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Abstract
Understanding the effects of environmental contaminants on honeybees is essential to minimize their impacts on these important
pollinating insects. The aim of this study was to assess the ecotoxicological status of honeybees in environments undergoing
different anthropic pressure: a wood (reference site), an orchard, an agricultural area, and an urban site, using a multi-biomarker
approach. To synthetically represent the ecotoxicological status of the honeybees, the responses of the single biomarkers were
integrated by the Integrated Biological Response (IBRv2) index. Overall, the strongest alteration of the ecotoxicological status
(IBRv2 = 7.52) was detected in the bees from the orchard due to the alteration of metabolic and genotoxicity biomarkers indicating
the presence of pesticides, metals, and lipophilic compounds. Honeybees from the cultivated area (IBRv2 = 7.18) revealed an
alteration especially in neurotoxicity, metabolic, and genotoxicity biomarkers probably related to the presence of pesticides,
especially fungicides. Finally, in the urban area (IBRv2 = 6.60), the biomarker results (GST, lysozyme, and hemocytes) indicated
immunosuppression in the honeybees and the effects of the presence of lipophilic compounds and metals in the environment.
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Introduction

The honeybee, Apis mellifera L. (Hymenoptera Apidae), is an
important pollinator of wild plant species and agricultural
crops (Bogdanov et al. 2008; Kurek-Górecka et al. 2020;
Simone-Finstrom and Spivak 2010; Thorp 2000). High rates
of bees decline have been recorded in the USA (Lee et al.
2015; Kulhanek et al. 2017) and Europe (Brodschneider
et al. 2018; Potts et al. 2010), and this threat has led to

concerns about sustainable food supply and natural ecosys-
tems health (Cullen et al. 2019). Several authors reported that
parasites and diseases, habitat loss, beekeeper management
issues, food scarcity, climate change, and contaminant expo-
sure are responsible for the honeybees’ decline (Fairbrother
et al. 2014; Goulson et al. 2015; Neumann and Carreck 2010;
vanEngelsdorp and Meixner 2010; Williams et al. 2010).
Besides, honeybees are exposed to plant protection products
(PPPs) such as herbicides, insecticides, fungicides applied to
crops (Niell et al. 2017; Porrini et al. 2003), or insecticides
used in beekeeping for pest control, mostly against Varroa
destructor (acaricides) (Calatayud-Vernich et al. 2018; Conti
et al. 2020; Mullin et al. 2010). In addition, honeybees can
also be in contact with other contaminants present in urban
environments, such as PAHs and heavy metals (Caliani et al.
2021; Perugini et al. 2011).

Contaminants reach honeybees during foraging flights, by
air flux, and chemical application to the hive (Krupke et al.
2012; Porrini et al. 2003). Inside the hive, contaminants are
exchanged among the in-hive bees (DeGrandi-Hoffman and
Hagler 2000) so that, within a few hours, the colony is ex-
posed to a cocktail of contaminants (Traynor et al. 2016) that
affect not only the individuals but also the colony viability
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(Calatayud-Vernich et al. 2019). Besides the acute toxic effect
of pollutants, the assessment of the sublethal effects of hon-
eybees is important to determine the risks due to environmen-
tal pollutants and to minimize their impacts on nontarget pol-
linating insects.

Biomarkers are a powerful tool very useful to evaluate
sublethal effects that occur before irreversible damages to or-
ganisms and colonies. In fact, alterations at lower biological
levels can be important early warning signals to prevent mac-
roscopic effects at the ecological level. Biomarkers are also
ideal tools to investigate the effects of mixtures of contami-
nants. However, up to now, biomarkers have been mostly
evaluated in laboratory studies (Badawy et al. 2015; Badiou
et al. 2008; Badiou-Bénéteau et al. 2012; Boily et al. 2013;
Caliani et al. 2021; Carvalho et al. 2013; Roat et al. 2017),
while few authors used this approach in field studies (Badiou-
Bénéteau et al. 2013; Boily et al. 2013; Lupi et al. 2020;
Wegener et al. 2016).

