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Abstract  Cover crops are now mandatory in areas 
at risk of nitrogen leaching into groundwater. Many 
late-flowering entomophilous species used in these 
cover crops provide critical floral resources (pollen 
and nectar) for pollinators in early autumn. However, 
pesticide residues such as neonicotinoids can trans-
fer to cover plants and their floral resources, posing 
a potential threat to pollinators. We investigated the 
transfer of clothianidin, a neonicotinoid insecticide, 
from soil to plants and floral resources in three com-
mon cover species (phacelia, white mustard, and 
faba bean). The study was conducted both in fields 
conditions (three years after clothianidin treatment 
on sugar beet) and under controlled growth chamber 
conditions (74  days post-treatment). We analysed 

clothianidin concentrations in soils, vegetative parts 
(stems and leaves), flowers, pollen, and fruits. Our 
results demonstrated that clothianidin persisted across 
the soil–plant–floral resource continuum in both field 
(soil concentration of 2.79 ng g−1) and growth cham-
ber (soil concentrations of 34.4–106 ng  g−1) experi-
ments. Clothianidin residues accumulated in floral 
resources (ranging from 0.55 to 66.0 ng g−1 in pollen) 
posed a potential risk to pollinators through pollen 
consumption exposure (hazard quotient close to 1), 
and an even greater risk through soil contact exposure 
(hazard quotient > 1, reaching up to several hundred). 
These findings highlight that neonicotinoid residues 
in soil, and to a lesser extent in cover crop pollen, 
may threaten pollinator health.
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Introduction

The European Union (EU) is the world’s leading pro-
ducer of beet sugar, accounting for approximately 
50% of the global production, including 4.55  mega-
tonnes annually in Belgium (FAO, 2022; Statista, 
2022). Like other intensively cultivated crops, sugar 
beet is vulnerable to pests and pathogens. Among 
the most damaging diseases, the beet yellows virus, 
transmitted by aphids, has particularly severe effects 
on yield (Dewar & Qi, 2021; Francis et  al., 2022; 
Hossain et  al., 2021). Prophylactic control typically 
involves insecticidal seed treatments, particularly 
neonicotinoids (Hauer et  al., 2017; Jeschke et  al., 
2011). Clothianidin, introduced in 2001 and one of 
the breakdown products of thiamethoxam, has been 
widely used due to its efficacy against a broad spec-
trum of insect pests (Jiang et al., 2018).

However, neonicotinoid residues have been 
detected in 7% of European agricultural soils at con-
centrations ranging from < 1 to 60 ng g−1 (Silva et al., 
2019). Their presence depends on their soil half-
lives spanning from 191 days for imidacloprid to 545 
days for clothianidin (Alsafran et  al., 2022; Lewis 
et  al., 2016). The high water solubility of neonico-
tinoids facilitates root uptake and systemic distribu-
tion throughout plant tissues (Bredeson & Lundgren, 
2018; Zhang et al., 2023). Consequently, these com-
pounds have been detected in various plant species 
and their floral resources (nectar and pollen), both in 
treated crops and wild plants near treated fields, indi-
cating potential transfer to untreated plants (Botías 
et al., 2016; Krupke et al., 2012; Viric Gasparic et al., 
2020; Zhang et  al., 2023; Zioga et  al., 2020). Such 
contamination exposes beneficial non-target organ-
isms, with documented direct impacts of neonicoti-
noids on both invertebrates and vertebrates in terres-
trial and aquatic ecosystems (Klatt et al., 2023; Willis 
Chan & Raine, 2021; Willis Chan et al., 2019), threat-
ening both biodiversity and associated ecosystem ser-
vices (Humann-Guilleminot et al., 2019). In response, 
the EU restricted the use of three neonicotinoids—
clothianidin, imidacloprid, and thiamethoxam—as 
seed coatings starting December 1, 2013, with further 
restrictions in 2018 (CE 1107/2009/EU 2018/784). 

However, derogations have permitted limited use for 
sugar beet seed coatings in Belgium (2019–2022) 
and France (2020–2023), accompanied by a five-year 
restriction on cultivating pollinator-attracting species 
after sugar beet production (European Commission, 
2021, 2018).

Nevertheless, pollinator-attracting species are still 
promoted as cover crops—plants sown on arable land 
to manage erosion, soil fertility, weeds, pests, etc.—
between harvest and sowing periods. In Belgium, for 
example, the typical crop succession after sugar beet 
cultivation is winter wheat, generally followed by a 
cover crop. These cover crops often include highly 
attractive entomophilous species, such as white mus-
tard (Sinapis alba), phacelia (Phacelia tanacetifolia), 
faba bean (Vicia faba), radish (Raphanus sativus), 
and sunflower (Helianthus annuus; Mallinger et  al., 
2019; Ouvrard et al., 2018). While these mass-flow-
ering cover crops provide valuable food resources 
for pollinators, they may also act as ecological traps 
if foraging insects are exposed to harmful pesticides 
like neonicotinoids. Detrimental effects of neonicoti-
noid seed treatments on pollinators have been well-
documented (e.g., Boyle et al., 2019; Pisa et al., 2021; 
Willis Chan & Raine, 2021; Zioga et al., 2020).

Dietary exposure through contaminated pollen and 
nectar is considered a major exposure route, posing 
significant risks to pollinators (Bireley et  al., 2019; 
Zioga et  al., 2020). In temperate regions, bees—
including honeybees and wild bees—are the primary 
pollinators of both crops and wild species (Ollerton 
et  al., 2011). Neonicotinoids negatively impact bee 
health by altering both individuals and colonies, 
leading to reduced lifespans or indirect mortality 
depending on the exposure duration and consump-
tion mode (Di Prisco et  al., 2013; Douglas et  al., 
2015; Simon-Delso et  al., 2015; Singla et  al., 2021; 
Wintermantel et  al., 2018). Ground-nesting solitary 
bees face an additional exposure route when excavat-
ing soil to build their nests (Willis Chan et al., 2019). 
The acute toxicity of neonicotinoids on pollinators is 
measured using the lethal dose for 50% of the popu-
lation (LD50), while chronic toxicity over 10 days is 
assessed via the median lethal dietary dose (LDD50; 
EFSA, 2018; OECD, 2017; Phytoweb, 2021).

In this study, we quantified clothianidin concen-
trations in soils, vegetative parts (stems and leaves), 
flowers, pollen floral resources, and fruits of three key 
entomophilous cover crops (phacelia, white mustard, 
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and faba bean) under the field and growth chamber 
conditions. Our research addressed two questions: (i) 
Do clothianidin residues persist in soils and accumu-
late along the soil − plant − pollen continuum in these 
cover crop species? (ii) Do clothianidin concentra-
tions found in pollen pose a potential toxic risk to 
honeybees and solitary bees compared to exposure 
through soil contact?

Materials and methods

Plant material

Three species were considered in this study accord-
ing to their frequent use as cover crops and high 
attractiveness and visitation rates to bee pollina-
tors (e.g., Apis mellifera, Bombus spp., species from 
Andrenidae, Anthophoridae, and Halictidae families): 
phacelia, white mustard, and faba bean (Marzin-
zig et al., 2018; Nuessly et al., 2004; Ouvrard et al., 
2018; Petanidou, 2003). Phacelia (Phacelia tanaceti-
folia, Boraginaceae) produces up to 5000 flower per 
plant, offering abundant nectar and pollen resources: 
each flower provides an average of 0.56 mg of pollen 
(Kumova & Korkmaz, 2013). White mustard (Sinapis 
alba, Brassicaceae) presents 300–600 flowers per 
plant, with pollen production ranging from 0.12 to 
1.2 mg per flower, depending on cultivar, season, and 
environmental conditions (Masierowska & Piętka, 
2014; Ouvrard et  al., 2018). Faba bean (Vicia faba, 
Fabaceae) produces 50–80 flowers per plant, yielding 
0.1 to 1.0 mg of pollen per flower, varying by cultivar 
and environmental conditions (Bailes et al., 2018).

