
and ten grams of honey for each sample), arranged in a box at room temperature, and then
submitted to the Soil, Water, and Plant Testing Laboratory, Colorado State University, for
analysis [41]. An analysis of heavy metals was performed to detect the residues of Arsenic
(As), Cadmium (Cd), Lead (Pb), and Selenium (Se), using the Nitric and Perchloric Acids
method [42].

2.3.1. Chemicals and Reagents

Concentrated nitric acid and Perchloric acid (60–70%) were purchased from Fisher
Scientific. Deionized water was obtained from a filtration system.

2.3.2. Analysis

Five grams of ground pollen or honey were transferred into a calibrated digest tube.
Then, 5 mL of HNO3 and 5 mL of HC1O4 were added, and the samples were then left to
digest overnight without heat in a hood. The pollen or honey samples were then heated
on the digestion block at 125–130 ◦C for 48 h; the temperature was increased over the next
6–8 h up to 200 ◦C. After the samples cooled, 10–20 mL of deionized water was added to
rehydrate the samples. Next, more deionized water was added to reach a volume of 50 mL.
The samples were then mixed thoroughly until homogenized. The samples were left to
settle overnight and were then analyzed with an atomic absorption spectrometer.



Sci 2023, 5, 24 4 of 14

2.4. Pesticide Analysis

We gathered a total of 61 pollen samples and 21 honey samples. Five grams of
pollen and ten grams of honey were taken from each sample. The samples were then
arranged in a cooler box at ~4 ◦C [40] and shipped overnight to the Chemical Ecology Core
Facility at Cornell University (Ithaca, NY, USA). A pesticide analysis was performed to
detect the residues of 92 types of pesticides, including some metabolites and breakdown
products using the EN 15662 QuEChERS procedure [43] via liquid chromatography–mass
spectrometry (LC-MS/MS), as shown in Appendix A, Table A1.

2.4.1. Chemicals and Reagents

Acetonitrile and HPLC-grade water were purchased from EMD Millipore (Billerica,
MA, USA). LC-MS-grade formic acid was purchased from Thermo Scientific (Waltham, MA,
USA). The 5M ammonium formate solution, the QuEChERS extraction packets (4 g MgSO4;
1 g NaCl; 1 g sodium citrate tribasic dihydrate; 0.5 g sodium citrate dibasic sesquihydrate),
and the d-SPE kits (150 mg MgSO4, 25 mg PSA and 25 C18EC) were purchased from Agilent
Technologies (Santa Clara, CA, USA). The deuterated internal standards were purchased
from Sigma-Aldrich International (Saint Louis, MO, USA).

2.4.2. Pollen Samples

A total of 5 g of pollen was mixed with 10 mL of acetonitrile and 5 mL of water
and then homogenized for 1 min using ceramic beads (2.8 mm diameter) and a Bead
Ruptor 24 (OMNI International, Kennesaw, GA, USA). After homogenization, 6.5 g of EN
15662 salts was added (4 g MgSO4; 1 g NaCl; 1 g sodium citrate tribasic dihydrate; 0.5 g
sodium citrate dibasic sesquihydrate). The samples were then thoroughly vortexed and
centrifuged at 7300× g for 5 min. One mL of supernatant was collected and transferred
into a d-SPE (dispersive solid phase extraction) tube containing 150 mg MgSO4 and 25 mg
PSA. After the d-SPE step, 496 µL of supernatant was collected, and 4 µL of internal
standard solution (d4-fluopyram 0.15 µg/mL; d3-pyraclostrobin 0.3 µg/mL; 13C6-metalxyl
0.3 µg/mL) was added. The samples were filtered through a 0.22 µm PTFE and analyzed
immediately afterward.