Considering the difficulties in analyzing and integrating
biomarker responses (Sanchez et al. 2012), an index called
Integrated Biological Response (IBRv2), which is based on
biomarker deviation from a reference site, has been developed
to summarize the biomarker responses (Sanchez et al. 2013).
This kind of index is used to quantify the combination of
biological effects measured by several biomarkers and to
show to which extent each biomarker contributes to the final
IBRv2 score (Arrighetti et al. 2019).

Recently, we used the IBRv2 to describe the ecotoxicolog-
ical status of honeybees assessed by a multi-biomarker ap-
proach in the laboratory (Caliani et al. 2021). The present
study is aimed to assess the ecotoxicological status of the
foraging honeybees in the field by the use of the IBRv2. To
do that, foraging honeybees were sampled from hives located
in sites undergoing different anthropic pressure, and a wide
bat te ry of b iochemica l and ce l lu la r b iomarkers
(acetylcholinesterase, carboxylesterase, glutathione S-
transferase, alkaline phosphatase, lysozyme, hemocytes
count, and nuclear abnormalities assay) was assessed to eval-
uate the potential sublethal effects of multiple contaminants
on honeybees.

Materials and methods

Sampling sites

Honeybee foragers were sampled from four different areas
with different levels of anthropization: an urban site, a culti-
vated area, an orchard, and a wooded environment.

The beehives used as control were placed in Le Castelline
(43.64525 N of latitude, 10.67579 E longitude, and an altitude
of 34 m above sea level), a wood area near Pontedera (Pisa,
Italy), far from direct sources of urban or intensive agriculture

contamination. The urban area (43.29 851 N of latitude,
11.33293 E of longitude, and an altitude of 236 m above sea
level) was located 1 km from the center of the city of Siena
(Italy) in an anthropized area. In this site, the beehives were
positioned just below a beltway. The other beehives were
located in an orchard of the Agricultural Faculty of the
University of Pisa, at Colignola (Pisa, Italy; 43.72879 N of
latitude, 10.46283 E of longitude, and an altitude of 4 m above
sea level). The orchard is 3 km far from the Pisa center, and it
is characterized by a cultivar collection of different fruiting
crops (apple, plum, peach, and grapes) used for experimental
and teaching activity and productive purposes. The cultivated
area is located near Monteriggioni (Siena, Italy; 43.38740 N
of latitude, 11.23109 E of longitude, and an altitude of 252 m
above sea level), 10 km from Siena in a land with different
crops: cereals, vineyards, olive groves, and vegetables.

Honeybees

We choose to collect foragers because they represent the in-
dividuals primarily exposed in a colony. Sampling was carried
out in the summer with the help of beekeepers. About 50
honeybees were randomly collected from three beehives from
each sampling site.

Sample preparation

The honeybees were anesthetized in the laboratory in ice
(4°C) for 30 min before being handled. When asleep, the back
of the thorax was incised with a scalpel and the hemolymph
was collected with a micropipette and used for the hemocytes
differential count and nuclear abnormalities (NA) assay. The
midgut and the head were immediately frozen and stored at
−80°C and then used for the enzymatic biomarkers’ analysis.
The head was used to evaluate esterase activity (acetylcholin-
esterase [AChE] and carboxylesterase [CaE]) whereas gluta-
thione S-transferase (GST), alkaline phosphatase (ALP), and
lysozyme (LYS) were evaluated on midgut extract. For the
preparation of each extract, tissue samples from 5 specimens
were pooled and supernatants obtained according to Caliani
et al. (2021).