Field experiment

The field experiment was conducted at the UCLou-
vain experimental farm (FERM platform, Corroy-le-
Grand, Belgium; 50°40′05″ N 4°38′20″ E). Soils are 
silty loam with a soil pHKCl of 6.6 and an organic car-
bon content of 1.1%. The field was initially sown with 
clothianidin-coated sugar beet seeds (Lisanna KWS® 
treated with Poncho Beta®, field application rate of 
60 g  ha−1 of clothianidin) in Avril 2018. In October 
2019, we established cover crops in single-species 
strips of P. tanacetifolia (Balo®), S. alba (Severka®), 
and V. faba (Julia®). Following a potato crop in July 
2020, the same cover crop species were replanted in 

April 2021. No further clothianidin was applied after 
the initial sugar beet seeding in 2018.

Soil sampling was performed in August 2021. A 
composite sample was performed by collecting 3 sub-
samples across the field using an auger (top 20  cm 
depth) for a total weight of about 200 g. Soil samples 
were oven-dried (Binder ED, Tuttlingen, Germany) at 
40 °C for 76 h before storage at room temperature.

Vegetative parts (stems and leaves), flowers, and 
fruits of the three cover species were randomly col-
lected in July 2021. For pollen collection, flowers 
were shaken over containers; only pollen from S. alba 
was obtained in sufficient quantities for chemical 
analysis. Only one replicate was considered for plant 
matrices, prioritizing the diversity of species and 
matrices analysed. All plant samples were oven-dried 
(Binder ED, Tuttlingen, Germany) at 35 °C for 24 h. 
Pollen samples were sieved through a 50-µm mesh 
(full height, brass/stainless, USA) to separate pollen 
from stamen tissues. Missing data for specific matri-
ces resulted from insufficient collected biomass (pol-
len) or a sample handling loss (vegetative parts and 
fruits).

Growth chamber experiment

An experiment was carried out in 2021 in the UCLou-
vain cultivation platform (SEFY platform, Louvain-
la-Neuve, Belgium; 50°39′58′′ N 4° 37′9′′ E).

Sugar beet pre‑treatments

Sugar beet seeds (Lisanna KWS®) coated with clo-
thianidin (Poncho Beta®) were sown in 10  L pots 
filled with a 1:1 (v/v) mix of sand (0/5 size, M PRO, 
Amsterdam, The Netherlands) and universal peat 
compost (DCM, Amsterdam, The Netherlands). The 
sugar beet seedlings were cut at the 3-leaf stage, i.e., 
6  days after sowing, which is when we transplanted 
the cover crops. Note that the seed remained in the 
pot until the end of the experiment. The experimental 
design included four treatments for each species, rep-
resenting different clothianidin exposure levels: (1) 
untreated control (i.e., 0 sugar beet seeds per pot); (2) 
dose 1 (1 sugar beet seed per pot, equivalent to field 
application rate of 60 g ha−1 of clothianidin); (3) dose 
2 (2 sugar beet seeds per pot); and (4) dose 4 (4 sugar 
beet seeds per pot).
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Cover crop cultivation

The seeds of P.  tanacetifolia (Balo®), S.  alba 
(Severka®), and V. faba (Julia®) were placed in 
germination plates containing universal peat com-
post (DCM, Amsterdam, The Netherlands). The 
plates were maintained in a germination chamber 
(Economic Delux model  ECD01E; Snijders Scien-
tific, Tilburg, The Netherlands) at a constant tem-
perature of 20 °C with a 12 h light/12 h dark photo-
period. Once the seedlings reached the 3-leaf stage, 
they were transplanted into 10  L pots containing 
pre-treated beet soil and placed in a growth cham-
ber maintained at 20  °C during the day and 16  °C 
at night, with a light intensity of 120 µmol m−2 s−1 
and 60% relative humidity. Plants were watered 
with rainwater every two days, ensuring occasional 
drainage from the bottom of the pots. This con-
trolled watering regime aimed to simulate a key 
leaching process found in field conditions, while 
acknowledging that the simplified pot system does 
not fully capture the spatial and temporal heteroge-
neity of a natural agricultural environment. To con-
trol aphid infestations on the untreated S. alba con-
trol plants, an additional treatment with Provado® 
(Bayer) was applied. This product contains imida-
cloprid as its active substance at a concentration of 
25.8 g kg−1.

Plant and soil sampling

After a maximum of 74 days of cultivation (from May 
16th to July 29th 2021), pollen was collected from 
flowering plant of all three cover crop species using 
forceps. Following pollen collection, we sampled 
the entire flowers along with stems, and leaves from 
each plant. For each treatment, we pooled samples 
(pollen, flowers, and vegetative parts) from each pot 
and stored them at − 20  °C until chemical analysis. 
Data for plant matrices represented single samples, 
as the sampling strategy prioritized a broad screening 
of species and matrices over replication. After com-
pleting the plant sample collection, three samples of 
homogenized soil (for each dose treatment and each 
species) were sampled. These soil samples were dried 
at 40 °C for 76 h in an oven (Binder ED, Tuttlingen, 
Germany) before storage at room temperature in 
preparation for chemical analyses.

Chemical analysis

All collected samples (10  g of soil samples and 
2  g of plant samples, except for pollens where 
the sample size varied from 3 to 446  mg depend-
ing on the collected samples) were analysed by the 
GIRPA contaminant analysis laboratory (Beau-
couzé, France). The extraction was performed by a 
20-min mechanical agitation using 10 mL of water 
and 10 mL of acetonitrile, except for pollen (25 min 
using 10  mL of water and 20  mL of acetonitrile). 
A mixture of MgSO4/NaCl/buffer salts were added 
for all matrices. The solution was mixed for 5 min 
by mechanical agitation before centrifugation for 
5 min (or 10 min for pollen) at 4000 rpm. A purifi-
cation step using a dispersive solid phase extraction 
(dSPE; 150 mg of PSA and 900 mg of MgSO4) with 
mechanical agitation for 10  min was used for all 
samples except pollen, followed by centrifugation 
for 5 min at 4000 rpm. For pollen, the dSPE purifi-
cation was performed (1200 mg of MgSO4, 400 mg 
of PSA, 400 mg of C18, and 50 mg of GCB) with 
mechanical agitation for 5  min followed by cen-
trifugation for 5  min at 4000  rpm before flushing 
the supernatant with a 50% dilution in ultrapure 
water. For pollen samples, the concentration step 
for pollen samples was performed on a Büchi Syn-
core evaporator (water bath at 55 °C and pressure at 
145  mbar). The recovery was made in acetonitrile 
(including 5% of formic acid)/ultrapure water in a 
volumetric ratio of 50:50, followed by centrifuga-
tion for 10 min at 10,000 rpm before injection.

Clothianidin concentrations were measured for 
all samples by liquid chromatography coupled 
with tandem mass spectrometry (LC–MS/MS; 
Sciex  7500). The limits of quantification (LOQ) 
were 0.01 ng g−1 for soils and flowers, 0.05 ng g−1 
for leaves, stems, and fruits, and between 0.045 and 
6.7 ng  g−1 for pollens. The mobile phase consisted 
of 100% ultrapure water, 0.1% acetic acid, 5  mM 
ammonium acetate and 100% methanol, 0.1% ace-
tic acid, and 5  mM ammonium acetate. The col-
umn used was the C18 Synergi Hydro-RP  100  A 
(100  mm; 3  mm ID; 2.5  µm) with a flow rate of 
700  µL  min−1. The column oven was at 60  °C 
and the injection volume was 5  µL. The analysis 
transitions were as follows (parent/ion product): 
247.9/57.9—247.9/46.0—250.0/58.1.
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Risk assessment

To assess the risk for bee pollinators (honeybees and 
solitary bees), we evaluated both soil contact and oral 
pollen exposure using data from field and growth 
chamber experiments, complemented by a review 
of published literature (EFSA  et al., 2023); EFSA, 
2018; Willis Chan et al., 2019). For chronic exposure 
through soil contact, we used the measured clothiani-
din concentration in soil and an estimated soil contact/
consumption of 33.5 g of soil per bee over 30 days; 
Willis Chan et  al., 2019). The hazard quotient (HQ) 
was then calculated by comparing this exposure to the 
LD50 values for honeybees and solitary bees (35.88 
and 3.588 ng clothianidin per bee, respectively). For 
chronic exposure through oral pollen consumption, 
we used the measured clothianidin concentrations in 
pollen and daily pollen consumption rate of 11.6 mg 
per honeybee and 6.0 mg per solitary bee. The HQ 
was then calculated by comparing these exposures to 
the LDD50 (0.95 and 0.395 ng clothianidin per bee for 
honeybee and solitary bee, respectively; EFSA et al., 
2023); EFSA, 2018, 2013).

