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ARTICLE INFO ABSTRACT

Keywords: Honey bees (Apis mellifera) are essential pollinators currently facing global declines driven by the interaction of

Honey bee multiple stressors, including habitat fragmentation, climate change, diseases, invasive species acting as preda-

:flbleth]fl effects tors, and exposure to anthropogenic contaminants. While laboratory studies have extensively explored these
lomarkers

factors, field-based assessments of cumulative sublethal effects remain limited. Biomarkers represent sensitive
methodologies for identifying early-warning signals of physiological impairment before population-level declines
occur. In this study, we evaluated the ecotoxicological health status of honey bee adults across ten locations in
Tuscany (Italy) with varying degrees of anthropogenic impact, including high-naturality sites (wood and wild-
flower field), agricultural areas (orchard, vineyards, olive grove, berries field, wheat crop and clover field), and
urban sites. Sampling was conducted over two consecutive years (2020-2021) to account for inter-annual cli-
matic variations. A multi-biomarker approach was applied to assess neurotoxicity (acethylcolinesterase and
carboxylesterase activities), detoxification and metabolism (glutathione S-transferase and alkaline phosphatase),
immune response (lysozyme activity and haemocyte counts), and genotoxicity (Nuclear Abnormalities assay).
The results demonstrated that biomarker responses are significantly modulated by land use (p < 0.05). Clearer
signs of physiological disturbance consistently emerged in anthropized sites, whereas the areas with a high
degree of naturality exhibited comparatively lower biomarker values. These findings highlight that climatic
conditions influenced the sublethal responses observed in organisms. However, multiple stressors, besides
climate-related ones, should be taken into account for a more complete evaluation of honey bees’ ecotoxico-
logical status in a field scenario.

Climatic variations

1. Introduction valuable insects are declining worldwide (Mackei et al., 2026). This
phenomenon is driven by several causes, including climate change,

Pollinating insects are essential organisms, playing a primary role habitat fragmentation, atmospheric pollution, and the intensification of

both in agriculture, ensuring the productivity of crops, and in the
preservation of habitats, natural resources, and plant biodiversity
(Burkle et al., 2013; Kennedy et al., 2013; Potts et al., 2010). Among
pollinators, Apis mellifera is the most well-known and widespread spe-
cies and plays a vital role for its pollination service, contributing to 35%
of crop production and to the conservation of biodiversity (Chen et al.,
20265 Scheper et al., 2023). Despite the ability of honey bee colonies to
be more resilient than solitary insects (Cunningham et al., 2022), these
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land use through monoculture plantations. Furthermore, the decrease in
floral diversity, combined with diseases, invasive species acting as
predators, parasites, and the widespread use of pesticides exacerbates
the situation (Askri et al., 2024; Ghazoul, 2005; Potts et al., 2010). As
generalist pollinators with extensive foraging ranges, honey bees (Apis
mellifera) serve as a critical model for understanding vulnerability to the
diverse environmental pressures. Crucially, the primary concern lies in
the possible interaction of the above-mentioned stressors, rather than
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their isolated impact, accelerating population-level declines (Askri et al.,
2024; Goulson et al., 2015; Potts et al., 2010), although the mechanisms
are still poorly understood. Therefore, it is of great importance to
investigate how these various stressors interact with each other and how
they can cause honey bee mortality (Askri et al., 2024).

Among these stressors, nutritional stress represents a critical driver
of the global decline in honey bee colonies (Goulson et al., 2015). Since
pollen constitutes the sole source of essential proteins, vitamins, lipids,
and amino acids, any reduction in floral diversity severely constrains the
bees' ability to satisfy their physiological requirements (Brodschneider
and Crailsheim, 2010; Crailsheim, 1990). Consequently, such nutri-
tional deficiencies can impair immunocompetence, larval development,
and the stability of the gut microbiota, thereby undermining the colony's
overall resilience to pathogens and environmental pressures (Alaux
et al., 2010; Branchiccela et al., 2019; Castelli et al., 2020; Pasquale
et al., 2013).

In addition to nutritional challenges, honey bees (Apis mellifera) are
frequently exposed to different chemical compounds, including hydro-
carbons and metals (Caliani et al., 2021a; Monchanin et al., 2021).
Among the chemical compounds, pesticides are the main threats for
honey bees (Murawska et al., 2025; Porrini et al., 2003; Raeymaekers,
2006). Bees can come into contact with these toxic compounds
through multiple routes, such as contaminated food and water sources.
The bioaccumulation of these substances within honey bees can severely
compromise both individual health and overall colony development
(Decourtye et al., 2005; Kairo et al., 2016; Teeters et al., 2012;
Williamson and Wright, 2013), acting as chronic stressors that threaten
the stability of the entire hive (Pohorecka et al., 2017).

However, the stability of the colony is threatened not only by these
anthropogenic pressures but also by the escalating frequency of climatic
extremes. In this context, despite their innate ability to regulate hive
temperature (Fahrenholz et al., 1989), rising global temperatures may
adversely affect thermoregulation and disrupt colony homeostasis
(Cunningham et al., 2022). Parallel to these environmental factors,
biological stressors remain a significant cause of mortality. Among
these, the ectoparasitic mite Varroa destructor and the microsporidian
Nosema ceranae represent primary threats, as they compromise indi-
vidual immunity and facilitate the transmission of viral diseases, ulti-
mately leading to large-scale colony losses (Alarcon et al., 2026).

In this context, assessing sublethal effects is essential to identify the
risks posed by multiple stressors. Integrated and sensitive methodolo-
gies, such as the application of biomarkers, are useful tools to assess
possible alterations at the molecular and cellular levels, serving as
critical early-warning signals, potentially preventing long-term impacts
at the population level (Pal et al., 2022).

Biomarkers, in fact, encompass a range of specific investigations,
including physiological alterations that can be observed at cellular and
enzymatic levels, being signals for neurotoxicity, detoxification, diges-
tive processes, immune functions, and genotoxic alterations. The inte-
gration of all these endpoints would give a more complex and yet
elucidating answer to comprehend the toxicological health status of bees
inhabiting areas with different environmental impacts.

