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The western honey bee, Apis mellifera, is the most important and widespread managed

pollinator species. Honey bee diet is based on nectar and pollen, and pollen diversity and

composition, in particular, affect colony health and fitness. As landscape composition is

strongly linked to floral resource heterogeneity, it could influence the resource intake of

honey bees. This work aimed to explore how the composition of pollen collected by

honey bees was modulated by seasonality and landscape composition heterogeneity in

a mountainous cultivated area of Northern Italy. We selected 13 locations, and at each

location, we placed two honey bee colonies from which we collected pollen samples

every month during the whole flowering season for two consecutive years. We then

analyzed pollen samples in the laboratory and determined the Shannon diversity index

of each pollen sample and the temporal pollen taxon replacement. We extracted the

cover of the main habitat types at three spatial scales and tested the effect of landscape

diversity and composition using Principal Component Analysis. Honey bees foraged

on a high number of floral resources, however, they mostly collected pollen from a

small number of taxa, with pollen type composition changing throughout the flowering

season. In early spring and late summer, most pollen grains were collected from a few

plant species, while from May to August the number of collected pollen types was

significantly higher. Landscape composition affected pollen diversity only at the end of the

flowering season. While honey bees were able to collect highly diverse pollen throughout

spring and summer regardless of landscape composition, in late summer, when pollen

collected is fundamental for the overwintering of the colony and its development in the

following season, semi-natural areas became crucial for honey bee foraging activities,

with pollen diversity increasing with increasing percentages of semi-natural areas. Our

research highlighted the importance for honey bees of certain seasonal resources and of

semi-natural habitats at the end of the flowering season, which ensure the subsistence

of their colonies throughout the year.

Keywords: foraging behavior, landscape heterogeneity, mountains, PCA, pollinators, resource seasonality,
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INTRODUCTION

In recent years, pollinator abundance and diversity faced a
strong decline due to multiple anthropogenic pressures (Potts
et al., 2010). One of the main causes of this decline is the loss
and fragmentation of natural areas, which led to a decrease
in plant diversity, potentially determining insufficient nutrition
for pollinators (Goulson et al., 2008). In particular, the honey
bee, Apis mellifera Linnaeus, is the most widespread managed
pollinator species and its presence is crucial not only for ensuring
the reproduction of plant species in natural habitats but also
for crop production, which is positively impacted by honey bee
pollination both in terms of quantity and quality (Hung et al.,
2018; Rollin and Garibaldi, 2019).

The honey bee is a eusocial species whose colonies can host
more than 50,000 individuals (Von Frisch, 1954; Fontana, 2019).
Its diet is based on nectar and pollen. Nectar is a source of energy
and, after being transformed into honey, it constitutes the food
stocks through which the colony survives during winter. Pollen
is a source of protein and lipids, and in addition to direct feeding
of larvae and adult workers, it is necessary for the secretion
of two substances essential for the life of the colony, i.e., the
royal jelly, which is the food for all the larvae in the first 3 days
and for queens during their whole life (Winston, 1991; Fontana,
2019), and the wax, of which honeycombs are made (Hepburn,
1986; Tautz, 2008). Pollen availability not only influences the
development and reproduction of the colony in the short term,
but as for honey, it is also fundamental for the overwintering of
the colony and its development in the following season (Alaux
et al., 2017).

The quality of pollen in terms of nutrient content varies from
one plant species to another (Roulston and Cane, 2000), and for
this reason, honey bees must have access to diverse pollen sources
in order to assure colony health. Only landscapes with a certain
degree of floristic diversity can therefore guarantee adequate
resources for honey bees (Di Pasquale et al., 2016). Recent studies
showed that the proportion of semi-natural habitat within the
landscape is positively related to honey bee pollen diversity
and protein content (Donkersley et al., 2014; Cannizzaro et al.,
2022) and to the probability of winter survival of the colonies
(Rutschmann et al., 2022), while habitat fragmentation negatively
affects the abundance of pollen collected by honey bees (Ochungo
et al., 2021). Moreover, heterogeneous landscapes have been
shown to support honey bees also by reducing their foraging
distances, therefore allowing them to consume fewer resources
to obtain food (Danner et al., 2017).