Enzyme assays

Acetylcholinesterase (AChE) activity was measured at
412 nm according to the technique described by Ellman
et al. (1961) with modifications from Caliani et al. (2021).
The carboxylesterase (CaE) enzyme was quantified at
538 nm according to Caliani et al. (2021). GST activity was
measured at 340 nm in a medium containing 30-µL extract,
8 mM GSH (reduced glutathione), 8 mM 1-chloro-2,4-dini-
trobenzene as the substrate, and 100 mM sodium phosphate
pH 7.4. ALP was monitored at 405 nm in a medium
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containing 100 mMMgCl2, 100 mM p-nitrophenyl phosphate
as the substrate, and 100 mM Tris–HCl pH 8.5 (Bounias et al.
1996). AChE, CaE, GST, and ALP activities were quantified
spectrophotometrically with a Cary UV 60 Agilent spectro-
photometer. LYS activity was measured using a turbidity test
according to Caliani et al. (2021), and the absorbance was
monitored at 450 nm with a Microplate Reader (Model 550,
Bio-Rad). Protein concentrations were estimated using the
method described by Bradford (1976), with bovine serum
albumin as the standard.

NA assay and hemocytes count

For NA assay, hemolymph from two bees was placed
on poly-L-lysine-coated microscope slides and stained
with Diff–Quick stain. The NA assay was carried out
following the procedure according to Pacheco and
Santos (1997) with some modifications. A thousand
cells were counted using an immersion light micro-
scope, and different categories of abnormalities
(micronuclei, lobed nuclei, segmented, nuclei and
kidney-shaped nuclei, apoptotic cells) were attributed
(Caliani et al. 2021). Granulocyte and plasmatocytes
count were performed following Şapcaliu et al. (2009).

Statistical analysis

Statistical analysis was carried out with STATA 14 soft-
ware (StataCorp, 2015). As we considered different bio-
markers, the data were first analyzed by comparing the
median of the four experimental sites (wood, orchard,
cultivated area, and urban area) for each of them. We
used both boxplots to explore graphically differences
and nonparametric tests. In particular, the significance
of the difference between median values was calculated
using the Kruskal–Wallis (KW) test and then multiple
pairwise comparison tests using the Holm–Sidák adjust-
ment (Sprent and Smeeton, 2016) were performed.
Spearman’s rank correlation coefficient was employed
to explore the relationship between pairs of biomarkers.
The Integrated Biological Response (IBRv2) index
(Sanchez et al. 2013) was employed to quantify in a
single value the overall degree of contamination of the
three experimental sites. The higher the IBRv2 value is,
the higher the contamination was.

The detailed procedure to compute IBRv2 is summarized
in Caliani et al. (2021) where the same approach was previ-
ously used. Spider graphs were used to present the results. The
spokes of each spider graph display the value assumed by
each biomarker computed as deviation index with respect to
its value in the wood.

Results

Foraging honeybees (n = 203), collected from four sites with
different anthropic pressure, were analyzed using a set of bio-
markers: acetylcholinesterase (AChE), carboxylesterase
(CaE), glutathione S-transferase (GST), alkaline phosphatase
(ALP), lysozyme (LYS), hemocytes count, and nuclear abnor-
malities (NA) assay. Boxplots of the data are displayed in Fig.
1. Kruskall–Wallis (KW) test highlighted a significant differ-
ence between experimental sites, and the results of multiple
pairwise comparison tests are reported in Table 1.

Data presented in Fig. 1a shows that AChE activity is clear-
ly inhibited in the cultivated area (34% compared to the wood
area), with statistically significant differences with respect to
all other investigated areas (Table 1). The neural CaE activity
(Fig. 1b) increased in all sites with respect to wood, although
only the orchard site showed significant statistical induction

Table 1 p values of the multiple pairwise comparison tests of the six
biomarkers

Cultivated Urban Wood

AChE

Orchard < 0.01 n.s. n.s.

Urban < 0.01 n.s. n.s.

Wood < 0.01 n.s.

CaE

Orchard 0.051 < 0.05 < 0.01

Urban n.s. n.s. n.s.

Wood n.s. n.s. n.s.