2.4.3. Honey Samples

First, 7 g of honey was mixed with 3 mL of water and then 10 mL of acetonitrile. The
samples were vortexed for 1 min and mixed with 6.5 g of EN 15662 salts (4 g MgSO4; 1 g
NaCl; 1 g sodium citrate tribasic dihydrate; 0.5 g sodium citrate dibasic sesquihydrate). The
samples were thoroughly vortexed again and centrifuged at 7300× g for 5 min. Then, 1 mL
of supernatant was collected and transferred into a d-SPE (dispersive solid phase extraction)
tube containing 150 mg MgSO4 and 25 mg PSA. After the d-SPE step, 496 µL of supernatant
was collected, and 4 µL of internal standard solution (d4-fluopyram 0.15 µg/mL; d3-
pyraclostrobin 0.3 µg/mL; 13C6-metalxyl 0.3 µg/mL) was added. The samples were
filtered through a 0.22 µm PTFE and analyzed immediately thereafter.

2.4.4. Analysis

The analysis was performed with a Vanquish Flex UHPLC system (Dionex Softron
GmbH, Germering, Germany) coupled with a TSQ Quantis mass spectrometer (Thermo
Scientific, San Jose, CA). The UHPLC was equipped with an Acquity UPLC BEH C18
column (100 mm × 2.1 mm, 1.7 µm particle size). The mobile phase consisted of (A) water
with 2 mM ammonium formate and 0.1% formic acid and (B) acetonitrile/water (98:2, v/v)
with 2 mM ammonium formate and 0.1% formic acid. The temperature of the column
was set at 40 ◦C, and the flow rate of the LC was 300 µL/min. The elution program was
the following: 1.5 min equilibration (2% B) prior to injection, 0–0.5 min (2% B, isocratic),
0.5–15 min (2→70% B, linear gradient), 15–17 min (70→100% B, linear gradient), 17–20 min
(100% B, column wash), 20–20.2 min (100%→2% B, linear gradient), 20.2–23 min (2% B,
re-equilibration). The flow from the LC was directed into the mass spectrometer through a
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heated electrospray probe (H-ESI). The settings of the H-ESI were spray voltage, 2000 V
for positive mode and 2000 V for negative mode; sheath gas, 55 (arbitrary unit), auxiliary
gas, 25 (arbitrary unit), sweep gas, 2 (arbitrary unit); ion transfer tube temperature, 325 ◦C;
vaporizer temperature, 350 ◦C.

MS/MS detection was carried out using the selected reaction monitoring (SRM) mode.
Two transitions were monitored for each compound: one for quantification and the other
for confirmation. The SRM parameters for each individual compound are summarized in
Table 1. The resolutions of both Q1 and Q3 were set at 0.7 FWHM, the cycle time was 0.4 s,
and the pressure of the collision gas (argon) was set at 2 mTorr.

2.5. Statistical Analysis

The spatial differences in pesticides and heavy metal concentrations were assessed
by comparing the mean values of the entire study period between locations. Descriptive
statistics (means and standard means of errors) were calculated from all analyzed samples.
When a compound was below the limit of detection (<LOD), the concentration of half of
the LOD was used for statistical analysis [44]. A multiple t-test analysis was performed
to compare samples from agricultural settings versus urban ones using GraphPad Prism
9.3.1 (GraphPad Software, San Diego, CA, USA). p-values < 0.05 were considered to be
statistically significant.

3. Results
3.1. Selenium and Heavy Metals

Differences were observed in the concentrations of the heavy metals (As, Pb, and Cd)
and Se detected in pollen samples collected from the agricultural versus urban areas. The
mean concentrations of Se and As detected in the pollen samples were 1.16 and 1.08 times
higher in agricultural sites than they were in urban sites. The mean concentrations of Cd
and Pb detected in pollen samples were 1.04 and 1.62 times higher in urban sites than
they were in agricultural sites. Table 1 summarizes the statistical data of the heavy metal
concentrations in pollen samples collected from hives in agricultural and urban areas.

Table 1. Statistical data summary of heavy metals and selenium detected in pollen samples.

Heavy
Metal

Agriculture Urban Multiple t-Test

Mean (ppb) Mean (ppb) ± SEM * p-Value t df

As 377 347 159.5 0.99 0.009 20
Cd 174 182 21.91 0.99 0.012 20
Pb 333 540 144.8 0.16 1.432 21

** Se 1307 1124 378.4 0.63 0.483 21
* SEM: standard error of the mean difference between the two averages; ** Se: is a trace mineral.