In this work, we aimed at understanding the effect of
landscape composition and seasonality on the diversity of pollen
collected by honey bees in a mountainous cultivated area in
Northern Italy.We selected 13 locations, fromwhich we collected
pollen samples monthly from two honey bee colonies during
spring and summer of 2019 and 2020. After analyzing pollen
samples in the laboratory, we determined the Shannon diversity
index for each pollen sample and temporal beta diversity of
pollen at each location. To assess landscape heterogeneity,
we calculated the cover of the main habitat types at 1, 3,
and 5 km radius buffers around the sampling locations, and

analyzed landscape composition through Principal Component
Analysis and Shannon diversity index. We hypothesize that
pollen composition would change throughout the flowering
season, following plant phenology at least in early spring and late
summer, when floral resources are relatively scarce. Moreover, we
expect that landscape composition would strongly affect pollen
composition, with high-diverse landscapes supporting honey bee
colonies by offering a wider range of pollen types in comparison
to homogeneous landscapes.

MATERIALS AND METHODS

Study Area
The study was carried out in the Trentino province, an area
in Northern Italy covering about 6,214 km2. The area is
generally mountainous, but it is characterized by a considerable
landscape heterogeneity, with about 80% semi-natural areas, 15%
agricultural areas, and 5% urban areas. As a result, the climate is
highly variable. The mean annual temperature is about 9◦C, and
the mean annual precipitation at 200m a.s.l. is 1,200 mm.

We selected 13 sampling locations, which were
characterized by great variability in landscape composition
(Supplementary Table 1; Figure 1). Three sites were close to
apple orchards, three were close to vineyards, three were in an
urban setting, and three were far from agricultural areas. The
average elevation of the sampling locations was 533m a.s.l. (min
= 93m a.s.l., max = 1,481m a.s.l.). The mean air temperature at
the sampling sites during the sampling periods, i.e., from April
to September of 2019 and 2020, was 17◦C.

Experimental Design
In 2019 and 2020, we placed one small apiary consisting of
two honey bee colonies at each sampling location. All colonies
were originated from the livestock managed by Edmund Mach
Foundation and had sister queens of A. m. carnica x A. m.
ligustica. The colonies were managed directly by Edmund Mach
Foundation personnel according to the local beekeeping practice.
From April to September, we carried out pollen samplings every
month, for a total of six pollen samples collected per colony per
year. At some locations, however, the number of pollen samples
was lower due to adverse climatic conditions. In particular, in
2019, at one location only three samples could be collected, and
only five at other two. In 2020, only five samples were collected at
three locations. Pollen samples were collected activating pollen
traps at the hive entrance for 48 h, Pollen samples were then
stored at−20◦C.

Landscape Composition
For each sampling location, we extracted the cover of the main
habitat types using the CORINE Land Cover (CLC) database
(© European Union, Copernicus Land Monitoring Service 2018,
European Environment Agency) at three spatial scales, i.e., the
local foraging scale of honey bees (1 km radius buffer around
the sampling locations) and two landscape foraging scales of
honeybees (3 and 5 km radius buffers around the sampling
locations). Following the CLC classification, we considered a
total of 24 land-use classes (Supplementary Table 2). Landscape

Frontiers in Sustainable Food Systems | www.frontiersin.org 2 March 2022 | Volume 6 | Article 865368

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Malagnini et al. Foraging Behavior of Honey Bees

FIGURE 1 | Map of the 13 sampling locations, also showing the landscape composition at 3 km radius buffers around the sampling locations using CORINE Land

Cover classes. Location acronyms are ALA (Ala), BOV (Borgo Valsugana), CAL (Caldonazzo), CAV (Cavalese), CLE (Cles), FAE (Faedo), GIO (Giovo), PEI (Peio), PEV

(Pergine Valsugana), RDG (Riva del Garda), ROM (Romagnano), ROV (Rovereto), and TDS (Tiarno di Sopra). See Supplementary Table 1 for additional information

on sampling locations.

composition was heterogeneous across sites. In 3 km radius
buffers around the sampling locations, an average of 33% of
the land was covered by agricultural areas (min = 7%, max =

52%), 51% by semi-natural areas (min = 26%, max = 92%),
13% by urban areas and other artificial surfaces (min = 0,
max = 30%), and 2% by other areas (min = 0, max = 13%)
(Supplementary Table 1).