Acetylcholinesterase (AChE) is a neural enzyme involved in the
transmittance of the nervous impulse in the cholinergic synapses by
hydrolyzing the neurotransmitter acetylcholine. The alteration of its
activity has been demonstrated to cause neurotoxic effects in pollina-
tors, such as sustained neuronal stimulation, paralysis, leading even to
the death of the organism (Badiou et al., 2008; Dorigo et al., 2026).
Carboxylesterases (CaE) are a class of hydrolytic enzymes widely
distributed in insects, where they play multiple physiological roles.
These include participating in fundamental processes such as growth,
development, and nutrient metabolism, mediating adaptation to envi-
ronmental stress (Ran et al., 2026), and metabolizing exogenous toxins
(Jackson et al., 2013; Ran et al., 2026). In fact, CaE participates in a
protective mechanism that prevents the inhibition of AChE by organo-
phosphates and carbamates (Jackson et al., 2013; Yan et al., 2009) and
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belong to the phase I of detoxification process with very broad substrate
specificities (Hatfield et al., 2016). Glutathione S-transferase (GST) is a
phase-II detoxifying enzyme that catalyzes the conjugation of reduced
glutathione to a large number of xenobiotics, increasing the polarity of
the compounds and thus their excretion or further transformation
(Badiou-Bénéteau et al., 2012; Decio et al., 2021; Stone et al., 2002;
Weirich et al., 2002). In bees, GST activity changes have been docu-
mented following exposure to pesticides (Almasri et al., 2020; Balieira
et al., 2018; Caliani et al.,, 2021a; Decio et al., 2021; Renzi et al.,
2016), emphasizing the fundamental role in detoxification (Murawska
et al.,, 2025) and oxidative stress defense (Briscoe et al., 2026; Brys,
2025; Strachecka et al., 2016), although not acting directly on reac-
tive oxygen species (ROS) (Dorigo et al., 2026), but neutralizing
oxidative intermediates (Cang et al., 2023). Alkaline phosphatase (ALP)
is a digestive enzyme involved in adsorption and transport mechanisms
through the hydrolysis of phosphate groups from many types of mole-
cules, including nucleotides, proteins, and alkaloids in alkaline condi-
tions (Zibaee et al., 2011). Also, ALP has an additional role in the final
steps of lipid digestion in insects and general metabolic regulation
(Dorigo et al., 2026) and physiological status (Brys, 2025). The exposure
to various xenobiotics proved to affect ALP activity in insects (Murawska
et al., 2025; Zibaee et al., 2011). The lysozyme (LYS) is one of the main
proteins involved in the humoral immune response (Kunat-Budzynska
et al., 2025) and a factor of resistance that determines the protective
functions of the bee organism (Lazarov et al., 2016). The main function
of lysozyme is to destroy the cell wall peptidoglycan mainly of
Gram-positive bacteria and is an indicator of immunity, being often used
to assess the condition of honey bee colonies (Kunat-Budzynska et al.,
2025). Its activity is induced upon systemic infection and also after in-
jection of cell wall components of bacteria and fungi (da Luz et al., 2022;
Doublet et al., 2017). Some pesticides were demonstrated to affect
honey bee's immune response (Castelli et al., 2021; Tesovnik et al.,
2020) thus facilitating the multiplication of pathogens. Similarly, plas-
matocytes and granulocytes carry out important immunological func-
tions, contributing to the honey bee's immune system. Granulocytes
have a relevant role in phagocytosis (Richardson et al., 2018). Nuclear
Abnormalities (NA) assay represents a test widely used to evaluate the
DNA damage in cells from various organisms (Cherednichenko et al.,
2024; Marangi et al.,, 2024) exposed to genotoxic contaminants.
Recently, this test was performed for the first time on bees (Caliani et al.,
2021a; Di Noi et al., 2024), demonstrating its efficacy as a genotoxicity
biomarker in pollinators.

To date, biomarker responses in bees have been predominantly
evaluated in laboratory studies (Caliani et al., 2021a; Castelli et al.,
2021; Chen et al., 2026; Choi et al., 2024; Di Noi et al., 2024; Dorigo
et al., 2026; Fellows et al., 2022; Paloschi et al., 2026; Roat et al.,
2017; Sonter et al., 2026; Strachecka et al., 2016) while only a limited
number of studies applied this approach in field scenarios (Briscoe et al.,
2026; Caliani et al., 2021b; Campani et al., 2026; de Souza et al., 2026;
Lupi et al., 2020; Wegener, 2016). Furthermore, most monitoring pro-
grams have focused on the bioaccumulation of pollutants rather than
their biological effects, which remain challenging to decipher due to the
complex nature of multiple stressors. Furthermore, previous studies
have focused on limited geographical areas (Caliani et al., 2021b;
Campani et al., 2026; Glavan et al., 2026; Lupi et al., 2020). To address
this gap, our study presents a comprehensive approach to environmental
biomonitoring, carried out in two different years (2020-2021). Specif-
ically, this investigation integrates a wide number of biomarkers to
assess simultaneously neurotoxicity (AChE and CaE), detoxification
processes (GST), metabolic and nutritional alterations (ALP), genotox-
icity (NA assay) and immune system status (LYS and differential hae-
mocyte count) in honey bees sampled in 10 locations at different
anthropic impact. Moreover, several environmental factors that can be
influenced by climate change, such as rain, high temperature and
drought, may affect honey bee's health status. To address this contin-
gency, we performed a monitoring extended through two years to
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provide a broader temporal perspective and account for potential
inter-annual climatic variations that influence bee health and colony
conditions. This methodology applied to an ecologically highly relevant
species, such as Apis mellifera, aims to provide a global overview of the
honey bee's ability to serve as a sensitive sentinel of environmental
stress.

2. Materials and methods
2.1. Experimental design

The sampling of bees was carried out in 10 different locations in
Tuscany (Italy) (Fig. 1), characterised by different kinds of impact. A
wooded environment, wildflower field, vineyards, an orchard, olive
grove, clover field, wheat crop field, a berries field and two urban areas
were used to collect honey bee foragers. In Table 1, the selected areas are
described with their geographic coordinates and the different types of
cultivations. The wood is located in the province of Pisa, more than 7 km
in a direct distance from the towns of Pontedera and Ponsacco. It is
situated within a vast forested area of over 130 km?, characterized by
chestnut and holm oak woods. The wildflower area is uncultivated and
the beekeeper annually sows a mix of pollinator-friendly flower seeds to
facilitate the pollination process. The area is surrounded by an extensive
hilly woodland of broad-leaved trees, consisting mainly of holm oaks,
oaks, chestnuts, and hornbeams. Furthermore, the investigated area is
surrounded by small residential towns, with no industrial complexes
present. The Urban I and Urban II areas are a few kilometers away from
the city of Siena. These sampling areas are surrounded by small, densely
populated villages. Medium-traffic roads are located at short distance
from the investigated areas. The clover site is located approximately
2 km in a direct distance from the city of Pisa, and it is an area rich in
cereal crops and olive groves. About 5 km in a direct distance from the
clover area there is Monte Faeta, an 831-m-high mountain that is part of
the Monti Pisani system in Tuscany, marking the natural border between
the provinces of Pisa and Lucca. The native vegetation of Monte Faeta is
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Table 1
Detail of the sampled areas with geographical coordinates and cultivations
observed near the area studied.