Given limited data on pollen mixture composition 
in bee diets, we assumed that bees exclusively foraged 
on a single contaminated cover crop pollen source 
for 10 consecutive days. This scenario is ecologically 

relevant, particularly for honeybee workers, during 
the late season when cover crops provide abundant 
floral resources compared to other common entomo-
philous species. Moreover, honeybees are known to 
exhibit strong floral fidelity (Ramalho et  al., 1994; 
Sanderson & Wells, 2005).

Results

Field experiment

Three years after clothianidin treatment, clothiani-
din residues were detected in all samples, from soil 
to plants, including both vegetative and reproductive 
parts (Fig.  1 and Table  1). Soil contained the high-
est clothianidin concentration at 2.79 ng g−1, slightly 
exceeding levels in vegetative parts (i.e., stems and 
leaves), which measured 1.71  ng  g−1 for P.  tan-
acetifolia and 2.02  ng  g−1 for S.  alba. Flower sam-
ples showed lower clothianidin residues concentra-
tions: 0.08 ng g−1 for P. tanacetifolia, 0.25 ng g−1 for 
S. alba, and 0.18 ng g−1 for V. faba. Pollen concentra-
tions were higher, showing values of 0.55 ng g−1 for 
S. alba, the only species for which we had pollen data 
due to the limited amount of pollen available. Finally, 
clothianidin was also detected in fruits, reaching 

Fig. 1   Clothianidin concentrations measured in soil and plant 
materials of P.  tanacetifolia, S.  alba, and V.  faba in the field 
experiment three years (2021) after the clothianidin treatment. 

Missing data for specific matrices resulted from insufficient 
collected biomass (pollen) or a sample handling loss (vegeta-
tive parts and fruits)



	 Environ Monit Assess        (2025) 197:1260  1260   Page 6 of 13

Vol:. (1234567890)

1.8  ng  g−1 for P.  tanacetifolia and 2.02  ng  g−1 for 
S. alba.

Growth chamber experiment

Clothianidin concentrations were measured in soil 
and plant material samples from the growth cham-
ber experiment 74  days after clothianidin treatment 
(Fig.  2 and Table  1). Soil samples showed increas-
ing clothianidin concentrations with higher applica-
tion doses, ranging from an average of 66.8  ng  g−1 
at dose 1 (equivalent to the field rate) to 175 ng  g−1 
at dose  4 (i.e., 4-times the field rate). The clothia-
nidin concentration at dose  4 was 2.6-times higher 
than those at dose  1. Trace amount of clothianidin 
(≤ 0.75 ng g−1) were detected in the untreated control, 
representing concentrations 3–20-times lower than 
those measured in the field soil (Table 1).

In vegetative parts, clothianidin concentrations 
were generally lower than in the soil for P.  tanacet-
ifolia (from 71.5  ng  g−1 at dose  1 to 138  ng  g−1 at 
dose  4) and S.  alba (from 30.7  ng  g−1 at dose  1 to 
89.8  ng  g−1 at dose  4). In contrast, V.  faba showed 
higher concentrations in vegetative parts than in 

the soil (from 160  ng  g−1 at dose  1 to 310  ng  g−1 
at dose  4). Specifically, V.  faba accumulated 2- and 
5-times more clothianidin than P.  tanacetifolia and 
S. alba, depending on the dose. Additionally, concen-
trations at dose  4 were 2- to 3-times higher than at 
dose 1.

Flower samples contained clothianidin concentra-
tions ranging from 132 ng g−1 (dose 1) to 274 ng g−1 
(dose  4), exceeding soil concentrations. Differences 
between species were notable, with S.  alba flowers 
presenting 4- to 6-times higher concentrations than 
V.  faba, depending on the dose. As observed in soil 
and vegetative part samples, clothianidin concen-
trations increased with dose (2- to 4-times higher at 
dose 4 than dose 1).

Pollen samples presented clothianidin concen-
trations from 39.1 ng  g−1 at dose 1 to 112 ng  g−1 at 
dose  4, which were lower than flowers, except for 
V. faba. For a given dose, P. tanacetifolia pollen con-
tained 5- to 6-times less clothianidin than V. faba and 
S. alba. Finally, our growth chamber results demon-
strated that pollen retained clothianidin at concentra-
tions > 10 ng g−1 at dose 1 (equivalent to field-treated 
sugar beet dose) and up to 66 ng g−1 (in S. alba).

Table 1   Clothianidin 
concentrations measured 
in soil and plant materials 
of P. tanacetifolia, S. alba, 
and V. faba in the field 
experiment three years 
(2021) after the clothianidin 
treatment and in the growth 
chamber experiment after 
different clothianidin 
treatments (control 
untreated, dose 1 equivalent 
to 30 µL m−2, dose 2 
equivalent to 60 µL m−2, 
and dose 4 equivalent to 
120 µL m−2). NA: not 
analysed; < LOQ: below 
limit of quantification 
(0.01 ng g−1)

n Clothianidin concentration (ng g−1)

Field exp Chamber exp

Untreated Dose 1 Dose 2 Dose 4

Phacelia tanacetifolia
Soil 3 2.79 0.20 106 60.8 200
Vegetative part 1 1.71 3.84 71.5 76.9 138
Flower 1 0.08 38.8 56.2 140 210
Pollen 1 NA 2.23 9.91 15.5 29.6
Fruit 1 1.75
Sinapis alba
Soil 3 2.79 0.75 34.4 125 167
Vegetative part 1 2.02 1.39 30.7 83.1 89.8
Flower 1 0.25  < LOQ 294 210 490
Pollen 1 0.55 8.57 66.0 93.3 112
Fruit 1 0.17
Vicia faba
Soil 3 2.79 0.13 59.8 94.0 158
Vegetative part 1 NA 2.03 160 159 310
Flower 1 0.18 0.33 46.0 51.1 122
Pollen 1 NA 8.93 41.4 93.2 195
Fruit 1 NA
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Fig. 2   Clothianidin 
concentrations measured 
in soils and plant veg-
etative parts, flowers, and 
pollen of P. tanacetifolia 
(A), S. alba (B), and 
V. faba (C) in the growth 
chamber experiment after 
different clothianidin treat-
ments: control untreated, 
dose 1 (field dose, i.e., 
30 µL m−2), dose 2 
(60 µL m−2), and dose 4 
(120 µL m−2). < LOQ: 
below limit of quantifica-
tion 0.01 ng g−1
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Risk assessment for pollinators

Considering the field experiment results (i.e., three 
years after clothianidin treatment), soil contact 
exposure represented 93.5  ng of clothianidin per 
bee, corresponding to a HQ for chronic toxicity of 
2.6 for honeybees and 26 for solitary bees (Fig. 3). 
Results from pollen consumption indicated a daily 
exposure of 0.0064 and 0.0033  ng of clothianidin 
for honeybees and solitary bees, respectively, cor-
responding to a HQ for chronic toxicity of 0.01 for 
both species.

In contrast, the growth chamber experiment 
(i.e., 74  days after clothianidin treatment, dose  1) 
revealed higher clothianidin concentrations in soil 
and pollen, leading to greater soil contact exposure 
(HQ = 62.3 for honeybees and HQ = 623 for solitary 
bees) and increased pollen consumption exposure 
(HQ = 0.12–0.81 for honeybees and HQ = 0.15–1.00 
for solitary bees, depending on the plant species: 
P. tanacetifolia < V. faba < S. alba).