As most of these classes were highly correlated, we performed
a Principal Component Analysis (PCA) to extract the landscape
composition at each of the three spatial scales. We extracted the
first two eigenvalues, PC1 and PC2, which explained 38, 48, and
45% of the total landscape variability at 1, 3, and 5 km radius
buffers around the sampling locations (Supplementary Table 3).
PC1 was positively related to semi-natural areas, in particular
coniferous forests, natural grasslands, and areas with sparse
vegetation, and negatively related to intensive areas, in particular
urban areas and vineyards (Supplementary Table 3). Therefore,
high values of PC1 can be interpreted as a high proportion of
semi-natural areas within the landscapes.

Moreover, we calculated the Shannon diversity index
for landscape composition using the 24 land-use classes at
each of the three spatial scales. Shannon diversity index
quantifies the heterogeneity of landscapes, taking into account
both richness and evenness of land-use classes, with low
values of the index indicating a low landscape heterogeneity.
Shannon diversity index was calculated using the R package
vegan (Oksanen et al., 2020). All statistical analyses were

performed using the R software version 3.6.1 (R Core Team,
2019).

Pollen Analysis
From each pollen sample, we extracted two grams of pollen
pellets, which were dissolved in distilled water and mixed using
an advanced vortex mixer (VELP Scientifica, ZX3). We took 20
µl of the obtained suspension and placed it on a microscopic
slide. Once the suspension of water and pollen was dry, we
placed a drop of glycerin jelly on top of the sediment, and we
covered it with a slide. Pollen was then observed under the optical
microscope (Optika, B500PPH). For each sample, we counted
about 500 pollen grains applying the “transect” method (Tamic
et al., 2011). Pollen grains were identified at the lowest possible
taxonomic level according to available literature (Ricciardelli
d’Albore, 1998; Bucher, 2004; El-Labban, 2020) and palynological
databases (PalDat, 2000; PollenAtlas). The identified pollens were
classified following the “pollen types” nomenclature proposed by
Persano Oddo and Ricciardelli d’Albore (1989).

For each pollen sample, we calculated the Shannon diversity
index. As for landscape composition, the Shannon index for
pollen reflects both richness and evenness of pollen samples,
with lower values indicating a lower diversity in pollen sample
composition. Moreover, to understand how pollen composition
changed throughout the flowering season, we calculated the
mean beta richness and replacement at each location over the
six sampling months, based on presence/absence data. All pollen
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FIGURE 2 | Rank abundance plots showing the relative proportion of the taxa found in pollen samples collected in (A) April, (B) May, (C) June, (D) July, (E) August,

and (F) September of 2019 and 2020. Black lines represent single sampling locations, while colored lines represent the average of all locations for each sampling

month. Species are ranked on the x-axis from left to right from the most to least abundant. Y-axis is log-transformed to improve clarity.

indices were calculated using the R package vegan (Oksanen et al.,
2020).

Statistical Analysis
First, to determine the effect of landscape composition and
seasonality on pollen diversity, we built two linear mixed-effect
models for each spatial scale using the R package nlme (Pinheiro
et al., 2019). In all models, the response variable was pollen

Shannon index. Selected explanatory variables were collection
month, year, landscape Shannon index, and the interaction
between month and landscape Shannon index for the first model,
and collection month, year, PC1, PC2, and the interactions
between month and PC1 and between month and PC2 for
the second model. We also included the sampling location as
random factor in all models. Starting from each full model,
we used a backward deletion procedure, removing one-by-one

Frontiers in Sustainable Food Systems | www.frontiersin.org 4 March 2022 | Volume 6 | Article 865368

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Malagnini et al. Foraging Behavior of Honey Bees

the interactions with p-value > 0.05, and re-ran the model to
correctly interpret model main effects.

Second, to explore the effect of landscape composition on
temporal beta diversity of pollen, we built four linear models
for each spatial scale. We selected beta richness and replacement
of pollen as response variables, PC1 and PC2 as explanatory
variables for the first model, and landscape Shannon index as
explanatory variable for the second model.