Type of area  Sampled area Geographical coordinates  Cultivations
Natural Wood 43.64525 N 10.67579 E Wood
34 masl
Wildflower 43.573681 N Wildflower
field 10.593210 E 106 m asl
Agricultural ~ Orchard 43.72879 N 10.46283 E Apple, plum, peach,
4 m asl grapes
Vineyards 43.514077 N Vineyards
11.895551 E 179 m asl
Berries field 42.859081 N Berries, chestnut
11.679691 E 822 m asl
Olive grove 43.391424 N Olive trees,
11.350889 E 450 m asl vineyards, wood
Clover field 43.727434 N Clover
10.462937 E 4 m asl
Wheat crop 43.302539 N Wheat, olive trees
11.449288 E 207 m asl
Urban Urban area I 43.298849N e
11.382147 E 304 m asl
Urban area II 43.290623N -

11.396943 E 260 m asl

typical of the Mediterranean maquis (downy oak, chestnut trees, holm
oaks, and garrigue). The orchard is part of a system of experimental
orchards and fields managed by the University of Pisa, which includes
apple, plum, peach, and grape trees. Similar to the clover area, the
surrounding environment includes the city of Pisa, intensive cultivation,
and Monte Faeta. The bees sampled in the area named “olive grove” are
located in the province of Siena, in the Chianti Classico region. The hives
are situated in a small wooded area bordering large agricultural estates
that produce wine and olive oil. The wheat crop area is located in the
province of Siena. It is characterized by extensive fields of wheat or
other cereals. Surrounding the area, in addition to the cultivated fields,
are the “Crete Senesi”, a landscape characterized by clay hills, solitary

Fig. 1. Location of the different sampling areas in Tuscany (Italy).
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oaks, and cypresses. The vineyard area is located in the province of
Arezzo, featuring extensive wine-producing grape cultivation.
Numerous olive groves and cereal-cultivated fields are also present in
the area. All the agricultural areas selected for the study use conven-
tional farming practices, with no organic cultivation in any of the
studied sites. About 50 adult honey bees were sampled from each study
area during the summers of 2020 and 2021.

2.2. Biomarker analysis

2.2.1. Bee's dissection

Once sampling was performed, honeybees were anaesthetized in the
laboratory with ice (4 °C) for 30 min prior to haemolymph collection
from the abdomen. 50 honey bees per sampling location were tested, for
a total of 900 samples analysed. For each slide, haemolymph from two
specimens were placed on a poly-lysate slide (2.5 mg/mL) to perform the
differential haemocyte count and NA assay. The intestine was pulled out
from the back of the abdomen and then used to assess LYS, GST and ALP
activities. The head was separated from the body by transverse cutting
for the assessment of esterase activities (AChE and CaE). Biological
materials were then stored at —80 °C for subsequent analysis.

2.2.2. Enzyme assays

For each extract, pools were prepared using biological tissue from
three animals. Tissue samples were pooled, weighed, and the extraction
medium (40 mM Na-phosphate buffer pH 7.4, a mixture of protease
inhibitor enzymes, 1% Triton X-100) was added in a volume corre-
sponding to 10% (w/v) of the tissue. After homogenization by a Tissue
Lyser (Qiagen) for three periods of 30 s at 30 s intervals, the homoge-
nates were centrifuged at 4 °C for 20 min at 13,000g and 15,000g for
heads and guts samples, respectively. The resulting supernatants were
used for the analysis.

The assay for the determination of AChE, according to the technique
described by Caliani et al. (2021a), was measured for 5 min at 412 nm in
a medium containing 0.1 M sodium phosphate buffer (pH 7.4), 10 mM
DTNB and 41.5 mM acetylthiocoline. CaE activity was quantified using a
spectrophotometer at 538 nm, adding 100 mM sodium phosphate buffer
(pH 7.4) to the head extract and incubating at 25 °C for 5 min. The re-
action was started by adding 0.4 mM a-NA as a substrate and stopped by
adding 1.5% SDS and 0.4 mg/L Fast Garnet GBC (Caliani et al., 2021a).
GST activity was assessed in the post-mitochondrial fraction of the in-
testine, according to the technique described by Caliani et al. (2021a). A
reaction mixture was prepared: 0.1 M Na-phosphate buffer (pH = 7.4),
8 mM CDNB (1-chloro-2,4-dinitrobenzene), 8 mM GSH (reduced gluta-
thione) and the reading was performed for 3 min at 340 nm. ALP was
monitored at 405 nm in a medium containing 100 mM MgCl,, 6 mM
p-NPP (p-nitrophenyl phosphate) and 100 mM Tris-HCl (pH = 8.5)
(Caliani et al., 2021a). LYS activity was measured using a turbidity test
according to the method by Caliani et al. (2021a), and the absorbance
was evaluated at 450 nm with a Microplate Reader (Model 550, BioRad,
Germany). Protein concentrations were estimated using the method
described by Bradford (1976), with bovine serum albumin as the
standard.

2.2.3. Differential haemocytes count and NA assay

Differential haemocytes count was performed according to Sapcaliu
et al., 2009, while the NA assay followed the procedure by Caliani et al.
(2021a). Both biomarkers were evaluated on the same slide, and the
slides were stained with Diff-Quick stain (Bio-Optica) following the
standard three-step protocol. Briefly, slides were first immersed in the
methanol-based fixative (Reagent A), then stained with the
eosin-containing solution (Reagent B), followed by immersion in the
thiazine-based solution (Reagent C). After each step, excess reagent was
allowed to drain, and the slides were finally rinsed under distilled water
until the run-off was clear, then air-dried at room temperature before
microscopic examination. For each assay, 1000 cells were counted on a
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slide, using an immersion light microscope (Olympus BX41), at 100x
magnification, and only mature haemocytes with a well-defined nucleus
were considered. The abnormalities evaluated were categorized in:
lobed nuclei, kidney, segmented, binucleated, apoptotic cells and
micronuclei (Fig. S1). The results of the NA assay are expressed as the
number of nuclear abnormalities/1000 cells; differential haemocytes
count was performed by considering the two most frequent classes of
haemocytes, plasmatocytes and granulocytes, and the result was
expressed as the number of haemocytes/1000 cells.