GST

Orchard < 0.05 < 0.01 < 0.01

Urban < 0.01 n.s. n.s.

Wood n.s. < 0.01 n.s.

ALP

Orchard < 0.01 n.s. < 0.01

Urban < 0.01 n.s. n.s.

Wood < 0.01 0.058 n.s.

LYS

Orchard n.s. < 0.01 < 0.05

Urban < 0.05 n.s. n.s.

Wood n.s. n.s. n.s.

NA

Orchard n.s. < 0.01 < 0.01

Urban < 0.01 n.s. n.s.

Wood < 0.01 n.s. n.s.

PLASM

Orchard < 0.05 < 0.01 n.s.

Urban n.s. n.s. < 0.01

Wood n.s. n.s. n.s.

Note: n.s. means no significant differences
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with respect to wood and urban areas (Table 1). Midgut GST
activities (Fig. 1c) were also induced in cultivated and
urban areas whereas the orchard appeared statistically
inhibited compared to wood and urban areas (Table 1).

The ALP activity (Fig. 1d) in midgut did not differ
between wood and urban areas, while a strong and sta-
tistically significant induction was found in the orchard
and cultivated areas (Table 1).

Fig. 1 Boxplots of the six biomarkers (activity of acetylcholinesterase,
AChE (a); carboxylesterase, CaE (b); glutathione S-transferase, GST (c);
alkaline phosphatase, ALP (d); lysozyme, LYS (e); and nuclear

abnormalities (NA) assay (f) measured in the forager honeybees, Apis
mellifera) by the four experimental sites (wood, orchard, cultivated and
urban areas)
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Compared to the control site, lysozyme activity (Fig. 1e)
showed similar values in the orchard and cultivated areas and
was overactivated in urban areas with values reaching up to
53.39 μg hel ml−1.

The hemocyte count showed a decrease of plasmatocytes
(PLASM) in the specimens collected in the urban area with
statistical differences compared to wood and orchard
(Table 1).

Higher values of total nuclear abnormalities (Fig. 1f) were
detected in the orchard and cultivated areas with respect to the
wood area with a statistical difference (Table 1). Lobed and
apoptotic cells were the predominant abnormalities observed
in the orchard, with lobed cells showing statistical differences
compared to control and urban areas.

Table 2 shows the estimated values of the Spearman’s rank
correlation between each couple of biomarkers. This indicator
summarizes the strength of association between two variables
in a single value between −1 (negative correlation) and +1
(positive correlation). Accordingly, the estimated values sug-
gest a strong positive significant correlation (p < 0.01) be-
tween LYS andGST and strong negative correlations between
LYS and PLASM and LYS and NA (p < 0.01).

The results of the Integrated Biological Response (IBRv2)
in each area are shown in Fig. 2.

The orchard showed the highest IBRv2 value (7.52), where
NA and CaE and ALP values were the most discriminant
factors. The cultivated area showed almost the same IBRv2
value (7.18) of the orchard, and NA, AChE, and ALP values
were the most relevant responses that explain the IBRv2 indi-
cator. The urban area showed the lowest IBRv2 values (6.60),
and the most relevant responses were the LYS, GST, and
PLASM.

Discussion

The combined effects of multiple stressors, rather than a single
stress factor, are able to cause adverse effects to and also the
death of bee colonies (EFSA 2014; Goulson et al. 2015; Potts
et al. 2010). Bees can be exposed to a variety of chemicals of

anthropogenic (e.g., PPPs or veterinary drugs) and natural
origins (e.g., mycotoxins, flavonoids, plant toxins)
(Carnesecchi et al. 2019). The use of a wide battery of bio-
markers ensures an accurate diagnosis of exposure and the
effects of environmental contaminants, especially when there
is a need to monitor different classes of contaminants or mix-
tures (Roméo et al. 2003). In this study, the responses of
selected biomarkers (AChE, CaE, GST, ALP, lysozyme, he-
mocytes count, and NA assay) were integrated by the IBRv2
index in order to evaluate the impact of environmental pollut-
ants on honeybees and their ecotoxicological status. To the
best of our knowledge, this is the first study that evaluates
the impact of pollutants from different areas on A. mellifera
by an IBR index.