RESULTS

We analyzed a total of 116,979 pollen grains in 224 samples
collected during 2 years. We identified 122 plant taxa, most of
them (n = 93) at the genus level (Supplementary Table 4). We
observed 48 pollen types in April, 80 in May, 77 in June, 67 in
July, 69 in August, and 50 in September. The most abundant
types wereHedera spp. (n= 16,896 pollen grains), Plantaginaceae
(n = 10,303 pollen grains), and Malus/Pyrus spp. (n = 7,826
pollen grains). On the other hand, the most prevalent taxa were
Compositae T-form, which includes the genera Taraxacum and
Cichorium (found in 149 pollen samples), Compositae H-form,
which includes the genera Helianthus, Petasites, and Senecio
(found in 117 pollen samples), andTrifolium repens group (found
in 110 pollen samples).

The monthly pollen samples were dominated by a handful
of taxa, and there was a strong temporal turnover in the
composition of pollen samples (Figure 2). In spring, honey
bees mostly collected pollen on Malus/Pyrus spp. (21% of
total pollen grains), Salix spp. (18%), and Compositae T-
form (12%), with only three species making up half of
the collected pollen grains (Figures 2A,B). In June, Castanea
sativa became the prevalent pollen type (29%), together
with T. repens group (8%), Filipendula spp. (7%), and Vitis
spp. (6%) (Figure 2C). In July, the most visited taxa were
Plantaginaceae (39%), T. repens group (9%), Clematis spp.
(7%), and Parthenocissus spp. (7%) (Figure 2D). Plantaginaceae
were also found in August (16%), but pollen was mostly
collected on Artemisia spp. (22%) and, to a lesser extent, on
Compositae H-form (9%) and Thalictrum spp. (8%) (Figure 2E).
In September, almost all pollen was collected on Hedera spp.
(79%) (Figure 2F).

Pollen Shannon index was strongly influenced by the
collection month (Table 1). Pollen diversity was higher in
May, July, and August, while pollen samples of April and
particularly September were more homogeneous (Figure 3A).
Moreover, pollen Shannon index responded to the interaction
between month and landscape PC1 at 3 and 5 km. Landscape
composition had no effect on pollen diversity from April to
August, however, in September the diversity of collected pollen
increased with increasing landscape PC1, suggesting a positive
effect of semi-natural habitat on pollen collection in late summer
(Figures 3B,C).

Temporal beta richness and replacement did not change in
response to landscape composition at any of the selected spatial
scales (Table 2). In general, beta richness values were high at all

TABLE 1 | Results of the linear mixed-effect models testing the response of pollen

Shannon index at the three spatial scales, i.e., (a) 1 km radius buffer, (b) 3 km

radius buffer, and (c) 5 km radius buffer around the sampling locations, to month,

year, landscape Shannon index, and the interaction between month and

landscape Shannon index; and month, year, landscape PC1 and PC2, and the

interactions between month and landscape PC1 and month and landscape PC2.

Spatial scale Explanatory variable χ² DF p-value

(a) 1 km Month 105.494 5 <0.001

Year 0.013 1 0.911

Landscape Shannon index 1.156 1 0.282

Month 104.570 5 <0.001

Year 0.019 1 0.891

Landscape PC1 2.467 1 0.116

Landscape PC2 0.283 1 0.595

(b) 3 km Month 105.054 5 <0.001

Year 0.000 1 0.992

Landscape Shannon index 0.018 1 0.894

Month 103.378 5 <0.001

Year 0.001 1 0.980

Landscape PC1 1.357 1 0.244

Landscape PC2 0.030 1 0.862

Month x Landscape PC1 16.795 5 0.005

(c) 5 km Month 105.493 5 <0.001

Year 0.000 1 0.990

Landscape Shannon index 1.292 1 0.256

Month 98.978 5 <0.001

Year 0.002 1 0.961

Landscape PC1 1.938 1 0.164

Landscape PC2 0.050 1 0.823

Month x Landscape PC1 17.397 5 0.004

Only significant results after a backward stepwise model selection procedure (p-value <

0.05) are reported.

locations (min = 0.783, max = 0.880), while beta replacement
values were particularly low (min= 0.235, max= 0.342).