2.3. Statistical analysis

We tested for significant differences in each biomarker between the
different areas' samples using the Kruskal-Wallis (KW) test (Kruskal and
Wallis, 1952). This non-parametric test is used when the data does not
satisfy the normality property and contains outliers. Furthermore,
Dunn's test with a Benjamini-Hochberg stepwise adjustment (Benjamini
and Hochberg, 1995) was applied for pairwise multiple-comparisons
when the null hypothesis of the KW test was rejected, controlling for
Type I error inflation via the False Discovery Rate (Dinno, 2015). Dunn's
post-hoc test makes multiple pairwise comparisons based on Dunn's
z-test-statistic approximations to the actual rank statistics. The
Mann-Whitney test (Mann and Whitney, 1947) was used for the com-
parison between 2020 and 2021 for each area. The significance level for
all tests was set at a = 0.05. These tests have been implemented by
STATA 17 software (StataCorp, 2021).

3. Results

Neurotoxicity (AChE and CaE), metabolism (ALP and GST), immune
system (LYS and differential haemocytes count), and genotoxicity (NA
assay) biomarkers were measured in honey bees from areas with
different anthropogenic impacts in two sampling years (2020-2021).
The suburban area was only sampled in 2020, while the beehives in the
berries field were only sampled in 2021.

3.1. Biomarker responses across sampling sites

Figs. 2 and 3 show the different biomarker responses measured in the
bees collected in the sites sampled in 2020 and 2021, respectively. More
details are reported in Tables S1 and S2 (Supplementary material).

3.1.1. Results for the 2020 sampling year

In 2020, AChE activity (K-W y2 = 81.803, p = 0.0001) (Fig. 2A) had
lower values in honey bees from every area compared to the ones
sampled in vineyards and orchard. Urban area II specimens showed the
lowest values and statistically significant compared to wood (z = —3.17,
p = 0.0183), orchard (z = 5.39, p < 0.0001), vineyards (z = —7.14,
p < 0.0001) and urban area I (z = —4.05, p = 0.0008). Vineyards
showed differences compared to wood (z = 3.81, p = 0.0019), wild-
flower field (z = 6.70, p < 0.0001), clover field (z = —4.94, p < 0.0001),
wheat crop (z = 4.54, p = 0.0001), olive grove (z = —3.13, p = 0.0198)
and urban area I (z = —3.09, p = 0.0221) Orchard was found to be
different from wildflower (z = 4.99, p < 0.0001) and clover field
(z = —3.19, p = 0.0176). Honey bees sampled in the wildflower field
were found to be different from wood (z = —2.82, p = 0.0489), olive
grove (z = 3.49, p = 0.0062) and urban area I animals (z = 3.68,
p = 0.0032).

Urban area II showed the highest values of CaE activity (K-W
;(g = 101.720, p = 0.0001) (Fig. 2B), and statistically significant dif-
ferences compared to wood (z = 5.30, p < 0.0001), wildflower field
(z = 5.09, p < 0.0001), orchard (z = —4.71, p < 0.0001), clover field
(z = —6.63, p < 0.0001), wheat crop (z = 6.77, p < 0.0001) and urban
area I (z = 4.26, p = 0.0003). Vineyards samples showed statistically
significant differences when compared to wood (z = 4.52, p = 0.0001),
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Fig. 2. Boxplots of the biomarkers measured in Apis mellifera sampled in 2020 across nine sites with varying degrees of anthropogenic impact, including high-
naturality sites (wood and wildflower field), agricultural areas (orchard, vineyards, olive grove, wheat crop and clover field), and urban sites: AChE (A); CaE (B);
GST (C); ALP (D); LYS (E); differential haemocytes count (F) and NA assay (G).
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wildflower field (z = —4.35, p = 0.0002), orchard (z = —3.93,
p = 0.001), wheat crop (z = 5.97, p < 0.0001), clover field (z = —5.85,
p < 0.0001) and urban area I (z = —3.46, p = 0.0056). Olive grove
specimens exhibited statistically significant higher CaE activity with
respect to wood (z = 3.76, p = 0.002), wildflower field (z = 3.63,
p = 0.0031), orchard (z = —3.19, p = 0.0143) and wheat crop (z = 5.16,
p < 0.0001).

GST (K-W ;@ = 221.209, p = 0.0001) (Fig. 2C) mean values were
significantly higher in the urban area II compared to wood (z = 7.41,
p < 0.0001), wildflower (z=11.03, p < 0.0001), clover field (z= —11.1,
p < 0.0001) and orchard (z = —6.84, p < 0.0001), vineyards (z = 4.07,
p = 0.0004), wheat crop (z = 5.16, p < 0.0001) and urban area I
(z = 3.86, p = 0.001). The second highest activity was observed in olive
grove being significantly different from wood (z = 4.97, p < 0.0001),
wildflower field (z = 8.52, p < 0.0001), clover field (z = —8.53,
p < 0.0001), wheat crop (z = 2.72, p = 0.0382) and orchard (z = —4.37,
p = 0.0001). Vineyards samples showed statistically significant higher
values compared to wood (z = 3.27, p = 0.0076), wildflower (z = 6.82,
p < 0.0001), orchard (z = —2.62, p = 0.0469) and clover field
(z = —6.79, p < 0.0001). Orchard specimens showed significant dif-
ferences compared to wildflower field (z = 4.34, p = 0.0001), clover
(z =—4.26, p = 0.0002) and urban area I ones (z = —2.99, p = 0.0182).
Urban area I showed statistically significant higher values when
compared to wood (z = 3.63, p = 0.0024), wildflower (z = 7.26,
p < 0.0001) and clover field (z = —7.24, p < 0.0001). Wheat crop an-
imals showed higher activity with respect to wildflower field specimens
(z =5.98, p < 0.0001) and clover ones (z = —5.94, p < 0.0001). Honey
bees from the wood area showed higher activity compared to wildflower
(z = —3.55, p = 0.0031) and clover field bees (z = —3.45, p = 0.0042).