Overall, in the specimens from the cultivated area, we ob-
served a strong inhibition of AChE, an increase in ALP and
GST activities and NA frequency, and a reduction in
plasmatocytes. AChE is a biomarker of neurotoxicity
(Bandyopadhyay, 1982; Frasco et al. 2005), and a significant
reduction in AChE activity has been demonstrated in several
studies to be related to the exposure to neurotoxic compounds,
such as insecticides and fungicides (Badiou et al. 2008;
Badiou-Bénéteau, 2013; Fulton and Key 2001; Lupi et al.
2020; Rabea et al. 2010). The reduced AChE activity found
in honeybees from the cultivated site suggests the presence of
neurotoxic compounds, while no neural inhibition was found
in the other sites. An alteration in neural functions due to
pesticides can cause a decrease in foraging activity (Prado
et al. 2019) and the general fitness of organisms (Tomé et al.
2020); moreover, pesticides can impair honeybees’ learning
and memory, resulting in cognitive disorder that may affect
also their dancing communication (Zhang et al. 2020). In this
study, we found a significant negative correlation (−0.369, p <
0.01) between AChE and ALP, an enzyme involved in ad-
sorption and transport mechanisms (Moss 1992). In particular,
in the cultivated area, together with the highest values of ALP
activity, we also observed the strongest AChE inhibition. In
line with our results, Badiou-Bénéteau et al. (2013) found
higher levels of ALP activity and AChE inhibition in a
weakly anthropized site in comparison to the control site.

Table 2 Estimated Spearman’s rank correlations between each couple of biomarkers analyzed in honeybees from four different areas.

NA AChE GST ALP LYS CaE PLASM

NA 1.000

AChE −0.345** 1.000

GST −0.339** 0.107 1.000

ALP 0.562** −0.369** −0.150 1.000

LYS −0.763** 0.204 0.711** −0.265 1.000

CaE 0.336** 0.198* −0.247 −0.089 −0.082 1.000

PLASM 0.042 0.043 −0.475** 0.428* −0.793** 0.271* 1.000

Statistically significant correlations are indicated with *p < 0.05 and **p < 0.01.
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Our ALP data are twice higher than the values reported by
Caliani et al. (2021) for honeybees exposed to Amistar® Xtra
at recommended field usage concentration. This confirms the
validity of ALP as a biomarker of honeybees’ exposure to
pesticides. Similarly, to ALP activity, NA assay values were
found to increase in this area in comparison with the wood
area, highlighting genotoxic effects in the specimens ana-
lyzed. However, these frequencies were lower (11.07‰) than
those measured in our previous work (44.60‰) (Caliani et al.
2021). In the cultivated area, we also observed an increase in
GST activity. In general, the induction of GST, an enzyme
involved in a bee’s cellular defense processes, reflects expo-
sure to xenobiotics including PPPs. In fact, our findings are in
agreement with a previous work where we found that bees
exposed in the laboratory to 200 mg/L of Amistar® Xtra, a
commercial fungicide composed of azoxystrobin and
ciproconazole, induced GST activity (Caliani et al. 2021).
Johansen et al. (2007) also observed that 10 mg/L of the fun-
gicide fenpropimorph increased the GST activity inMamestra
brassicae, and Han et al. (2014) highlighted an increase in the
GST activity in the earthworm Eisenia fetida (Savigny, 1826)
exposed to azoxystrobin. As already underlined, one of the
principal stressors that damage the honeybee’s colonies is
pesticides (Desneux et al. 2007; Tosi et al. 2018). Moreover,
more than one pesticide is often used by farmers over a grow-
ing season. The chronic exposure to pesticides alone or in
combination represents a threat for the honeybee populations
(Calatayud-Vernich et al. 2016; Gill et al. 2012; Johnson et al.
2013; Tosi et al. 2018; Zhu et al. 2014), altering their physi-
ology through metabolism, immunity, the nervous system,
detoxification, and antioxidant defenses (Almasri et al.
2020). Pesticides can reach the hive by contaminated pollen
collected by foraging honeybees. During the first days of adult
life, the stored pollen is largely used as food; in this way, the
colony is chronically exposed to multiple pesticides (Prado
et al. 2019). Among pesticides, insecticides (organophos-
phates, carbamates, pyrethroids, and neonicotinoids) are the
most studied for their effects on honeybees (Chalvet-Monfray
et al. 1996; Imran et al. 2019; Ma et al. 2019; Williamson and
Wright 2013; Wright et al. 2015). Some studies showed that
herbicides and fungicides also can affect honeybees’ health
status (Balbuena et al. 2015; Decourtye et al. 2005; Devillers
2002; Herbert et al. 2014; Ladurner et al. 2005). Prado et al.
(2019) reported that fungicides were the predominant com-
pounds affecting the bee’s energetic metabolism and flight
activity, finding them in 60% of the colonies sampled within
apiaries. This could support the hypothesis that fungicides,
widely used in crops cultivated with cereals, might have a role
in the effects observed in this work in the honeybees sampled
in the cultivated site.