DISCUSSION

The survival, prosperity, and reproduction of honey bee colonies
depend on the ability of honey bees to collect and store honey
and pollen (Brodschneider and Crailsheim, 2010). In this study,
by observing almost 117,000 pollen grains, we were able to
collect information on honey bee foraging behavior from early
spring to late summer. Moreover, we highlighted how pollen
diversity was strongly shaped by seasonality, while landscape
composition affected pollen diversity only at the end of the
flowering season.

Effect of Seasonality on Honey Bee
Foraging Preferences and Pollen Diversity
Honey bees, despite being extraordinarily polylectic, usually
select a limited number of flowering plant species to forage on
(Lau et al., 2019). Here, we observed a strong temporal turnover
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TABLE 2 | Results of the linear models testing the response of (a) mean beta richness and (b) mean beta replacement of pollen samples to PC1 and PC2 at the three

spatial scales, i.e., 1 km radius buffer, 3 km radius buffer, and 5 km radius buffer around the sampling locations.

Response variable Spatial scale Explanatory variable Estimate Std. error t-value p-value

(a) Beta richness 1 km Landscape PC1 0.002 0.007 0.302 0.769

Landscape PC2 0.001 0.008 0.104 0.919

Landscape Shannon index 0.035 0.023 1.558 0.147

3 km Landscape PC1 −0.010 0.005 −2.060 0.066

Landscape PC2 −0.004 0.006 −0.643 0.535

Landscape Shannon index 0.032 0.031 1.057 0.313

5 km Landscape PC1 −0.009 0.005 −2.062 0.066

Landscape PC2 −0.001 0.006 −0.119 0.908

Landscape Shannon index 0.017 0.036 0.482 0.639

(b) Beta replacement 1 km Landscape PC1 0.005 0.006 0.966 0.357

Landscape PC2 −0.005 0.007 −0.670 0.518

Landscape Shannon index 0.025 0.022 1.164 0.269

3 km Landscape PC1 −0.007 0.005 −1.403 0.191

Landscape PC2 0.004 0.006 0.585 0.571

Landscape Shannon index 0.035 0.028 1.285 0.225

5 km Landscape PC1 −0.006 0.005 −1.300 0.223

Landscape PC2 −0.003 0.006 −0.516 0.617

Landscape Shannon index 0.023 0.033 0.720 0.487

in the composition of pollen collected by honey bees, which partly
reflects honey bee foraging preferences, and partly reflects plant
phenology and pollen availability in the study area, at least in the
early and late flowering season. In particular, trees were revealed
to be a key resource for honey bees in spring. Salix spp. in
April,Malus/Pyrus spp. in May, and Castanea sativa in June were
the main pollen taxa collected by honey bees. The importance
of trees for honey bees is well-known (Donkersley, 2019), as
they are often among the early-flowering species. We showed
that Compositae such as Taraxacum spp., Helianthus spp., and
Senecio spp., and the legume Trifolium repens strongly supported
honey bees throughout spring and summer. In August,Artemisia
spp. pollen was highly represented, as this taxon is common in
fallows and urban areas. In September, almost all pollen was
collected onHedera spp., which was the most abundant flowering
plant species in late summer in the study area (Prosser et al.,
2019).

Pollen diversity was also shaped by seasonality. We observed
that the start and end of the flowering season, i.e., April and
September, were characterized by a dearth of floral resources,
while we observed a peak of pollen diversity inMay. Interestingly,
despite the high percentage of agricultural areas in certain
landscapes, we did not highlight a strong effect of mass flowering
crops such as apple, which flowers in April and May, which can
potentially reduce the diversity of pollen collected by honey bees,
as bees tend to focus on these resources. The diversity of pollen
collected in August was surprisingly high, given that resources are
usually relatively scarce at the end of summer (Garbuzov et al.,
2015; Requier et al., 2015; Danner et al., 2017; Sponsler et al.,
2020). The high diversity found in August could be explained by
the mid-elevation of sampling sites, which causes a shift in pollen
decline from August to September.

Since many of the pollen taxa that we collected were grouped
at the family level, and almost all the remaining ones were

identified at the genus level, pollen diversity could have been
even higher in some seasons, if we had been able to achieve
species-level identifications of pollen.