Figure 2 presents boxplots with Tukey whiskers showing the concentrations (ppb) of
As, Cd, Pb, and Se detected in pollen samples collected in urban or agricultural locations.
Overall, no significant variations were observed for these metals in pollen samples from all
sites (all with p > 0.05).

Variations were observed in the concentrations of heavy metals (As, Pb, and Cd)
and Se detected in honey samples collected from agricultural versus urban areas. The
mean concentrations of As, Cd, and Pb detected in honey samples were 1.44, 1.47, and
1.31 times higher in agricultural sites than they were in urban sites, respectively. The mean
concentration of Se detected in honey samples was 1.05 times higher in urban sites than
it was in agricultural sites. Table 2 summarizes the statistical data of the heavy metals
and Se detected in honey samples collected from hives located in agricultural and urban
areas. Figure 3 represents boxplots with Tukey whiskers showing concentrations (ppb) of
As, Cd, Pb, and Se detected in honey samples identified as originating from urban versus
agricultural locations. Overall, no significant variations were observed between urban and
agricultural locations for these metals in honey samples (all with p > 0.05).



Sci 2023, 5, 24 6 of 14

Sci 2023, 5, x FOR PEER REVIEW 6 of 16 
 

 

Figure 2 presents boxplots with Tukey whiskers showing the concentrations (ppb) of 
As, Cd, Pb, and Se detected in pollen samples collected in urban or agricultural locations. 
Overall, no significant variations were observed for these metals in pollen samples from 
all sites (all with p > 0.05). 

 
Figure 2. Mean and SEM values of heavy metal (As, Cd, and Pb) and Se concentrations (ppb) in 
pollen samples. Pollen samples are identified as originating from either urban or agricultural loca-
tions. p-value > 0.05 for all analyses. 

Variations were observed in the concentrations of heavy metals (As, Pb, and Cd) and 
Se detected in honey samples collected from agricultural versus urban areas. The mean 
concentrations of As, Cd, and Pb detected in honey samples were 1.44, 1.47, and 1.31 times 
higher in agricultural sites than they were in urban sites, respectively. The mean concen-
tration of Se detected in honey samples was 1.05 times higher in urban sites than it was in 
agricultural sites. Table 2 summarizes the statistical data of the heavy metals and Se de-
tected in honey samples collected from hives located in agricultural and urban areas. Fig-
ure 3 represents boxplots with Tukey whiskers showing concentrations (ppb) of As, Cd, 
Pb, and Se detected in honey samples identified as originating from urban versus agricul-
tural locations. Overall, no significant variations were observed between urban and agri-
cultural locations for these metals in honey samples (all with p > 0.05). 

Table 2. Statistical data summary of heavy metals and selenium detected in honey samples. 

Heavy 
Metal 

Agriculture Urban Multiple t-Test 
Mean (ppb) Mean (ppb) ±SEM * p-Value t df 

As 271 188 148.9 0.46 0.7423 18 
Cd 53 36 30.67 0.60 0.5296 19 
Pb 539 409 174.0 0.64 0.4628 19 
Se 1061 1006 500.4 0.91 0.1086 19 

* SEM: standard error of the mean; difference between the two averages. 

M
et

al
 c

on
ce

nt
ra

tio
ns

 (p
pb

)

Figure 2. Mean and SEM values of heavy metal (As, Cd, and Pb) and Se concentrations (ppb) in pollen
samples. Pollen samples are identified as originating from either urban or agricultural locations.
p-value > 0.05 for all analyses.

Table 2. Statistical data summary of heavy metals and selenium detected in honey samples.

Heavy
Metal

Agriculture Urban Multiple t-Test

Mean (ppb) Mean (ppb) ±SEM * p-Value t df

As 271 188 148.9 0.46 0.7423 18
Cd 53 36 30.67 0.60 0.5296 19
Pb 539 409 174.0 0.64 0.4628 19
Se 1061 1006 500.4 0.91 0.1086 19

* SEM: standard error of the mean; difference between the two averages.
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Figure 3. Mean and SEM values of heavy metal (As, Cd, and Pb) and Se concentrations (ppb) detected
in honey samples. Honey samples are identified as originating from either urban or agricultural
locations. p-value > 0.05 for all analyses.
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3.2. Pesticides