In the orchard site, CaE activity was significantly induced
(19%), while no evidence of AChE inhibition was found.Fig. 2 Spider graphs of the Integrated Biological Response (IBRv2)
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CaEs are hydrolases catalyzing the reactions of aliphatic/
aromatic esters of a wide range of xenobiotics (Dauterman,
1985). CaE induction after honeybees’ exposure to several
pesticides has been described in several works (Badiou-
Bénéteau et al. 2012; Carvalho et al. 2013; Hashimoto et al.,
2003; Roat et al. 2017). CaE enzymes are considered to have a
double role; in fact, they may be both considered as phase I
detoxifying enzymes and also as suicide enzymes that inacti-
vate organophosphate and carbamate insecticides (Dary et al.
1990; Gunning et al. 1997; Stone et al. 2002; Yu et al. 1984).
Based on our results, in the orchard, CaE activity probably
plays a detoxifying role instead of inactivating neurotoxic
compounds. In the orchard site, due to the presence of fruit
trees and the consequent large use of PPPs, we expected an
induction in GST activities (Caliani et al. 2021; Carvalho et al.
2013); on the contrary, our data showed a decrease in GST
activity. Other authors report that GST activity is modulated
by insecticides that cause a decrease in its activity (Badiou-
Bénéteau et al. 2012; Lupi et al. 2020; Yao et al. 2018). As
demonstrated by Deviller et al. (2005), GST is characterized
by a greater biological variability than ALP and AChE. In
fact, metabolic biomarkers, being directly involved in detox-
ification processes, are more variable with respect to neural
biomarkers since organisms are often exposed to various pol-
lutants. In addition, our results showed a high frequency of
nuclear abnormalities, including a 10‰ MN frequency com-
pared to 0‰ MN frequency found in the other sites. These
effects could also be due to the presence of lipophilic com-
pounds that are able to inhibit GST activity and at the same
time cause genotoxic effects. In agreement with our results,
previous studies reported that metals are able to induce the
ALP activity (Badiou-Bénéteau et al. 2012; Bounias et al.
1996; Caliani et al. 2021). In summary, the sublethal effects
observed in the orchard might be due not only to the presence
of pesticides but also to metals or lipophilic compounds po-
tentially present in this site located in the suburban area.