Discussion

Pesticide residues in the soil–plant–floral resource 
continuum

Results from both field (Fig. 1) and growth chamber 
(Fig. 2) experiments confirmed the presence of clothi-
anidin (> 0.07 ng g−1) across the entire soil–plant–flo-
ral resource continuum (despite pollen samples from 
some species were not analysed due to insufficient 
collected biomass). In the field experiment, detectable 
soil concentrations persisted three years after treated 
sugar beet cultivation (2.7 ng g−1), consistent with lit-
erature values (~ 6 ng  g−1) following annual clothia-
nidin seed treatments (Schaafsma et  al., 2016). This 
persistence aligns with clothianidin’s reported half-
life of 545 days (Lewis et al., 2016), though degrada-
tion rates vary widely from a few months to several 
years depending on soil properties, such as organic 
carbon content, pH, temperature, and moisture (Bon-
matin et  al., 2015; Li et  al., 2018; Schaafsma et  al., 
2016; Wu et al., 2020; Zhou et al., 2021). In contrast, 

Fig. 3   Hazard quotients (HQ) for honeybee and solitary bee individuals under contact (soil) and oral (pollen) exposure, based on 
field and growth chamber experiment data. Values of HQ < 1 indicate no risk, whereas HQ > 1 indicate potential risk
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growth chamber soils after 74  days of cultivation 
exhibited significantly higher clothianidin concentra-
tion (34.4 − 106.2  ng  g−1 at dose  1) than field soils. 
This discrepancy reflects either higher soil clothia-
nidin sorption in the growth chamber experiment, 
driven by higher soil organic carbon content (ca. 
13–17% resulting from the universal peat compost), 
or reduced degradation under controlled conditions 
(Zhou et al., 2021), potentially due to shorter experi-
ment duration and differences in microbial activity 
(Xu et al., 2016).

Notable differences emerged between field and 
growth chamber conditions in clothianidin distribu-
tion across plant species. Soils serve as a primary 
pesticide reservoir, facilitating transfer to subsequent 
plants and floral resources (Viric Gasparic et  al., 
2020; Zheng et  al., 2020; Zhou et  al., 2021). How-
ever, plant species influenced both accumulation pat-
terns (e.g., higher floral accumulation in S.  alba vs. 
vegetative accumulation in V.  faba) and compart-
ment-specific concentrations (e.g., pollen levels in 
S.  alba and V.  faba exceeded those in P.  tanacetifo-
lia). Previous studies reported similar clothianidin 
residues in P.  tanacetifolia foliage near treated fields 
(up to 55 ng g−1; Mogren & Lundgren, 2016).

In the field experiment, S.  alba pollen contained 
0.55 ng g−1 clothianidin, comparable to literature val-
ues for maize (Zea mays; 1.8  ng  g−1) and rapeseed 
(Brassica napus; 0.6  ng  g−1) pollen after clothiani-
din application as sugar beet coated seeds (2 − 11 and 
2 − 4  years, respectively;  Xu et  al., 2016). However, 
direct pesticide quantification in pollen (on flowers or 
on bees) remains methodologically challenging due 
to the large sample requirements (> 1 g) for chemical 
analysis (Zioga et al., 2020), limiting broader assess-
ments of pollinator exposure.

Risk assessment for pollinators

Our field data indicated that clothianidin exposure 
three years post-treatment represented an unaccep-
table chronic risk for both honeybees and solitary 
bees, but only through soil contact (HQ of 2.6 and 
26, respectively; Fig.  3). Exposure through pollen 
consumption exposure (based on S. alba pollen data) 
was 2 to 3 orders of magnitude lower than soil con-
tact exposure, indicating a low risk. However, growth 
chamber data (i.e., 74  days post-treatment) revealed 
higher chronic toxicity. On the one hand, soil contact 

exposure showed markedly higher HQ values (62.3 
for honeybees and 623 for solitary bees), indicating 
an extremely high risk linked to elevated soil concen-
trations, likely representative of early post-seeding 
periods in sugar beet cultivation. The chronic risk 
through pollen consumption also increased com-
pared to the field data, reaching HQ values between 
0.12 and 1.00, depending on the plant species and bee 
species, and approaching or reaching values close to 
1 (e.g., for solitary bees feeding on S.  alba pollen; 
Fig.  3). Despite potential overestimation due to the 
short interval between sugar beet harvest and cover 
crop seeding, these results underscore a clear poten-
tial threat to pollinators from neonicotinoid residues 
in cover crop floral resources. Conversely, this risk 
may be underestimated, as data on contact exposure 
through pollen and vegetative parts were not consid-
ered (Willis Chan et al., 2019). It is noteworthy that 
these data were obtained from the growth chamber 
experiment with limited replication, which showed 
higher concentrations than field experiments, likely 
reflecting conditions limiting pesticide degradation.

Recent studies demonstrate that wild plants near 
conventional agricultural fields often experience 
higher and more prolonged pesticide exposure than 
crops themselves (Wood et  al., 2019; Zioga et  al., 
2020). These non-crop floral resources, available for 
longer periods than crop blooms, can accumulate pes-
ticide more extensively. For instance, thiamethoxam 
(chemically similar to clothianidin) was detected in 
100% of pollens samples stored by bumblebees in 
rural areas, with wildflower pollen containing higher 
residues (average of 18 ng g−1) than oilseed rape pol-
len (David et  al., 2016). Mass-flowering cover crop 
species, which bloom in autumn when alternative for-
age is scarce, may therefore extend pollinator expo-
sure windows (Botías et al., 2016; Ward et al., 2022). 
While residues also occur in nectar (Barraud et  al., 
2020), pollen typically accumulates higher concentra-
tions, likely due to its physical adsorption properties 
(Zioga et al., 2020).

Current neonicotinoid risk assessments mainly 
focus on individual bees, neglecting colony-level 
effects in honeybees (up to 50,000 individuals) and 
bumblebees (50–500 individuals; Thomson, 2004). 
Nevertheless, population are affected by neonicoti-
noids, especially ground-nesting solitary bee species 
(Willis Chan & Raine, 2021). Moreover, bees may 
experience a cocktail effect when exposed to multiple 
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pesticide residues (Willis Chan et  al., 2019; Zioga 
et  al., 2023). Current LD50 values, used to charac-
terize clothianidin toxicity, assess only individual 
active substances and fail to account for potential 
interactions with other pesticides, including herbi-
cides, fungicides, and pesticide degradation products. 
Growing evidence indicates that combined pesticide 
exposure can produce synergistic effects, where toxic-
ity exceeds the simple additive effects of individual 
substances, in both honeybees and other bee species 
(Iverson et  al., 2019; Thompson et  al., 2014; Ward 
et al., 2022). Standardized protocols for multi-residue 
analyses are therefore needed to better assess these 
cumulative risks (Zioga et al., 2020).

Conclusion

This study investigated clothianidin concentra-
tions in soil and three cover crop species: phacelia 
(Phacelia tanacetifolia), white mustard (Sinapis 
alba), and faba bean (Vicia faba). Both field and 
growth chamber experiments demonstrated that 
these plant species accumulate clothianidin in soil 
and plant matrices. In particular, we detected clo-
thianidin residues three years after treatment in the 
field and 74 days after application under controlled 
condition. The presence of clothianidin across all 
compartments exposes both honeybees and soli-
tary bees to potential risks, primarily through soil 
contact (HQ > 1), but also through pollen consump-
tion, particularly for solitary bees, where HQ values 
approached 1. The uptake of clothianidin by cover 
crops—especially late-flowering, pollinator-attrac-
tive species—contribute to potential risks for polli-
nators foraging on their floral resources. Neverthe-
less, soil remains the dominant exposure pathway 
for clothianidin. These findings suggest that neoni-
cotinoid residues in cover crop floral resources may 
threaten pollinators, especially when combined with 
other pesticides and degradation products in the 
environment. Further measurements are needed to 
confirm the observed trends. While current pollina-
tor conservation strategies often focus on enhancing 
floral resources, our results indicate that promoting 
late-flowering cover crops in areas with recent neo-
nicotinoid applications may be counterproductive. 