Honey bees sampled in the olive grove showed the highest ALP ac-
tivity (K-W ;(g = 179.787, p = 0.0001) (Fig. 2D) that was found to be
statistically significant with respect to wood (z = 6.06, p < 0.0001),
wildflower field (z = 7.70, p < 0.0001), vineyards (z = 4.37,
p = 0.0001), urban area I (z = 3.93, p = 0.0009) and urban area II
(z =9.49, p < 0.0001). Specimens from wheat crop showed differences
compared to wood (z = 5.31, p < 0.0001), wildflower field animals
(z = 6.98, p < 0.0001), and also to vineyards (z = —3.60, p = 0.0030),
urban area I (z= —3.11, p = 0.0139) and urban area II ones (z = —8.80,
p < 0.0001). Urban area I bees showed differences compared to wild-
flower (z = —1.62, p = 0.0009), clover field (z = 2.81, p = 0.0337) and
urban area II (z = —5.69, p < 0.0001). Vineyard samples were found to
be different from wildflower field (z = 3.14, p = 0.0134), clover field
(z=3.32, p = 0.0082), orchard (z = 2.77, p = 0.0355) and urban area II
(z = —4.78, p < 0.0001). Orchard bees showed statistically significant
differences compared to wood (z = 4.46, p = 0.0001), wildflower field
(z =6.13, p < 0.0001) and urban area II (z = 7.93, p < 0.0001). Clover
field exhibited differences compared to wood (z = 5.02, p < 0.0001),
wildflower (z = 6.69, p < 0.0001) and urban area II (z = 8.50,
p < 0.0001). At last, the urban area II showed a difference also compared
to wood (z = —3.30, p = 0.0083).

LYS activity (K-W ;(g = 31.969, p = 0.0001) (Fig. 2E) was signifi-
cantly higher in the wheat crop and urban area Il honey bees. Urban area
II samples showed differences compared to wood (z = 3.46, p = 0.0095),
wildflower field (z = 3.06, p = 0.0354) and vineyards (z = 3.06,
p = 0.0355). This enzyme activity was also found to be different in
wheat crop with respect to wood (z = 3.29, p = 0.0169), and in clover
field compared to wood (z = 2.96, p = 0.0437). Orchard showed dif-
ferences compared to wood (z = 3.38, p = 0.0125), wildflower (z = 2.96,
p = 0.0447) and vineyards (z = 2.97, p = 0.0450).

Urban area I showed a significant decrease in plasmatocyte numbers
(K-W )(52; = 43.779, p = 0.0001) (Fig. 2F), with a consequent increase in
granulocytes presence, compared to wood (z = —3.66, p = 0.0041),
wildflower field (z = —4.48, p = 0.0001), urban area I (z = —3.06,
p = 0.0320). Olive grove showed lower numbers of plasmatocytes with
differences compared to wood (z = —3.25, p = 0.0177) and wildflower
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field (z = —4.06, p = 0.0009). Vineyards honey bees were found to have
differences compared to wildflower field ones (z = —3.58, p = 0.0054),
while the clover ones were different from wildflower (z = —3.90,
p = 0.0017).

The highest values of nuclear abnormalities (K-W ;(g = 129.037,
p = 0.0001) (Fig. 2G) were found in samples from olive grove compared
to both wood (z = 3.61, p = 0.0027) and wildflower field (z = 4.41,
p = 0.0001), clover field (z = —7.46, p < 0.0001), orchard (z = —4.43,
p = 0.0001), vineyards (z = 7.31, p < 0.0001), wheat crop (z = 6.80,
p < 0.0001) and urban area II (z = 6.77, p < 0.0001). Honey bees from
urban area I exhibited differences compared to clover field (z = —6.25,
p < 0.0001), vineyards (z = 6.04, p < 0.0001), wheat crop (z = 5.45,
p < 0.0001) and urban area II (z = —5.41, p < 0.0001). Wood bees
showed differences compared to clover field (z = —5.02, p < 0.0001),
vineyards (z = —5.08, p < 0.0001), wheat crop (z = —4.47, p < 0.0001),
urban area II (z = —4.44, p = 0.0001). Wildflower samples showed
differences in NA assay compared to clover field (z = —4.15,
p =0.0003), vineyards (z = —4.42, p = 0.0001), wheat crop (z = —3.80,
p = 0.0014) and urban area II (z = —3.76, p = 0.0016).

3.1.2. Results for the 2021 sampling year

AChE activity (K-W ;(?, = 245.235, p = 0.0001) (Fig. 3A) was
significantly the lowest in samples coming from clover field, compared
to wood (z = —6.15, p < 0.0001), wildflower field (z = —4.63,
p = 0.0001), orchard (z = —3.63, p = 0.0028), vineyards (z = —8.28,
p < 0.0001), berries field (z = 10.17, p < 0.0001), olive grove
(z = —3.92, p = 0.0010), urban area I (z = —8.18, p < 0.0001). The
second lowest activity was observed in bees from wheat crop compared
to wood (z = —4.51, p = 0.0001), wildflower field (z = —3.00,
p = 0.0217), vineyards (z = 6.64, p < 0.0001), berries field (z = 8.61,
p < 0.0001) and urban areaI (z = 6.44, p < 0.0001). Olive grove showed
differences compared to vineyards (z = —4.35, p = 0.0002), berries field
(z = 6.43, p < 0.0001) and urban area I (z = —4.16, p = 0.0004). Or-
chard samples were found to be different from vineyards (z = —4.65,
p < 0.0001), berries field (z = 6.70, p < 0.0001) and urban area I
(z = —4.45, p = 0.0001). Samples from wildflower field were different
from vineyards (z = 3.65, p = 0.0028), berries field (z = 5.75,
p < 0.0001) and urban area I (z = 3.45, p = 0.0054). Wood bees were
found to be different from the ones coming from berries field (z = 4.31,
p = 0.0002).

CaE (K-W ;(S = 38.021, p = 0.0001) (Fig. 3B) values exhibited sta-
tistically significant differences in berries field samples compared to
wildflower field (z = 4.00, p = 0.0014) and urban area I (z = 3.12,
p = 0.0341). Vineyards specimens showed higher CaE activity compared
to wildflower field (z = 3.08, p = 0.0037), as well as wheat crops with
statistically significant higher activity compared to wildflower field
(z = 3.08, p = 0.0365). Wood showed a significantly higher activity
when compared to wildflower field (z = —3.36, p = 0.0155).

The highest GST (K-W ;(g = 236.384, p = 0.0001) (Fig. 3C) activity
was observed in the orchard that showed statistically significant dif-
ferences when compared to wildflower (z = 7.24, p < 0.0001), berries
field (z = —3.81, p = 0.0014), vineyards (z = 4.59, p = 0.0001), olive
grove (z = 9.69, p < 0.0001), wheat crop (z = 8.88, p < 0.0001) and
urban area I (z = 9.01, p < 0.0001). Vineyards specimens showed sta-
tistically lower activity compared to wood (z = —3.98, p = 0.0008),
while higher activity compared to wheat crop (z = 4.29, p = 0.0002),
olive grove (z = —5.10, p < 0.0001) and urban area I (z = —4.42,
p = 0.0001). Berries field showed higher activity compared to wild-
flower field (z = 3.09, p = 0.0186), wheat crop (z = 4.65, p < 0.0001),
olive grove (z = 5.43, p < 0.0001) and urban area I (z = 4.77,
p < 0.0001), while a lower activity when compared to wood (z = —3.23,
p = 0.012). Clover field possessed higher activity compared to olive
grove (z = 7.49, p < 0.0001) and wheat crop (z = 6.68, p < 0.0001), to
wildflower field (z = 5.05, p < 0.0001) and to urban area I (z = 6.81,
p < 0.0001). Wood was found to be different from the olive grove
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(z=-9.08, p < 0.0001), wheat crop (z = —8.27, p < 0.0001) and urban
area I specimens (z = —8.40, p < 0.0001). Wood was also significantly
higher that wildflower field (z = —6.63, p < 0.0001).