A total of 61 pollen samples were collected and analyzed for the presence of 92 different
pesticides. Sixty-four pesticide types were not detected in the pollen samples or were less
than the limit of quantitation. Of the 38 chemicals that were detected, 15 were fungicides,
13 were insecticides, 7 were herbicides, 2 were acaricides, and 1 was a pesticide synergist.
Chlorpyrifos, Atrazine, Diuron, and Metconazole were observed at the highest levels
among pollen samples collected from agricultural areas, with mean concentrations of 17.3,
3.44, 3.21, and 1.74 ppb, respectively. Among the samples collected from urban locations,
Triphenylmethyl, Chlorpyrifos, Carbaryl, and Chlorantraniliprole were observed at the
highest levels, with mean concentrations of 105.24, 26.01, 16.28, and 11.06 ppb, respectively.
Overall, no significant variations were observed for these pesticides in pollen samples from
all areas (all with p > 0.05).

Twenty-one honey samples were collected from hives located in urban versus agri-
cultural landscapes and analyzed for 92 different pesticide residues. Seventy-six pesticide
types were not detected in honey samples or were less than the limit of quantitation. How-
ever, sixteen chemicals were detected in honey samples, nine of which were insecticides,
three were herbicides, two were fungicides, one was an acaricide, and one was a pesticide
synergist. Coumaphos, Piperonyl butoxide, and Tebuconazole were observed at the highest
concentrations in honey samples collected from agricultural areas, with mean concentra-
tions of 0.22, 0.11, and 0.11 ppb, respectively. Coumaphos, Acephate, and 2,4-DMPF were
observed at the highest concentrations in honey samples collected from urban areas, with
mean concentrations of 1.09, 0.93, and 0.64, respectively. Figure 4 shows the means and
standard errors of mean of different pesticide concentrations (ppb) found in honey samples
collected from urban and agricultural areas. Overall, no significant variation in pesticide
concentrations was observed in honey samples collected from urban and agricultural areas
(all with p > 0.05).
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3.3. Risk Assessment

To determine the risk level that honey bee populations may be exposed to, we com-
pared the data for the concentrations of heavy metals and pesticides detected in the pollen
and honey samples in this study to previously reported concentrations for lethal and
chronic health impacts of pesticides and heavy metals on honey bees.

3.3.1. Heavy Metals

In Table 3, we compare the results of the heavy metal concentrations in the pollen and
honey samples with previously reported concentrations associated with lethal or chronic
health impacts of heavy metals.

Table 3. Effect of different concentrations of heavy metals on honey bees compared with the concen-
trations we detected in pollen and honey samples.

Metal

Matrix
Conc. Range (ppb) Metal Conc./Range in

Other Research (ppb) Effect Reference
Pollen Honey

As 1-1243 1-1280
10–50 Slows down learning and

reduces long-term memory [15]

3000 Lethal [45]

Pb 5-624 1-1168
60 Slows down learning and

reduces long-term memory [15]

1120–larvae
345,000–foragers Lethal [46]

Cd 79-258 1-298
275–larvae

78,000–foragers Lethal [46]

100–1000 Immuno-competence reduction [14]
Se 20-7460 1-3491 500–700 Disrupts foraging behavior [47]

3.3.2. Pesticides

In Table 4, we compare the results of the pesticide concentrations in the pollen and
honey samples with previously reported concentrations associated with lethal or chronic
health impacts of pesticides.

Table 4. Effect of different concentrations of pesticides on honey bees compared with the concentra-
tions we detected in honey and pollen samples.

Pesticide

Matrix
Avg. of Conc. (ppb) Pesticide Conc./Range in

Other Research (ppb)
Effect Reference

Pollen Honey

Coumaphos 0.2 1.1 1 × 106 Failure of queen development [48]

Acephate ND 0.93
15 × 105 Lethal [49]

6970 Inhibit detoxification enzyme [50]
Chlorpyrifos 17.30–26.01 ND 25 × 105 Lethal [49]

Imidacloprid 0.14–1.34 0.37
50
25

Lethal
Negatively affect development

and behavior
[51]

2–3
Negatively affect the
development of the

hypopharyngeal glands
[52]