To safeguard pollination services and maintain 
pollinator biodiversity, reducing pesticide use and 
accelerating comprehensive risk assessments are 
critical steps toward achieving conservation goals.

Acknowledgements  We thank H. Falys for field access, M. 
Migon for greenhouse maintenance, C. Boumal, E. Coninck, 
and O. Imbrecht for their help during field data collection, and 
C. Buyens for laboratory assistance. We also warmly thank C. 
Géfard, E. Géfard, P. Géfard, and A. Lecouturier Géfard for 
transporting all frozen samples from Louvain-la-Neuve to the 
GIRPA lab. We thank three anonymous reviewers for their val-
uable comments.

Author contributions  Inès Gancedo Tarano : Investiga-
tion, Writing - Original Draft. Thomas Boumal : Investigation, 
Writing - Original Draft. Marc De Toffoli : Conceptualiza-
tion, Funding acquisition, Methodology, Writing- Reviewing 
and Editing, Supervision. Maxime Buron : Writing - Review 
& Editing. Tomasz Kiljanek : Writing - Review & Editing. 
Anne-Claire Martel : Writing - Review & Editing. Anne-Laure 
Jacquemart : Conceptualization, Funding acquisition, Method-
ology, Writing- Reviewing and Editing, Supervision. Yannick 
Agnan : Conceptualization, Visualization, Writing- Reviewing 
and Editing.

Funding  This research received was funded by Protect’Eau 
(Walloon Region, Belgium). This work constitutes the Master’s 
thesis of I.GT and T.B.

Data Availability  The data supporting the findings of this 
study are provided within the manuscript and are available 
from the corresponding author upon request.

Declarations 

Ethical approval  All authors have read, understood, and have 
complied as applicable with the statement on “Ethical respon-
sibilities of Authors” as found in the Instructions for Authors.

Competing interests  The authors declare no competing inter-
ests.

References

EFSA, Adriaanse, P., Arce, A., Focks, A., Ingels, B., Jölli, D., 
Lambin, S., Rundlöf, M., Süßenbach, D., Del Aguila, M., 
Ercolano, V., Ferilli, F., Ippolito, A., Szentes, C., Neri, F. 
M., Padovani, L., Rortais, A., Wassenberg, J., & Auteri, 
D. (2023). Revised guidance on the risk assessment of 
plant protection products on bees (Apis mellifera, Bombus 
spp. and solitary bees). EFSA Journal, 21, Article 7989. 
https://​doi.​org/​10.​2903/j.​efsa.​2023.​7989

Alsafran, M., Rizwan, M., Usman, K., Saleem, M. H., & 
Al Jabri, H. (2022). Neonicotinoid insecticides in the 

https://doi.org/10.2903/j.efsa.2023.7989


Environ Monit Assess        (2025) 197:1260 	 Page 11 of 13   1260 

Vol.: (0123456789)

environment: A critical review of their distribution, trans-
port, fate, and toxic effects. Journal of Environmental 
Chemical Engineering, 10(5), 108485. https://​doi.​org/​10.​
1016/j.​jece.​2022.​108485

Bailes, E. J., Pattrick, J. G., & Glover, B. J. (2018). An analysis 
of the energetic reward offered by field bean (Vicia faba) 
flowers: Nectar, pollen, and operative force. Ecology and 
Evolution, 8, 3161–3171. https://​doi.​org/​10.​1002/​ece3.​
3851

Barraud, A., Vanderplanck, M., Nadarajah, S., & Michez, D. 
(2020). The impact of pollen quality on the sensitivity of 
bumblebees to pesticides. Acta Oecologica, 105, Article 
103552. https://​doi.​org/​10.​1016/j.​actao.​2020.​103552

Bireley, R., Borges, S., Cham, K., Epstein, D., Garber, K., 
Hart, C., Hou, W., Ippolito, A., Pistorius, J., Poulsen, V., 
Sappington, K., & Steeger, T. (2019). Preface: Workshop 
on pesticide exposure assessment paradigm for non-apis 
bees. Environmental Entomology, 48, 1–3. https://​doi.​org/​
10.​1093/​ee/​nvy134

Bonmatin, J.-M., Giorio, C., Girolami, V., Goulson, D., Kreut-
zweiser, D. P., Krupke, C., Liess, M., Long, E., Marzaro, 
M., Mitchell, E. A. D., Noome, D. A., Simon-Delso, N., 
& Tapparo, A. (2015). Environmental fate and exposure; 
Neonicotinoids and fipronil. Environmental Science and 
Pollution Research, 22, 35–67. https://​doi.​org/​10.​1007/​
s11356-​014-​3332-7

Botías, C., David, A., Hill, E. M., & Goulson, D. (2016). Con-
tamination of wild plants near neonicotinoid seed-treated 
crops, and implications for non-target insects. Science of 
the Total Environment, 566, 269–278. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2016.​05.​065

Boyle, N. K., Pitts-Singer, T. L., Abbott, J., Alix, A., Cox-Fos-
ter, D. L., Hinarejos, S., Lehmann, D. M., Morandin, L., 
O’Neill, B., Raine, N. E., Singh, R., Thompson, H. M., 
Williams, N. M., & Steeger, T. (2019). Workshop on pes-
ticide exposure assessment paradigm for non-Apis bees: 
Foundation and summaries. Environmental Entomology, 
48, 4–11. https://​doi.​org/​10.​1093/​ee/​nvy103

Bredeson, M. M., & Lundgren, J. G. (2018). Thiamethoxam 
seed treatments reduce foliar predator and pollinator 
populations in sunflowers (Helianthus annuus), and extra-
floral nectaries as a route of exposure for seed treatments 
to affect the predator, Coleomegilla maculata (Coleoptera: 
Coccinellidae). Crop Protection, 106, 86–92. https://​doi.​
org/​10.​1016/j.​cropro.​2017.​12.​019

David, A., Botías, C., Abdul-Sada, A., Nicholls, E., Rotheray, 
E. L., Hill, E. M., & Goulson, D. (2016). Widespread con-
tamination of wildflower and bee-collected pollen with 
complex mixtures of neonicotinoids and fungicides com-
monly applied to crops. Environment International, 88, 
169–178. https://​doi.​org/​10.​1016/j.​envint.​2015.​12.​011

Dewar, A. M., & Qi, A. (2021). The virus yellows epidemic in 
sugar beet in the UK in 2020 and the adverse effect of the 
EU ban on neonicotinoids on sugar beet production. Out-
looks on Pest Management, 32, 53–59. https://​doi.​org/​10.​
1564/​v32_​apr_​02

Di Prisco, G., Cavaliere, V., Annoscia, D., Varricchio, P., Cap-
rio, E., Nazzi, F., Gargiulo, G., & Pennacchio, F. (2013). 
Neonicotinoid clothianidin adversely affects insect immu-
nity and promotes replication of a viral pathogen in honey 
bees. Proceedings of the National Academy of Sciences of 

the United States of America, 110, 18466–18471. https://​
doi.​org/​10.​1073/​pnas.​13149​23110

Douglas, M. R., Rohr, J. R., & Tooker, J. F. (2015). Neonicoti-
noid insecticide travels through a soil food chain, disrupt-
ing biological control of non-target pests and decreasing 
soya bean yield. Journal of Applied Ecology, 52, 250–
260. https://​doi.​org/​10.​1111/​1365-​2664.​12372

EFSA (2018) Peer review of the pesticide risk assessment for 
bees for the active substance clothianidin considering the 
uses as seed treatments and granules. EFSA J 16:e05177. 
https://​doi.​org/​10.​2903/j.​efsa.​2018.​5177

European Commission. (2018). Commission Implementing 
Regulation (EU) 2018/783 of 29 May 2018 amending 
Implementing Regulation (EU) No 540/2011 as regards 
the conditions of approval of the active substance imida-
cloprid. Official Journal of the European Union, L 132 
(30 May 2018) CELEX No. 32018R0783. Retrieved from 
https://​eur-​lex.​europa.​eu/​eli/​reg_​impl/​2018/​783/​oj

European Commission. (2021). Neonicotinoids. URL  https://​
ec.​europa.​eu/​food/​plants/​pesti​cides/​appro​val-​active-​subst​
ances/​renew​al-​appro​val/​neoni​cotin​oids_​fr.  Accessed 
1.2.22.