The lowest ALP (K-W 42 = 141.835, p = 0.0001) (Fig. 3D) activity
was observed in samples from wildflower field compared to wood (z =
—6.44, p < 0.0001), orchard (z = 6.53, p < 0.0001), vineyards (z = 7.05,
p < 0.0001), berries field (z = 7.49, p < 0.0001), olive grove (z = 4.38, p
=0.0002), wheat crop (z = 3.52, p = 0.0059) and urban area I (z = 4.34,
p = 0.0002). Honey bees from wood were found to be different from
clover field (z = —3.74, p = 0.0027) and wheat crop (z = —2.91, p =
0.0387). Samples from berries field exhibited different ALP activity
compared to clover field (z = 4.92, p < 0.0001), olive grove (z = 3.30, p
=0.0118), wheat crop (z = 4.12, p = 0.0006) and urban area I (z = 3.34,
p =0.0111). Orchard specimens showed differences compared to clover
field (z = —3.84, p = 0.0019) and wheat crop (z = 3.01, p = 0.0300).
Vineyards showed differences compared to clover field (z = —4.35, p =
0.0002) and wheat crop (z = 3.52, p = 0.0061).

The LYS (K-W ;(g = 26.980, p = 0.0014) (Fig. 3E) activity resulted in
significantly lower levels in clover field (z = —3.64, p = 0.0059) and
wheat crop (z = —4.15, p = 0.0008) specimens compared to the wood.

Significant differences in haemocytes differential count (K-W
% = 25.894, p = 0.0021) (Fig. 3F) from specimens in orchard were
found compared to wheat crop (z = 3.16, p = 0.0337) and clover field
(z=-3.42, p = 0.0137).

NA assay (K-W y2 = 52.874, p = 0.0001) (Fig. 3G) exhibited the
highest values in vineyards honey bees compared to wood (z = 5.43,
p < 0.0001), wildflower field (z = 4.38, p = 0.0003), orchard
(z = —3.73, p = 0.0039), berries field (z = —6.00, p < 0.0001), clover
field (z = —3.79, p = 0.0031), olive grove (z = —5.41, p < 0.0001) and
urban area I (z = —3.55, p = 0.0072).

3.2. Inter-annual comparison (2020 vs. 2021)

A comparison between the biomarker results obtained in the two
years for each area was performed (Fig. 4). The berries field and the
urban area II are not included in this comparison since the sampling in
these areas was conducted only for one year. A significant decrease in
AChE activity was observed in all sampled areas from 2020 to 2021
(Fig. 4A). CaE showed a significant increase in all samples from 2020
compared to the ones from 2021 (Fig. 4B). GST values, from 2020 to
2021, showed a significant increase in all areas except for the olive
grove, the wheat crop and the urban area I, whose samples revealed a
significant decrease in this enzyme's activity (Fig. 4C). A significant
increase in ALP activity was observed in wood, orchard, vineyards and
urban area I from 2020 to 2021, while a significant decrease was
observed in clover field samples (Fig. 4D). Lysozyme activity decreased
significantly in clover and wheat crop fields from 2020 to 2021 (Fig. 4E).
On the contrary, from 2020 to 2021, a slight but significant increase in
LYS activity was observed in wood, wildflower field and vineyards.
Regarding plasmatocytes frequency, a significant decrease from 2020 to
2021, with a consequent increase in granulocytes, was observed in
wood, wildflower field, clover field, wheat crop and urban area I
(Fig. 4F). From 2020 to 2021, the NA assay revealed a significant in-
crease in the frequency of nuclear abnormalities in clover field, orchard,
vineyards, and wheat crop, while a significant decrease was observed in
olive grove and urban area I (Fig. 4G).

The different responses obtained from the analysis between the two
sampling years could be due also to climatic conditions, such as tem-
perature and rain. In Tables 2 and 3, we reported the average temper-
atures (min and max) and the precipitation, respectively, for the month
interested by the sampling (June and July 2020-2021). In these two
years, there was a difference mainly in the rainfalls, even if the average
temperatures of June were slightly higher in 2021 compared to 2020.
Moreover, in 2021 rainfalls were less abundant with respect to the ones
observed in 2020.
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4. Discussion

The results of this study help fill a research gap regarding the field
scenario and the impact that the multiple stressors have on the health of
honey bees, a species facing global population decline. Overall, the
biomarker responses indicated clear signs of physiological disturbance
in honey bees from anthropized contexts whereas high-naturality areas
exhibited comparatively lower stress levels. The two-years monitoring
showed neurotoxic effects across all sites, while other biomarkers indi-
cated more heterogeneous differences that aligned with land-use char-
acteristics and the presence of multiple stressors.

In both years (2020 and 2021), the sites with a high degree of nat-
urality, namely wood and wildflower field, showed lower biomarker
values than the more anthropized areas, suggesting a lower degree of
physiological disturbance than in urban and managed agricultural sites.
These results are in line with previous studies showing that bees from
less anthropized environments often exhibited a reduced activation of
detoxification processes and lower immune alterations than bees from
urban or intensively cultivated landscapes (Caliani et al., 2021b;
Nicewicz et al., 2021). Moreover, bees from wildflower field exhibited
the lowest ALP activity in 2021, which may indicate a different digestive
or metabolic status compared with more agriculturally influenced sites,
reflecting lower digestive demand or altered physiological balance
under certain environmental conditions (Caliani et al., 2021a; Carvalho
et al., 2013). At the same time, the relatively slight changes in GST and
NA assay levels in the natural sites confirm that these areas remained
less exposed to toxicological stress than vineyards or other cultivated
areas (Fl-Seedi et al., 2022).