Atrazine 2.03–3.44 0.01 46,700–65,300 Lethal [53]
Tebuconazole 0.38–3.77 0.11–11.83 51 Lethal [54]

4. Discussion

Honey bees and their products (pollen, honey, and wax) have been widely used as
a bioindicator for environmental pollution, either through the accumulation of different
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toxins in their products or through the high mortality rates caused by these toxins [55].
Most research has focused on pesticides as major chemical stressors that increase the risk
for the phenomenon of colony collapse disorder [56,57]. Studies [18,58,59] investigated
a variety of risks associated with honey bees’ exposure to pesticides, either inside hives
or during foraging. Although there were confirming results of the effect of heavy metals
on honey bees’ survival [46], memory, and foraging behavior [15], few studies examined
the contribution of heavy metals in bringing about the colony collapse phenomenon. The
presence of pesticides and heavy metals in honey bees and their products simultaneously
can alert investigators to the possibility of combinatorial impacts of these toxins, which
may exacerbate the risks of harm to bee colonies. The primary objective of this study
was to determine the spatial variations in pesticides and heavy metals within pollen and
honey samples.

A wide range of heavy metal residues (As, Pb, and Cd) and Se were observed in the
pollen and honey samples collected from urban and agricultural landscapes. Based on
our data, the lowest and highest (As) concentrations in the honey samples collected from
different landscapes were 1 ppb and 1280 ppb, respectively. For all metals, there were
no significant differences in the mean concentrations detected in the honey and pollen
samples collected from different locations. Thus, there was no spatial variation in the
metal concentrations in pollen and honey samples collected from urban and agricultural
areas. Similarly, there were no significant differences in the mean pesticide concentrations
detected in the pollen and honey samples collected from urban and agricultural locations.

Most bee health research has focused on the effects of insecticides, such as neoni-
cotinoids, by reporting their immediate toxicity and the close connection between these
insecticides and the corresponding impacts on bee populations [17,18,52,57]. Fewer studies
have reported the effects of other pesticides, such as herbicides, acaricides, and fungi-
cides [60], or different types of adjuvant chemicals that are used along with pesticides, such
as piperonyl butoxide (PBO). Piperonyl butoxide is a pesticide synergist used in combina-
tion with insecticides to enhance their active properties by inhibiting insect detoxification
activity. Although the effect of PBO on different organisms has been reported (for example,
reductions in developmental and behavioral orientation in mice [61] and lethality to the
cotton whitefly (Bemisia tabaci) [62]), PBO’s effects on honey bees are typically examined
for its combinatorial impacts when added to other compounds [58]. For example, the
application of PBO with methyl benzoate has been shown to decrease the orientation and
flight ability of bees [58].

Synergistic effects of some pesticide mixtures on bee health were reported in which
the toxicities of some pesticides were enhanced by the presence of others, such as in
Johnson et al. [62], where the toxicity of tau-ßuvalinate increased with the application of
Coumaphos. Sometimes, protective beekeeping practices to save bee colonies expose bees
to interactive toxins. For example, applying different types of acaricide and fungicide at
the same time to control Varroa mite and bacterial infections can interact and produce a
higher level of toxicity to bee populations [60]. Pesticide synergism can also reduce bees’
detoxification ability, which in turn increases their sensitivities to environmental toxins [63].
There has been less focus on the synergistic effects of pesticide–heavy metal combination
or the synergistic effects of multiple stressors.

Based on the findings of this study, and by comparison with previously published
findings, the heavy metal levels observed in northern Colorado in some pollen and honey
samples pose severe risks to honey bees, whereas the pesticide levels were observed to
be below the established levels of risk for honey bee health. However, future risk-based
studies will be necessary to consider the potential for combinatorial effects resulting from
the interaction of pesticides with heavy metals. The inclusion of other factors that exacerbate
health risks, such as the presence of pathogens, variables of climate change, loss of foraging
habitat, etc., may likewise reveal lower thresholds relative to the established concentrations
for risk levels.
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Most of the pesticide residues detected were below the established levels of risk.
However, the detected levels of heavy metals and selenium in some honey and pollen
samples pose a lethal or acute risk to honey bees. This investigation sets the stage for future
studies to explore the effects of exacerbating combinatorial variables that can impact the
health or loss of honey bee populations.