European Food Safety Authority. (2013). Guidance on the risk 
assessment of plant protection products on bees (Apis 
mellifera, Bombus spp. and solitary bees). EFSA Journal, 
11(7), 3295. https://​doi.​org/​10.​2903/j.​efsa.​2013.​3295

FAO. (2022). FAOSTAT statistical database. FAOSTAT Stat. 
Database. https://​www.​fao.​org/​faost​at/​en/. Accessed 
12.4.22.

Francis, F., Then, C., Francis, A., Gbangbo, Y. A. C., Iannello, 
L., & Ben Fekih, I. (2022). Complementary strategies for 
biological control of aphids and related virus transmission 
in sugar beet to replace neonicotinoids. Agriculture, 12, 
Article 1663. https://​doi.​org/​10.​3390/​agric​ultur​e1210​1663

Hauer, M., Hansen, A. L., Manderyck, B., Olsson, Å., Raaij-
makers, E., Hanse, B., Stockfisch, N., & Märländer, B. 
(2017). Neonicotinoids in sugar beet cultivation in Central 
and Northern Europe: Efficacy and environmental impact 
of neonicotinoid seed treatments and alternative measures. 
Crop Protection, 93, 132–142. https://​doi.​org/​10.​1016/j.​
cropro.​2016.​11.​034

Hossain, R., Menzel, W., Lachmann, C., & Varrelmann, M. 
(2021). New insights into virus yellows distribution in 
Europe and effects of beet yellows virus, beet mild yel-
lowing virus, and beet chlorosis virus on sugar beet yield 
following field inoculation. Plant Pathology, 70, 584–593. 
https://​doi.​org/​10.​1111/​ppa.​13306

Humann-Guilleminot, S., Binkowski, L., Jenni, L., Hilke, 
G., Glauser, G., Helfenstein, F. (2019). A nation‐wide 
survey of neonicotinoid insecticides in agricultural 
land with implications for agri‐environment schemes. 
J. Appl. Ecol. 56. https://​doi.​org/​10.​1111/​1365-​2664.​
13392

Iverson, A., Hale, C., Richardson, L., Miller, O., & McArt, 
S. (2019). Synergistic effects of three sterol biosynthesis 
inhibiting fungicides on the toxicity of a pyrethroid and 
neonicotinoid insecticide to bumble bees. Apidologie, 50, 
733–744. https://​doi.​org/​10.​1007/​s13592-​019-​00681-0

Jeschke, P., Nauen, R., Schindler, M., & Elbert, A. (2011). 
Overview of the status and global strategy for 

https://doi.org/10.1016/j.jece.2022.108485
https://doi.org/10.1016/j.jece.2022.108485
https://doi.org/10.1002/ece3.3851
https://doi.org/10.1002/ece3.3851
https://doi.org/10.1016/j.actao.2020.103552
https://doi.org/10.1093/ee/nvy134
https://doi.org/10.1093/ee/nvy134
https://doi.org/10.1007/s11356-014-3332-7
https://doi.org/10.1007/s11356-014-3332-7
https://doi.org/10.1016/j.scitotenv.2016.05.065
https://doi.org/10.1016/j.scitotenv.2016.05.065
https://doi.org/10.1093/ee/nvy103
https://doi.org/10.1016/j.cropro.2017.12.019
https://doi.org/10.1016/j.cropro.2017.12.019
https://doi.org/10.1016/j.envint.2015.12.011
https://doi.org/10.1564/v32_apr_02
https://doi.org/10.1564/v32_apr_02
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.1111/1365-2664.12372
https://doi.org/10.2903/j.efsa.2018.5177
https://eur-lex.europa.eu/eli/reg_impl/2018/783/oj
https://ec.europa.eu/food/plants/pesticides/approval-active-substances/renewal-approval/neonicotinoids_fr
https://ec.europa.eu/food/plants/pesticides/approval-active-substances/renewal-approval/neonicotinoids_fr
https://ec.europa.eu/food/plants/pesticides/approval-active-substances/renewal-approval/neonicotinoids_fr
https://doi.org/10.2903/j.efsa.2013.3295
https://www.fao.org/faostat/en/
https://doi.org/10.3390/agriculture12101663
https://doi.org/10.1016/j.cropro.2016.11.034
https://doi.org/10.1016/j.cropro.2016.11.034
https://doi.org/10.1111/ppa.13306
https://doi.org/10.1111/1365-2664.13392
https://doi.org/10.1111/1365-2664.13392
https://doi.org/10.1007/s13592-019-00681-0


	 Environ Monit Assess        (2025) 197:1260  1260   Page 12 of 13

Vol:. (1234567890)

neonicotinoids. Journal of Agricultural and Food Chemis-
try, 59, 2897–2908. https://​doi.​org/​10.​1021/​jf101​303g

Jiang, J., Zhang, Z., Yu, X., Ma, D., Yu, C., Liu, F., & Mu, 
W. (2018). Influence of lethal and sublethal exposure to 
clothianidin on the seven-spotted lady beetle, Coccinella 
septempunctata L. (Coleoptera: Coccinellidae). Ecotoxi-
cology and Environmental Safety, 161, 208–213. https://​
doi.​org/​10.​1016/j.​ecoenv.​2018.​05.​076

Klatt, B., Wurz, A., Herbertsson, L., Rundlöf, M., Svensson, 
G., Kuhn, J., Vessling, S., Vega, B., Tscharntke, T., 
Clough, Y., & Smith, H. (2023). Seed treatment with clo-
thianidin induces changes in plant metabolism and alters 
pollinator foraging preferences. Ecotoxicology, 32, 1–10. 
https://​doi.​org/​10.​1007/​s10646-​023-​02720-0

Krupke, C. H., Hunt, G. J., Eitzer, B. D., Andino, G., & Given, 
K. (2012). Multiple routes of pesticide exposure for honey 
bees living near agricultural fields. PLoS ONE, 7, Article 
e29268. https://​doi.​org/​10.​1371/​journ​al.​pone.​00292​68

Kumova, U., & Korkmaz, A. (2013). The research on deter-
mination of flowering phenology of phacelia (Phacelia 
tanacetifolia Bentham) and its nectar and pollen potential. 
Mellifera, 13, 30–40.

Lewis, K. A., Tzilivakis, J., Warner, D. J., & Green, A. (2016). 
An international database for pesticide risk assessments 
and management. Human and Ecological Risk Assess-
ment, 22, 1050–1064. https://​doi.​org/​10.​1080/​10807​039.​
2015.​11332​42

Li, Y., Su, P., Li, Y., Wen, K., Bi, G., & Cox, M. (2018). 
Adsorption-desorption and degradation of insecticides 
clothianidin and thiamethoxam in agricultural soils. Che-
mosphere, 207, 708–714. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2018.​05.​139

Mallinger, R. E., Franco, J. G., Prischmann-Voldseth, D. A., 
& Prasifka, J. R. (2019). Annual cover crops for managed 
and wild bees: Optimal plant mixtures depend on pollina-
tor enhancement goals. Agriculture, Ecosystems & Envi-
ronment, 273, 107–116. https://​doi.​org/​10.​1016/j.​agee.​
2018.​12.​006

Marzinzig, B., Brünjes, L., Biagioni, S., Behling, H., Link, 
W., & Westphal, C. (2018). Bee pollinators of faba bean 
(Vicia faba L.) differ in their foraging behaviour and polli-
nation efficiency. Agriculture, Ecosystems & Environment, 
264, 24–33. https://​doi.​org/​10.​1016/j.​agee.​2018.​05.​003

Masierowska, M., & Piętka, T. (2014). Variability in nectar and 
pollen production in flowers of double–low lines of white 
mustard and their attractiveness to honey bees. Acta Sci-
entiarum Polonorum. Hortorum Cultus, 13, 197–209.