Observing the biomarker responses in two years, a progressive
intensification of physiological stress can be observed. The simultaneous
AChE decrease and CaE increase in wood and wildflower field indicate
that even high-naturality areas are not completely free from environ-
mental pressure, likely because bees forage over broad areas and can
encounter diffuse contamination beyond the immediate site (Nicewicz
et al., 2021), affecting cholinergic function and phase-I detoxification.
The significant increase for ALP and lysozyme values may indicate an
enhanced digestive and antimicrobial activity, potentially reflecting
adaptive responses to shifting resource quality or slight contaminant
presence. Most notably, the marked decline in plasmatocytes with
granulocyte compensation suggests an immune defence mechanism,
consistent with observations that high-naturality areas can still impose
immune challenges due to pathogens or nutritional variability. All these
data suggest that even in areas with higher floral diversity and lower
anthropogenic disturbance, bees may still experience enzymatic modu-
lation linked to local floral resource availability or landscape integrity.

Regarding urban areas, in 2020 organisms showed a lower AChE
activity than in the other sites, which still fell within the expected
physiological range of variation for this enzyme (around 15%), sug-
gesting a moderate modulation rather than a clear neurotoxic effect.
Notably, the observed levels are also consistent with those reported by
Caliani et al. (2021Db) in which no neural alterations were observed in
urban areas. More interestingly, a marked induction of CaE and GST
activities, as well as an impairment in haemocyte count and lysozyme
activity were observed in the urban bees compared to the ones from
wood and wildflower areas. Urban landscapes are increasingly recog-
nized as environments that can impose substantial multistress pressure
on colonies of pollinators: on the one hand, they may offer floral re-
sources and on the other hand, they can also impose chronic pressure
through high temperature conditions, habitat fragmentation and
contamination (Ayers and Rehan, 2021). In urban environments, such
changes as we observed have been linked to contamination by metals
and other anthropogenic compounds, which may induce detoxification
pathways and impair immune balance and leave bees more vulnerable
to pathogens and secondary stressors (Caliani et al., 2021a, 2021b;
Garner and Di Giulio, 2012; Mdaini et al., 2019; Nicewicz et al., 2021;
Wu et al., 2007; Yu et al., 2012). In the study by Nicewicz et al. (2021)
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Fig. 4. Comparison of biomarkers measured in Apis mellifera AChE (A); CaE (B); GST (C); ALP (D); LYS (E); differential haemocytes count (F) and NA assay (G) in
samples from 2020 to 2021. ** indicate statistically significant differences with p < 0.01; * indicates statistically significant differences with p < 0.05.



A. Di Noi et al.

Table 2
Average temperatures (min and max) expressed in °C for June and July 2020 and
2021 for the provinces of the sampling locations.

2020 2021
June July June July
(min- (min- (min- (min-
max) max) max) max)
Siena Rural area 15.2-26.2 18.5-31.6 17.3-29.8 18.8-30.7
province Wheat crop
Urban area I
Pisa Clover field 14.9-25.6 17.6-28.9  15.4-28.2 18.6-30
province Orchard
Wood
Wildflower
field
Arezzo Vineyards 13.6-25.4 16.2-30.3  15.5-30.6 16.9-32.1
province
Table 3

Rainfall expressed in mm for June and July 2020 and 2021 for the provinces of
the sampling locations.

2020 2021
June July June July
Siena province Rural area 57 9 45 22
Wheat crop
Urban area I
Pisa province Clover field 124 4 11 7
Orchard
Wood
Wildflower field
Arezzo province Vineyards 96 9 23 3

bees from an urban rooftop apiary showed higher stress-related re-
sponses in gut and fat body tissues, supporting the hypothesis that col-
onies can be subjected to substantial multipressure that can be present in
urban environments. Similarly, Caliani et al. (2021b) reported that
urban bees exhibited biomarker responses consistent with immunosup-
pression and exposure to lipophilic compounds and metals. In 2021,
although urban area still showed differences in some biomarkers (ALP
and lysozyme) in comparison with other sites, the obtained responses
were lower than in 2020, probably indicating that urban pressure was
lower. In particular, the genotoxic pressure between the two years
decreased, as shown by haemocytes count and NA assay values.
COVID-19 public health restrictions (Summan and Nandi, 2022) dras-
tically cut transport and industrial emissions (Zambrano-Monserrate
et al., 2020), resulting in cleaner air across many urban centers
(Gkatzelis et al., 2021; Kashibadze et al., 2026). PM2.5 declined by
nearly 50%, NO, dropped by one-third, and land surfaces cooled by
more than 5 °C (Gao and Yang, 2026). The COVID-19 lockdown mea-
sures implemented from late 2020 through much of 2021 could explain
the milder biomarker responses and the relative improvement in honey
bee health in 2021.