5. Conclusions

The variance in levels of pesticides, selenium, and heavy metals in two distinct
landscapes—urban and agricultural areas of northeastern Colorado, USA—was inves-
tigated using pollen and honey samples. The quantities of metals and selenium in pollen
and honey samples gathered from urban and rural areas did not vary spatially. Addition-
ally, we found no significant spatial variations in the levels of pesticides in pollen and
honey samples. According to prior research and a comparison of the levels of heavy metals,
selenium, and pesticides in our samples of pollen and honey, we found that some honey
and pollen samples include heavy metal and selenium residues that probably constitute a
serious health danger to honey bees. Nevertheless, we consider the probability of synergis-
tic chemical effects even when the pesticide residue levels were below known risk criteria.
Our findings provide encouragement for further research into honey bee health concerns
linked to various contaminant combinations.
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Appendix A

Table A1. Types and limits of concentration detections of pesticides surveyed in honey and pollen
samples. LOD and LOQ are the limit of detection and limit of quantitation, respectively, which
represent the lowest concentrations of pesticides that can be detected.

Pesticide Type
LOD-LOQ

(ppb)
Honey

LOD-LOQ
(ppb)

Pollen

2,4-DMPF Insecticide 0.29–0.86 0.40–1.20
4-Hydroxy-chlorothalonil Fungicide 1.43–4.29 2.00–6.00

Acephate Insecticide 0.71–2.14 1.00–3.00
Acetamiprid Insecticide 0.07–0.21 0.1–0.30

Ametryn Herbicide 0.03–0.09 0.04–0.12
Atrazine Herbicide 0.07–0.21 0.1–0.30

Avermectin B1a Acaricide 0.43–1.29 0.60–1.80

https://www.proquest.com/docview/2820206747
https://www.proquest.com/docview/2820206747
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Table A1. Cont.

Pesticide Type
LOD-LOQ

(ppb)
Honey

LOD-LOQ
(ppb)

Pollen

Azoxystrobin Fungicide 0.03–0.09 0.04–0.12
Bendiocarb Insecticide 0.09–0.26 0.12–0.36

Boscalid Fungicide 1.43–4.29 2.00–6.00
Bromuconazole Fungicide 0.43–1.29 0.60–1.80

Carbaryl Insecticide 0.14–0.43 0.20–0.60
Carbofuran Insecticide 0.03–0.09 0.04–0.12

Chlorantraniliprole Insecticide 0.14–0.43 0.20–0.60
Chlorpyrifos Insecticide 4.29–12.86 6.00–18.00
Clomazone Herbicide 0.11–0.34 0.16–0.48

Clothianidin Insecticide 0.29–0.86 0.40–1.20
Coumaphos Insecticide 1.43–4.29 2.00–6.00
Cyanazine Herbicide 0.14–0.43 0.20–0.60

Cyantraniliprole Insecticide 0.14–0.43 0.20–0.60
Cyflufenamid Fungicide 0.14–0.43 0.20–0.60

Cyprodinil Fungicide 0.03–0.09 0.04–0.12
Cyromazine Insecticide 0.71–2.14 1.00–3.00

Difenoconazole Fungicide 0.07–0.21 0.1–0.30
Diflubenzuron Acaricide 2.86–8.57 4.00–12.00
Dimoxystrobin Fungicide 0.03–0.09 0.04–0.12

Dinotefuran Insecticide 0.14–0.43 0.20–0.60
Diuron Herbicide 0.29–0.86 0.40–1.20

Fenamidone Fungicide 0.07–0.21 0.1–0.30
Fenbuconazole Fungicide 0.14–0.43 0.20–0.60

Fenhexamid Fungicide 2.86–8.57 4.00–12.00
Fenpyroximate Acaricide 0.07–0.21 0.10–0.30

Fipronil Insecticide 0.14–0.43 0.20–0.60
Fluazifop Herbicide 0.43–1.29 0.60–1.80
Fluazinam Fungicide 0.14–0.43 0.20–0.60
Fludioxonil Fungicide 0.43–1.29 0.60–1.80
Flufenacet Herbicide 0.29–0.86 0.40–1.20