Mogren, C. L., & Lundgren, J. G. (2016). Neonicotinoid-con-
taminated pollinator strips adjacent to cropland reduce 
honey bee nutritional status. Scientific Reports, 6, Article 
29608. https://​doi.​org/​10.​1038/​srep2​9608

Nuessly, G. S., Hentz, M. G., Beiriger, R., & Scully, B. T. 
(2004). Insects associated with faba bean, Vicia faba 
(Fabales: Fabaceae), in southern Florida. Florida Ento-
mologist, 87, 204–211.

OECD. (2017). Essai no. 245 : Abeille domestique (Apis mel-
lifera L.), essai de toxicité chronique par voie orale (10 
jours). Organisation for Economic Co-operation and 
Development, Paris.

Ollerton, J., Winfree, R., Tarrant, S. (2011). How many flow-
ering plants are pollinated by animals?. URL https://​onlin​

elibr​ary.​wiley.​com/​doi/​full/​10.​1111/j.​1600-​0706.​2010.​
18644.x?​casa_​token=​kLRrh​O2ic9​wAAAAA%​3AmfR​
ixlSb​gP7dZ​7VF8i​NFpcU​cu6J2​RysEw​Xrpbx​taN48​nEJ0X​
aOdA0​9xREV​DQZNS​kcEQ-​0Ooc-​MN-​CgQ . Accessed 
9.17.23.

Ouvrard, P., Transon, J., & Jacquemart, A.-L. (2018). Flower-
strip agri-environment schemes provide diverse and valu-
able summer flower resources for pollinating insects. Bio-
diversity and Conservation,27, 2193–2216. https://​doi.​
org/​10.​1007/​s10531-​018-​1531-0

Petanidou, T. (2003). Introducing plants for bee-keeping at any 
cost? – Assessment of Phacelia tanacetifolia as nectar 
source plant under xeric Mediterranean conditions. Plant 
Systematics and Evolution, 238, 155–168. https://​doi.​org/​
10.​1007/​s00606-​002-​0278-x

Phytoweb. (2021). Néonicotinoïdes. Phytoweb. URL  https://​
fytow​eb.​be/​fr/​produ​its-​phyto​pharm​aceut​iques/​usage/​utili​
sateur-​profe​ssion​nel/​neoni​cotin​oides. Accessed 2.3.23.

Pisa, L., Goulson, D., Yang, E.-C., Gibbons, D., Sánchez-
Bayo, F., Mitchell, E., Aebi, A., van der Sluijs, J., Mac-
Quarrie, C. J. K., Giorio, C., Long, E. Y., McField, M., 
Bijleveld van Lexmond, M., & Bonmatin, J.-M. (2021). 
An update of the Worldwide Integrated Assessment 
(WIA) on systemic insecticides. Part 2: Impacts on organ-
isms and ecosystems. Environmental Science and Pollu-
tion Research, 28, 11749–11797. https://​doi.​org/​10.​1007/​
s11356-​017-​0341-3

Ramalho, M., Giannini, T., Braga, K., & Imperatriz-Fonseca, 
V. L. (1994). Pollen harvest by stingless bee foragers 
(Hymenoptera, Apidae, Meliponinae). Grana, 33, 239–
244. https://​doi.​org/​10.​1080/​00173​13940​94290​05

Sanderson, C., & Wells, H. (2005). The flower fidelity of the 
honeybee. Uludag Bee Journal, 5, 32–41.

Schaafsma, A., Limay-Rios, V., Xue, Y., Smith, J., & Baute, T. 
(2016). Field-scale examination of neonicotinoid insecti-
cide persistence in soil as a result of seed treatment use in 
commercial maize (corn) fields in southwestern Ontario. 
Environmental Toxicology and Chemistry, 35, 295–302. 
https://​doi.​org/​10.​1002/​etc.​3231

Silva, V., Mol, H. G. J., Zomer, P., Tienstra, M., Ritsema, C. 
J., & Geissen, V. (2019). Pesticide residues in European 
agricultural soils – A hidden reality unfolded. Science of 
the Total Environment, 653, 1532–1545. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​10.​441

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L. P., Bon-
matin, J. M., Chagnon, M., Downs, C., Furlan, L., Gib-
bons, D. W., Giorio, C., Girolami, V., Goulson, D., 
Kreutzweiser, D. P., Krupke, C. H., Liess, M., Long, 
E., McField, M., Mineau, P., Mitchell, E. A. D., Mor-
rissey, C. A., … Wiemers, M. (2015). Systemic insecti-
cides (neonicotinoids and fipronil): Trends, uses, mode 
of action and metabolites. Environmental Science and 
Pollution Research, 22, 5–34. https://​doi.​org/​10.​1007/​
s11356-​014-​3470-y

Singla, A., Barmota, H., Kumar Sahoo, S., & Kaur Kang, 
B. (2021). Influence of neonicotinoids on pollinators: 
A review. Journal of Apicultural Research, 60, 19–32. 
https://​doi.​org/​10.​1080/​00218​839.​2020.​18250​44

Statista (2022). Sugar beet: sugar production in European 
countries 2021. Statista. URL https://​www.​stati​sta.​com/​

https://doi.org/10.1021/jf101303g
https://doi.org/10.1016/j.ecoenv.2018.05.076
https://doi.org/10.1016/j.ecoenv.2018.05.076
https://doi.org/10.1007/s10646-023-02720-0
https://doi.org/10.1371/journal.pone.0029268
https://doi.org/10.1080/10807039.2015.1133242
https://doi.org/10.1080/10807039.2015.1133242
https://doi.org/10.1016/j.chemosphere.2018.05.139
https://doi.org/10.1016/j.chemosphere.2018.05.139
https://doi.org/10.1016/j.agee.2018.12.006
https://doi.org/10.1016/j.agee.2018.12.006
https://doi.org/10.1016/j.agee.2018.05.003
https://doi.org/10.1038/srep29608
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0706.2010.18644.x?casa_token=kLRrhO2ic9wAAAAA%3AmfRixlSbgP7dZ7VF8iNFpcUcu6J2RysEwXrpbxtaN48nEJ0XaOdA09xREVDQZNSkcEQ-0Ooc-MN-CgQ
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0706.2010.18644.x?casa_token=kLRrhO2ic9wAAAAA%3AmfRixlSbgP7dZ7VF8iNFpcUcu6J2RysEwXrpbxtaN48nEJ0XaOdA09xREVDQZNSkcEQ-0Ooc-MN-CgQ
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0706.2010.18644.x?casa_token=kLRrhO2ic9wAAAAA%3AmfRixlSbgP7dZ7VF8iNFpcUcu6J2RysEwXrpbxtaN48nEJ0XaOdA09xREVDQZNSkcEQ-0Ooc-MN-CgQ
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0706.2010.18644.x?casa_token=kLRrhO2ic9wAAAAA%3AmfRixlSbgP7dZ7VF8iNFpcUcu6J2RysEwXrpbxtaN48nEJ0XaOdA09xREVDQZNSkcEQ-0Ooc-MN-CgQ
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0706.2010.18644.x?casa_token=kLRrhO2ic9wAAAAA%3AmfRixlSbgP7dZ7VF8iNFpcUcu6J2RysEwXrpbxtaN48nEJ0XaOdA09xREVDQZNSkcEQ-0Ooc-MN-CgQ
https://doi.org/10.1007/s10531-018-1531-0
https://doi.org/10.1007/s10531-018-1531-0
https://doi.org/10.1007/s00606-002-0278-x
https://doi.org/10.1007/s00606-002-0278-x
https://fytoweb.be/fr/produits-phytopharmaceutiques/usage/utilisateur-professionnel/neonicotinoides
https://fytoweb.be/fr/produits-phytopharmaceutiques/usage/utilisateur-professionnel/neonicotinoides
https://fytoweb.be/fr/produits-phytopharmaceutiques/usage/utilisateur-professionnel/neonicotinoides
https://doi.org/10.1007/s11356-017-0341-3
https://doi.org/10.1007/s11356-017-0341-3
https://doi.org/10.1080/00173139409429005
https://doi.org/10.1002/etc.3231
https://doi.org/10.1016/j.scitotenv.2018.10.441
https://doi.org/10.1016/j.scitotenv.2018.10.441
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1080/00218839.2020.1825044
https://www.statista.com/statistics/1126827/sugar-beet-sugar-production-in-european-countries/


Environ Monit Assess        (2025) 197:1260 	 Page 13 of 13   1260 

Vol.: (0123456789)

stati​stics/​11268​27/​sugar-​beet-​sugar-​produ​ction-​in-​europ​
ean-​count​ries/ (accessed 12.4.22).