The agricultural sites (orchard, vineyards, olive grove, clover field,
wheat crop, berries field) in 2020 and 2021 showed variable biomarker
responses, indicating that agricultural land use impose highly site-
specific stress patterns. GST has different roles in the organism,; it has
a detoxification function and also protects from oxidative stress (van
Bladeren, 2000). Several studies reported changes in GST activity after
the exposure to various pesticides, such as imidacloprid (Balieira et al.,
2018; Dussaubat et al., 2016; Li et al., 2017; Paleolog et al., 2020),
acetamiprid (Han et al., 2019), fipronil (Renzi et al., 2016), spinosad
(Carvalho et al., 2013), bromfenvinphos (Strachecka et al., 2016), clo-
thianidin (Abdelkader et al., 2018, 2019; Li et al., 2017; Tavares et al.,
2019; Yanhua Wang et al., 2020; Yao et al., 2018; Zhu et al., 2017),
glyphosate (Almasri et al., 2020), 2,4-Dichlorophenoxyacetic acid (Di
Noi et al., 2024), alachlor (Fellows et al., 2022), azoxystrobin (Caliani
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et al., 2021a), atrazine (Fellows et al., 2022), uniconazole (Chen et al.,
2026). Other stressors, such as pathogens (Jovanovic et al., 2023;
Kunat-Budzynska et al., 2025) and monofloral diet (Brys et al., 2024),
were demonstrated to increase detoxification processes mediated by
GST and CYP450. The elevated GST values found in orchard, vineyard
and berries field compared to the natural areas, in 2020, may indicate
that GST is responding to mitigate the oxidative stress and to detoxify
the organism from harmful stressors. In the same areas, increased ALP
activity was found both in 2020 and 2021 indicating that metabolic
functions were also affected in the sampled animals, compared to nat-
ural areas. ALP activity can be modulated by the presence of different
compounds, like plant protection products alone and in combination
(Murawska et al., 2025). Some pesticides may reduce ALP activity
(Caliani et al., 2021a; Di Noi et al., 2024; Murawska et al., 2025;
Paleolog et al., 2020, 2021; Wilde et al., 2016), while others increase it
(Almasri et al., 2020; Badiou-Bénéteau et al., 2012; Migdal et al., 2022;
Wang et al., 2020a,b). For instance, glyphosate in mixture with acet-
amiprid is able to increase ALP activity, while glyphosate combined with
tebuconazole can decrease it (Murawska et al., 2025). Other environ-
mental pressures can influence ALP activity, such as metals or persistent
lipophilic compounds (Badawy et al., 2015; Badiou-Bénéteau et al.,
2012); pathogens such as Varroa destructor can decrease its activity
(Strachecka et al., 2016), conversely an increase can derive from high
temperatures (Sapcaliu et al., 2010). ALP differences observed in this
work point to possible effects on metabolic processes and physiological
state of insects (Zibaee et al., 2011). While in 2020 no marked differ-
ences were found for AChE activity among the agricultural sites, the
most notable effect in 2021 was the AChE inhibition in bees from clover
field and wheat crop, which points to a neurotoxic burden in these areas
(Boily et al., 2013; Frasco et al., 2005; Lupi et al., 2020). Since AChE is a
sensitive biomarker of neurotoxic exposure, its reduced values in agri-
cultural sites may indicate increased contact with compounds able to
interfere with the neural transmission. Besides cholinesterase-inhibiting
specific compounds such as organophosphate and carbamates (Ayoub
et al., 2024; Colovi¢ et al., 2013; Yao et al., 2018; Zhu et al., 2017),
other classes of pesticides, like insecticides (Almasri et al., 2020; Dorigo
et al.,, 2026; Yufei Wang et al., 2020; Zhu et al., 2017), herbicides
(Almasri et al., 2020; Di Noi et al., 2024) and fungicides (Caliani et al.,
2021a; Cang et al., 2023) were found to affect AChE activity causing its
inhibition. Moreover, the olive grove area in 2020 appeared to be
particularly relevant for DNA alterations, even when compared with the
urban sites, while the strongest genotoxic damages in 2021 were
observed in clover field, vineyards and orchard. In both years, agricul-
tural areas with higher NA values also showed an increase in GST ac-
tivity. Chemicals such as pesticides, metals and PAHs are able to cause
oxidative stress due to the presence of Reactive Oxygen Species (ROS)
(Chakrabarti et al., 2020; Olgun et al., 2020). ROS are able to attack
DNA and produce various DNA lesions such as oxidized DNA bases,
abasic regions, and DNA strand breaks, leading to genomic instability
(Colovié¢ et al., 2013; Olgun et al., 2020). Therefore, the simultaneous
increase in both GST activity and NA assay values led to the hypothesis
that bees were subjected to oxidative stress, which can result in DNA
damage, consistently caused by cumulative effects due to repeated
agricultural treatments.

The inter-annual comparison for the agricultural areas showed a
general weakening of the organisms in 2021, as highlighted by the
response of nervous, detoxification and immune systems and by the
presence of DNA alterations. Environmental stress, due to pesticides and
other contaminants, pathogens, malnutrition and temperatures can
impair detoxification functions and immune and metabolic systems (Al
Naggar et al., 2026). Pesticides are able to compromise the health status
of organisms causing not only neurotoxicity and oxidative stress, but
also impairing the microbial community in bees and reducing immunity
abilities (Al Naggar et al., 2026; Daisley et al., 2020). Even other con-
taminants, including heavy metals, may affect bees immunity and
metabolism (Rothman et al., 2019), thus making them more susceptible
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environmental conditions. Pathogens can seriously arm honey bees
health not only by enhancing the immune response but also causing an
impairment in nutrient assimilation with a consequent general weak-
ening (Al Naggar and Baer, 2019; Mahmoud et al., 2024; Paris et al.,
2018). Environmental factors such as temperature, relative humidity,
precipitation, wind speed, photoperiod, solar radiation and clouds are
demonstrated to have a severe impact on honey bees (Zapata-Hernandez
et al., 2024). Temperature increase beyond bees' optimal 20-30 °C
foraging range, make bees more vulnerable, impacting their gut
microbiome and infection severity (Palmer-Young et al., 2018, 2019),
food reserves (Gajardo-Rojas et al., 2022), plant-pollinator interaction
(Maluf et al., 2022), survival (Aldea-Sanchez et al., 2021), thermal
biology (Lima et al., 2019) and productivity (Vincze et al., 2025). A
decrease in rainfall can affect the behaviour (Gordo et al., 2010), reduce
honey production and plant-pollinator interactions (Gounari et al.,
2022; Maluf et al., 2022). Additionally, the propagation of pests and
diseases can be influenced by lower precipitations (Giliba et al., 2020;
Hosni et al., 2022). We can hypothesize that the observed differences in
analytical responses between 2020 and 2021 may partly derive from
varying climatic conditions, particularly rainfall patterns and June
temperatures, which were slightly higher in 2021 despite markedly
lower precipitation compared to 2020. The review by Zapata-Hernandez
et al. (2024) observed that 45% of the analysed papers highlight that
temperature increase could exert negative effects in A. mellifera. Water
scarcity and elevated temperatures in 2021 likely stressed colonies,
impairing foraging efficiency and triggering the observed biochemical
and cellular alterations. Some studies have also demonstrated that
temperature fluctuations could impair the gut microbiome composition
by facilitating the vulnerability of bees to parasites (Palmer-Young et al.,
2018, 2019). Our results let us hypothesize that bees were undergoing
major stress during 2021, with an impairment of physiological param-
eters leading to higher vulnerability to different stressors. The analysis
performed in this study do not give a certain cause-effect reason to the
observed alterations, since no pesticides residues and pathogens were
analysed; however, the interaction of the above-mentioned kind of
stressors can be pictured as a reasonable explanation for the resulted
differences in bees health status.

5. Conclusion

Our monitoring study, which was based on a wide set of biomarkers,
proved to be an effective tool for detecting sublethal effects of envi-
ronmental stressors before colony-level damage becomes visible, sup-
porting its utility for ecotoxicological risk assessment on Apis mellifera.
This two-year field approach demonstrated that honey bees from
anthropized environments exhibit clear signs of physiological distur-
bance, while bees from areas with a high degree of naturality show
comparatively lower stress levels. The inter-annual comparison also
highlighted that honey bee toxicological health can be influenced not
just by a single pressure, but by multiple stressors, including rising
temperatures, rainfall, and chemical compounds, underscoring the value
of multi-year monitoring to effectively evaluate their ecotoxicological
status. Finally, the study revealed a negative impact of diverse stressors
on A. mellifera, and emphasized the urgent need to integrate biomarker
analyses with pesticide residue monitoring and microbiome assessments
to establish definitive cause-effect relationships and develop more
comprehensive ecotoxicological risk assessment frameworks for polli-
nator conservation.
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