
Widespread pollination deficits in pear (Pyrus communis L.) orchards: The 
role of pollinators, landscape context and pesticide risk

Lucia Lenzi a,* , Xavier Arnan b, Jordi Bosch c , Adele Bordoni a,1, Laura Zavatta a ,  
Serena Magagnoli a , Agata Morelli a , Fabio Sgolastra a

a Dipartimento di Scienze e Tecnologie Agro-alimentari, Alma Mater Studiorum Università di Bologna, Bologna 40127, Italy
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A B S T R A C T

European pear (Pyrus communis L.) is an important entomophilous crop, and most varieties are self-incompatible, 
therefore strongly dependent on insect pollinators for fruit set. However, harsh conditions during bloom and low 
sugar content of nectar compared to other co-flowering fruit trees often lead to low pollinator visitation rates, 
causing shortfalls in production. Pollination deficits and the contribution of pollinator communities to pollina
tion services have been well studied in apples, but we know much less about pollination services in pears. The 
aim of this study was to assess pollination services and detect pollination deficits in pear orchards, and to analyze 
the effects of local factors (pesticide load and other orchard management) and landscape factors (“pollinator- 
friendly” cover) on pollinators and pollination services. Despite the effect of orchard management on fruit 
retention, our results confirm the dependence of fruit set on pollination (mean: 37 %; range: 0 %-80 %). Our 
results also report significant pollination deficits across pear orchards (mean: 31 %, range: 0 %-74 %), and low 
pollination service (mean: 17 %, range: 0 %-60 %). The most abundant flower visitors were honeybees and 
Diptera Muscidae, while wild bees were the least abundant group. However, “pollinator-friendly” cover at 1.5 km 
had significant positive effect on wild bees’ visitation rate. Managed (honeybees and bumblebees) and wild 
pollinators (all other pollinators) had no effect on pollination deficit, but higher bumblebee visits negatively 
affected seed set. Chemical analysis of pear flowers revealed high levels of pesticides residue, as all flowers were 
contaminated with at least four different pesticides, and pesticide risk had a negative effect on fruit set. Our 
results indicate insufficient pollination services in pear orchards and raise concerns about the management of 
pollination provision, highlighting the importance of semi-natural areas to boost wild bee visits and reduce 
pesticide pressure on pollinators.

1. Introduction

Almost 90 % of wild angiosperms and 75 % of the main agricultural 
crops rely on animals, mostly insects, for pollination (Klein et al., 2007; 
IPBES, 2016; Ollerton, 2017). Importantly, an important fraction of crop 
pollination services is provided by wild pollinators (Garibaldi et al., 
2013), which are experiencing dramatic declines, largely driven by 
intensive agriculture, resulting in habitat loss and pesticide contami
nation (Bartomeus et al., 2013; Ollerton, 2017; Ramos-Jiliberto et al., 
2020).

Agricultural intensification, exemplified by mass-flowering mono
culture farms, is one of the major drivers of pollinator declines, mediated 
by the reduction of seminatural ecosystem cover, habitat degradation 
and decreased floral resources (Scheper et al., 2014). Natural habitats 
are essential to preserve nesting sites and diversified floral resources, 
thereby shaping diverse pollinator communities. Numerous studies have 
documented the positive effect of natural and seminatural landscape 
cover surrounding crops on arthropods, thus enhancing the provision of 
ecosystem services, including pollination (Ganser et al., 2018; Hass 
et al., 2018; Samnegård et al., 2018; Tamburini et al., 2020; Belien et al., 