Flumioxazin Herbicide 7.14–21.43 10.00–30.00
Fluometuron Herbicide 0.29–0.86 0.40–1.20
Fluopicolide Fungicide 0.14–0.43 0.20–0.60
Fluopyram Fungicide 0.03–0.09 0.04–0.12

Fluoxastrobin Fungicide 0.03–0.09 0.04–0.12
Flupyradifurone Insecticide 0.29–0.86 0.40–1.20

Fluxapyroxad Fungicide 0.29–0.86 0.40–1.20
Fumagillin Fungicide 1.43–4.29 2.00–6.00

Hexaflumuron Insecticide 2.86–8.57 4.00–12.00
Imidacloprid Insecticide 0.14–0.43 0.20–0.60
Indoxacarb Insecticide 0.43–1.29 0.60–1.80
Malaoxon Insecticide 0.03–0.09 0.04–0.12

Mandipropamid Fungicide 0.06–0.17 0.08–0.24
Metalaxyl Fungicide 0.07–0.21 0.10–0.30

Metazachlor Herbicide 0.03–0.09 0.04–0.12
Metconazole Fungicide 0.29–0.86 0.40–1.20
Methiocarb Insecticide 0.29–0.86 0.40–1.20

Methoprotryne Herbicide 0.03–0.09 0.04–0.12
Methoxyfenozide Insecticide 0.07–0.21 0.10–0.30

Metobromuron Herbicide 0.43–1.29 0.60–1.80
Metolachlor Herbicide 0.14–0.43 0.20–0.60
Mevinphos Insecticide 0.14–0.43 0.20–0.60

Myclobutanil Fungicide 0.07–0.21 0.10–0.30
Napropamide Herbicide 0.03–0.09 0.04–0.12
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Table A1. Cont.

Pesticide Type
LOD-LOQ

(ppb)
Honey

LOD-LOQ
(ppb)

Pollen

Penthiopyrad Fungicide 0.03–0.09 0.04–0.12
Phenmedipham Herbicide 0.14–0.43 0.20–0.60

Phosmet Insecticide 1.43–4.29 2.00–6.00
Picoxystrobin Fungicide 0.03–0.09 0.04–0.12

Piperonyl butoxide pesticide synergist 0.03–0.09 0.04–0.12
Profenophos Insecticide 0.57–1.71 0.80–2.40

Prometon Herbicide 0.03–0.09 0.04–0.12
Prometryn Herbicide 0.03–0.09 0.04–0.12
Propazine Herbicide 0.03–0.09 0.04–0.12

Propiconazole Fungicide 0.29–0.86 0.40–1.20
Pyraclostrobin Fungicide 0.03–0.09 0.04–0.12
Pyrimethanil Fungicide 0.14–0.43 0.20–0.60
Spinetoram Insecticide 0.07–0.21 0.10–0.30

Spinosad Insecticide 0.07–0.21 0.10–0.30
Spirotetramat Insecticide 0.07–0.21 0.10–0.30
Sulfentrazone Herbicide 2.86–8.57 4.00–12.00

Sulfoxaflor Insecticide 1.43–4.29 2.00–6.00
Tebuconazole Fungicide 0.29–0.86 0.40–1.20
Tebufenozide Insecticide 0.03–0.09 0.04–0.12
Tebuthiuron Herbicide 0.03–0.09 0.04–0.12

Terbutryn Herbicide 0.03–0.09 0.04–0.12
Tetraconazole Fungicide 0.29–0.86 0.40- 1.20
Tetramethrin Insecticide 0.43–1.29 0.60–1.80

Thiabendazole Fungicide 0.07–0.21 0.10–0.30
Thiacloprid Insecticide 0.07–0.21 0.10–0.30

Thiamethoxam Insecticide 0.07–0.21 0.10–0.30
Thiobencarb Herbicide 0.43–1.29 0.60–1.80

Thiophanate-methyl Fungicide 0.07–0.21 0.10–0.30
Triadimefon Fungicide 0.29–0.86 0.40–1.20

Trifloxystrobin Fungicide 0.03–0.09 0.04–0.12
Triflumizole Fungicide 0.07–0.21 0.10–0.30
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