Thompson, H. M., Fryday, S. L., Harkin, S., & Milner, S. 
(2014). Potential impacts of synergism in honeybees (Apis 
mellifera) of exposure to neonicotinoids and sprayed fun-
gicides in crops. Apidologie, 45, 545–553. https://​doi.​org/​
10.​1007/​s13592-​014-​0273-6

Thomson, D. (2004). Competitive interactions between the 
invasive European honey bee and native bumble bees. 
Ecology, 85, 458–470. https://​doi.​org/​10.​1890/​02-​0626

Viric Gasparic, H., Grubelic, M., Dragovic Uzelac, V., Bazok, 
R., Cacija, M., Drmic, Z., & Lemic, D. (2020). Neonico-
tinoid residues in sugar beet plants and soil under differ-
ent agro-climatic conditions. Agriculture, 10, Article 484. 
https://​doi.​org/​10.​3390/​agric​ultur​e1010​0484

Ward, L. T., Hladik, M. L., Guzman, A., Winsemius, S., Bau-
tista, A., Kremen, C., & Mills, N. J. (2022). Pesticide 
exposure of wild bees and honey bees foraging from field 
border flowers in intensively managed agriculture areas. 
Science of the Total Environment, 831, Article 154697. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​154697

Willis Chan, D. S., Prosser, R. S., Rodríguez-Gil, J. L., & 
Raine, N. E. (2019). Assessment of risk to hoary squash 
bees (Peponapis pruinosa) and other ground-nesting 
bees from systemic insecticides in agricultural soil. 
Scientific Reports, 9, 11870. https://​doi.​org/​10.​1038/​
s41598-​019-​47805-1

Willis Chan, D., & Raine, N. E. (2021). Population decline in 
a ground-nesting solitary squash bee (Eucera pruinosa) 
following exposure to a neonicotinoid insecticide treated 
crop (Cucurbita pepo). Scientific Reports, 11, 4241. 
https://​doi.​org/​10.​1038/​s41598-​021-​83341-7

Wintermantel, D., Locke, B., Andersson, G. K. S., Semberg, 
E., Forsgren, E., Osterman, J., Rahbek Pedersen, T., Bom-
marco, R., Smith, H. G., Rundlöf, M., & de Miranda, 
J. R. (2018). Field-level clothianidin exposure affects 
bumblebees but generally not their pathogens. Nature 
Communications, 9, 5446. https://​doi.​org/​10.​1038/​
s41467-​018-​07914-3

Wood, T., Kaplan, I., Zhang, Y., & Szendrei, Z. (2019). Hon-
eybee dietary neonicotinoid exposure is associated with 
pollen collection from agricultural weeds. Proceedings of 
the Royal Society B: Biological Sciences, 286, 20190989. 
https://​doi.​org/​10.​1098/​rspb.​2019.​0989

Wu, R.-L., He, W., Li, Y.-L., Li, Y.-Y., Qin, Y.-F., Meng, F.-Q., 
Wang, L.-G., & Xu, F.-L. (2020). Residual concentrations 
and ecological risks of neonicotinoid insecticides in the 
soils of tomato and cucumber greenhouses in Shouguang, 

Shandong Province, East China. Science of the Total Envi-
ronment, 738, Article 140248. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2020.​140248

Xu, T., Dyer, D. G., McConnell, L. L., Bondarenko, S., Allen, 
R., & Heinemann, O. (2016). Clothianidin in agricultural 
soils and uptake into corn pollen and canola nectar after 
multiyear seed treatment applications. Environmental 
Toxicology and Chemistry, 35, 311–321. https://​doi.​org/​
10.​1002/​etc.​3281

Zhang, C., Wang, X., Kaur, P., & Gan, J. (2023). A critical 
review on the accumulation of neonicotinoid insecticides 
in pollen and nectar: Influencing factors and implications 
for pollinator exposure. Science of the Total Environment, 
899, Article 165670. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2023.​165670

Zheng, Q., Li, J., Wang, Y., Lin, T., Xu, Y., Zhong, G., Bing, 
H., Luo, C., & Zhang, G. (2020). Levels and enantiomeric 
signatures of organochlorine pesticides in Chinese forest 
soils: Implications for sources and environmental behav-
ior. Environmental Pollution, 262, Article 114139. https://​
doi.​org/​10.​1016/j.​envpol.​2020.​114139

Zhou, Y., Lu, X., Yu, B., Wang, D., Zhao, C., Yang, Q., Zhang, 
Q., Tan, Y., Wang, X., & Guo, J. (2021). Comparison of 
neonicotinoid residues in soils of different land use types. 
Science of the Total Environment, 782, Article 146803. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​146803

Zioga, E., Kelly, R., White, B., & Stout, J. C. (2020). Plant 
protection product residues in plant pollen and nectar: A 
review of current knowledge. Environmental Research, 
189, Article 109873. https://​doi.​org/​10.​1016/j.​envres.​
2020.​109873

Zioga, E., White, B., & Stout, J. C. (2023). Pesticide mixtures 
detected in crop and non-target wild plant pollen and 
nectar. Science of the Total Environment, 879, Article 
162971. https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​162971

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://www.statista.com/statistics/1126827/sugar-beet-sugar-production-in-european-countries/
https://www.statista.com/statistics/1126827/sugar-beet-sugar-production-in-european-countries/
https://doi.org/10.1007/s13592-014-0273-6
https://doi.org/10.1007/s13592-014-0273-6
https://doi.org/10.1890/02-0626
https://doi.org/10.3390/agriculture10100484
https://doi.org/10.1016/j.scitotenv.2022.154697
https://doi.org/10.1038/s41598-019-47805-1
https://doi.org/10.1038/s41598-019-47805-1
https://doi.org/10.1038/s41598-021-83341-7
https://doi.org/10.1038/s41467-018-07914-3
https://doi.org/10.1038/s41467-018-07914-3
https://doi.org/10.1098/rspb.2019.0989
https://doi.org/10.1016/j.scitotenv.2020.140248
https://doi.org/10.1016/j.scitotenv.2020.140248
https://doi.org/10.1002/etc.3281
https://doi.org/10.1002/etc.3281
https://doi.org/10.1016/j.scitotenv.2023.165670
https://doi.org/10.1016/j.scitotenv.2023.165670
https://doi.org/10.1016/j.envpol.2020.114139
https://doi.org/10.1016/j.envpol.2020.114139
https://doi.org/10.1016/j.scitotenv.2021.146803
https://doi.org/10.1016/j.envres.2020.109873
https://doi.org/10.1016/j.envres.2020.109873
https://doi.org/10.1016/j.scitotenv.2023.162971

	Are cover crops a potential threat for pollinators due to clothianidin residues in floral resources?
	Abstract 
	Introduction
	Materials and methods
	Plant material
	Field experiment
	Growth chamber experiment
	Sugar beet pre-treatments
	Cover crop cultivation
	Plant and soil sampling
	Chemical analysis
	Risk assessment

	Results
	Field experiment
	Growth chamber experiment
	Risk assessment for pollinators

	Discussion
	Pesticide residues in the soil–plant–floral resource continuum
	Risk assessment for pollinators

	Conclusion
	Acknowledgements 
	References