Interactive Effect of Seasonality and
Landscape Composition on Pollen
Diversity
Our results highlighted that diversity of pollen collected by
honey bees was influenced by the interaction between collection
month and landscape composition, i.e., the proportion of semi-
natural areas.

Pollen diversity was independent of the proportion of semi-
natural areas from April to August. Several studies found that
pollen composition was not affected by landscape composition
(Danner et al., 2017; Guzman et al., 2019; Simanonok et al.,
2020; Jones et al., 2021). This can be explained by both the
structure of selected landscapes and the foraging behavior of
the honey bee. Even if some landscapes were strongly modified
by anthropogenic activities, they always included a certain
proportion of semi-natural habitats, ranging from 25 to 83%,
which comprised both open habitats and forests. Moreover, many
agricultural areas, which ranged from 7 to 52%, were intermixed
with semi-natural habitats. In all landscapes, honey bees were
therefore able to collect pollen in areas that offered a high
amount of resources, at least until mid-summer.Moreover, honey
bees can travel more than 10 km from their hive, although they
usually forage <1 km away from the hive (Von Frisch, 1967;
Visscher and Seeley, 1982; Tautz, 2008; Seeley, 2019). Several
studies highlight that landscape composition affects the distance
to which honey bees forage, and in particular that their foraging
distance increases in simplified landscapes (Steffan-Dewenter
and Kuhn, 2003; Abou-Shaara, 2014; Danner et al., 2017). A
study from the UK reports that in landscapes dominated by
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FIGURE 3 | Plot showing the effect on pollen Shannon index of (A) collection

month, (B) the interaction between month and landscape PC1 at 3 km radius

buffer around the sampling locations, and (C) the interaction between month

and landscape PC1 at 5 km radius buffer around the sampling locations. Plots

include model estimates (points and lines) and 95% confidence intervals (bars

and shaded areas).

the common heather (Calluna vulgare), the average distance of
foraging honey bees strongly changed during the season: while
in May it was about 1 km, in August, during the flowering
period of the common heather, the average foraging distance
increased up to 5.5 km (Beekman and Ratnieks, 2000). In our
study, however, we did not collect data on how far honey bees
traveled to collect pollen. In some areas, honey bees may need
to travel much further to obtain food resources, with potentially
negative consequences for colony fitness.

On the other hand, in September, pollen diversity increased
with increasing proportion of semi-natural habitats at 3 and 5 km
radius buffers.While honey bees are able to collect heterogeneous
pollen independently of landscape composition from spring to
mid-summer, the scarcity of floral resources in late summer
may turn semi-natural areas into key habitats. In this part of

the season, when nectar sources are decreasing (Tew et al.,
2022), honey bees search for the most diverse pollen sources in
order to breed winter individuals that must develop adequate fat
bodies (Frias et al., 2016). Semi-natural areas in the landscape
can promote late-season pollen protein and winter survival of
honey bee colonies (Kuchling et al., 2018; Simanonok et al.,
2020; Rutschmann et al., 2022). Therefore, the higher number of
resources offered by these habitats can be crucial for honey bees
at such a critical stage of the colony cycle.

CONCLUSION

Our work highlighted that diversity of pollen was shaped by
seasonality, as we observed a strong temporal turnover in
the diversity of pollen collected by honey bees. Landscape
composition only affected pollen diversity at the end of the
flowering season. In spring and summer, honey bees were able
to efficiently forage in all landscapes, probably even due to the
presence of a few key plant species such as Trifolium repens
that could strongly support colonies (Filipiak et al., 2017). In
late summer, when resources were generally scarce, semi-natural
areas became fundamental for honey bees, as they offered a
wider range of floral resources. However, more research on this
topic is needed, as landscape composition could also affect other
aspects of honey bee ecology. For example, complementing this
study with observations on foraging flight distances and colony
fitness could help elucidate the potential effect of landscape
simplification on honey bees. Moreover, another aspect that
should be taken into account is the potential contamination of
food sources for bees, as the presence of intensively cultivated
areas can affect pollen quality due to pesticide presence (Zioga
et al., 2020).
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