* Correspondence to: Dipartimento di Scienze e Tecnologie Agro-alimentari, Alma Mater Studiorum Università di Bologna, Viale Fanin 40-50, Bologna 40127, Italy.
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2021; Roquer-Beni et al., 2021). For example, Holzschuh et al. (2012)
showed that an increase in the proportion of habitat suitable for bees 
increased fruit set in cherry orchards. Moreover, landscape heteroge
neity has been suggested to have a mitigation effect on overall pesticide 
contamination (Nicholson and Williams, 2021) and pollinator exposure 
to pesticides (Rundlöf et al., 2022; Shi et al., 2024), another factor 
associated with agricultural intensification. Insecticides may have direct 
negative impacts on pollinator populations by affecting immature 
development and reducing adult survival, and herbicides may have in
direct impacts by reducing floral resources (Liere et al., 2017). Even 
fungicides, which are considered relatively non-toxic for bees, may lead 
to physiological and behavioural changes and reduce bee survival when 
they interact with other chemicals (Rondeau and Raine, 2022). In 
addition, various studies have reported impairments in plant-pollinator 
interactions as a consequence of pesticide exposure. Pesticides can 
induce alterations in plant metabolism or physiology, with re
percussions on attractiveness to pollinators (Klatt et al., 2023; Tatarko 
et al., 2025). Other studies have reported alterations in bumblebee 
visitation rate following pesticide application (Stanley et al., 2015; Avila 
et al., 2023), as well as reduced pollen deposition on the stigmas 
(Tamburini et al., 2021), thereby affecting pollination services.

Within this context, reports of pollination deficits in highly 
pollinator-dependent crops are increasing (Polce et al., 2014; Gianni and 
Vania, 2018; Holland et al., 2020; Castro et al., 2021; Garratt et al., 
2021; Siopa et al., 2024; Turo et al., 2024). Pollination deficits are 
defined as the inadequate quantity and/or quality of pollen deposited on 
the stigma (Vaissière et al., 2011), resulting in low crop yields (Webber 
et al., 2020). Suboptimal crop pollination can be triggered by several 
factors such as low pollinator diversity and abundance, asynchrony 
between the crop and its pollinators, asynchrony between 
inter-compatible cultivars (Polce et al., 2014), and inadequate avail
ability or distribution of pollinizer cultivars (Quinet and Jacquemart, 
2017; Reeves et al., 2022). Successful pollination may be estimated in 
terms of initial fruit set (Garratt et al., 2021), which is often related to 
final yield, or in terms of seed set (Webber et al., 2020), which is often 
related to fruit quality and shape (Olhnuud et al., 2022).

Pears are one of the most important crops globally. Most of the global 
production (82.2 %) occurs in Asia (mainly Asian pear species, 
P. pyrifolia, P. sinkiangensis) (Wu et al., 2018), followed by Europe 
(8.4 %), and the Americas (5.9 %) (Pyrus communis) (FAOSTAT, 2023). 
Like most Rosaceae species, pear presents a mechanism of genetic 
self-incompatibility that prevents inbreeding, even though some vari
eties exhibit parthenocarpy, and thus rely on cross-pollination among 
inter-compatible cultivars for reproduction (Fountain et al., 2019). For 
this reason, pear orchards should present at least two compatible cul
tivars with overlapping flowering periods (Quinet and Jacquemart, 
2017; Goldway et al., 2019). Pear flowers are visited by a diverse array 
of bees and flies, but flower visitation rates are usually rather low 
(Quinet et al., 2016; Fountain et al., 2019). Several factors contribute to 
explaining these low visitation levels. First, pear flowers have a low 
sugar content (<25 %) compared to other co-blooming crops (Quinet 
and Jacquemart, 2017). Second, pear blooms early in the year, when 
temperatures may be too low for insect activity (Vicens and Bosch, 
2000). Freezing temperatures in spring may also lead to flower frost 
damage and cause necrosis of the seed embryos (Musacchi et al., 2021; 
Reeves et al., 2022). Finally, the widespread application of pesticides in 
intensively managed orchards (Belien et al., 2021) can negatively affect 
visitation rates (Bloom et al., 2021; Tamburini et al., 2021). To over
come low pollination services, growth regulators are often applied to 
boost early fruit retention (Musacchi et al., 2021) even though seedless 
fruits are likely to exhibit shape deficiencies (Goldway et al., 2019); 
moreover, pears produced by parthenocarpy are usually smaller respect 
to those resulting from cross-pollination (Claessen et al., 2019). For all 
these reasons, pollination is regarded as an essential factor limiting 
yields in P. communis (Hünicken et al., 2021; Siopa et al., 2024).