The presence of vehicular traffic, the high population density,
and a low presence of crops are the main characteristics of the
urban environments. For this reason, a high level of hydrocar-
bons and metals emitted from fossil fuel combustion of motor
vehicles and domestic heating systems are the main causes of
pollution in urban environments (Saeedi et al. 2012) and could
influence the health of the beehives inhabiting these areas.
Exposure to heavy metals, PAHs, and PCBs leads to GST ac-
tivity induction (Garner and Di Giulio 2012; Papadopoulos et al.
2004; Yu et al. 2012). The strong induction in GST activity
(124%) observed in the urban area in this study could confirm
the presence of lipophilic compounds and/or heavy metals.
Lysozyme and hemocytes are major elements of the honeybees’
immune system responses; in particular, they are involved in the
degradation of the bacterial cell and phagocytic activity, respec-
tively (Amdam et al. 2005; Lazarov et al. 2016). In this work, the

specimens from the urban area showed an increase in lysozyme
activity and granulocyte number and a simultaneous decrease in
plasmatocytes count (ρ = −0.793; p < 0.01); these data could
highlight an alteration of immune system function and conse-
quently a loss of immune efficiency. To the best of our knowl-
edge, few papers evaluated immune system alterations related to
contamination in honeybees. As reported in a recent review by
Di Noi et al. (2021), insecticides are able to affect the immune
system by altering the expression of different related genes
(Abbo et al. 2017; Christen et al. 2019; Morimoto et al. 2011;
Tesovnik et al. 2017; Zhu et al. 2020), hemocytes density, and
antimicrobial activity (Brandt et al. 2016). However, as shown in
studies performed on different taxa (Mdaini et al. 2019;Wu et al.
2007), chemical compounds and heavy metals could modify
bees’ immune system response. The suppression of the immune
system in the honeybee may lead to a decrease of the individual
performance to population dynamic disorders of the colony
(Colin et al. 2004). Overall, the biomarker (GST, lysozyme,
and hemocytes) results confirm the presence of contamination
characterized by the presence of lipophilic compounds and
metals which cause immunosuppression in the honeybees.

The IBR is a useful tool to analyze the effects of environ-
mental pollutants and to determine their impact on organisms
(Cao et al. 2019; Liu et al. 2016; Matić et al. 2020). In our
study, the orchard showed a higher IBRv2 score among the
study areas. The high IBRv2 score obtained for the orchard
site indicates a poor honeybees’ ecotoxicological status. In
this site, the index was found mainly influenced by CaE ac-
tivity and NA assay that might indicate the simultaneous pres-
ence of contaminants that alter metabolic biomarkers and
cause genotoxic effects. The cultivated area showed a quite
similar IBRv2 score to the orchards one. However, the index
was mainly influenced by different biomarkers, such as
AChE, ALP, and NA, that could indicate the presence of
PPPs, especially fungicides. The urban area showed a lower
IBRv2 score among the study sites. In this case, the IBRv2
score was mainly influenced by GST and LYS activities and
by lower plasmatocyte counts. These results might indicate
the presence of metals, and lipophilic compounds that are also
able to cause immunosuppression in honeybees.

Conclusions

The widespread decline of honeybees raises concerns about
the sustainability of the ecosystem services they provide, in-
cluding crop pollination and consequently human food sup-
ply. To prevent the loss of these important pollinators, the
health status of honeybee populations should be assessed be-
fore clear signs of distress appear and colony populations col-
lapse. Environmental contaminants and other factors as well
as viruses, parasites, pathogens, and lack of genetic diversity
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might interact and produce synergistic effects on the declining
of honeybee populations. For these reasons, as pointed out by
the European Food Safety Authority (EFSA), solutions to
honeybee decline should implement a holistic risk assessment
method (EFSA AHAW 2016; EFSA 2017; Rortais et al.
2017). The ecotoxicological status of forage honeybees sam-
pled in the four areas was assessed by the IBRv2 index. This
monitoring approach applied in our study proved to be a pow-
erful and sensitive tool to investigate the sublethal effects of
multiple chemicals of anthropogenic and natural origin.
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