Pollination deficits and the contribution of pollinator communities to 

pollination services have been well studied in apples (e.g., Garratt et al., 
2014a; 2014b; 2021; Webber et al., 2020; Roquer-Beni et al., 2021; 
Olhnuud et al., 2022; Eeraerts et al., 2025) and other 
pollinator-dependent crops such as blueberry and kiwifruit, for example 
(Castro et al., 2021; Bordoni et al., 2024; Turo et al., 2024). By com
parison, we know much less about pollination services in pear. In this 
study, we conducted pollination experiments, surveyed pollinators, and 
assessed pesticide levels and landscape composition in 16 pear orchards 
in Italy. Our objectives were to: i) assess pollination services and detect 
potential pollination deficits; and ii) assess the role of local (farm) fac
tors such as pesticide risk and orchard management, and landscape 
factors (“pollinator-friendly” cover) on pear pollinator guilds and 
pollination services.

2. Materials and methods

2.1. Study sites

The study was conducted in 2023, from flowering season between 
March and April to harvesting in late August, in 16 pear orchards located 
in three provinces in the Emilia-Romagna region of Northern Italy 
(44◦29′37″N 11◦20′35″E). Emilia-Romagna is the leading Italian region 
for fruit production, both in terms of cultivated area (23 % of the total 
national area) and production (30–40 %). The region is characterized by 
a temperate subcontinental climate, with hot and humid summers and 
harsh, cold winters. 2023 was the hottest year since 1961, both for 
medium and highest temperatures; however, in early April, the mini
mum temperature registered was − 2.6 ◦C and the maximum was 23◦C; 
the average temperature during pear bloom was 12.5◦C. Moreover, 
precipitation in 2023 was above average from March to May, with May 
recording a 230 % increase compared to the mean of the period (ARPAE, 
2023); such conditions may have an impact on overall production by 
causing physiological stress in plants (Beillouin et al., 2020; Belien et al., 
2021). The study orchards were all managed according to Integrated 
Pest Management guidelines and were at least 1.5 km apart from each 
other. In all orchards, Abate Fétel was the main variety, with Williams 
serving as the pollinating variety. In all orchards except one, where 
Williams trees were along the rows, disposition of pear varieties was into 
separate blocks, adjacent or alternate (Table S1). According to the 
Phytosanitary Notebook (register of pesticides applied in each farm), 
insecticides were applied in March, before bloom, while plant growth 
regulators and fungicides were applied also during bloom, when flowers 
were collected for chemical analysis. The application of herbicides was 
not reported.

2.2. Pollinator survey

In early April 2023, pear pollinators were monitored around midday 
during peak bloom with adequate weather conditions (sunny days, 
T ≥ 10◦C, low wind speed). One observer walked along a transect 
(400–700 m, depending on the orchard) between tree central rows for 
30 min on two different days, totalling 1 h, and noted all insects 
observed visiting pear flowers on both sides of the transect. Because we 
expected low pollinators abundance, we did not use the sweep net to 
avoid potential disturbance to flower visitors. Pollinators were classed 
into broad functional groups, following Garratt et al. (2022) and were 
honeybees, bumblebees, wild bees, syrphids, muscoid flies and other 
pollinators (i.e. wasps, Coleoptera and Lepidoptera). To estimate the 
number of flowers sampled in each transect, we counted the number of 
inflorescences in 3 trees and multiplied this number by the average 
number of open flowers (estimated from 10 inflorescences of 3 random 
trees) and by the number of trees per transect. The number of flowers 
surveyed was used to calculate pollinator visitation rates (number of 
individual pollinators observed per flower).

All bumblebees recorded were Bombus terrestris. While in most of the 
orchards were completely absent, their numbers were higher only in two 

L. Lenzi et al.                                                                                                                                                                                                                                    Agriculture, Ecosystems and Environment 398 (2026) 110113 

2 



farms, especially in one of them, in which commercial colonies were 
present. Therefore, we assumed that bumblebees (and honeybees) were 
managed in these two farms, and for the other orchards we included the 
few bumblebees into the wild bees group. In the statistical analysis 
regarding the effect of pollinators on production and pollination deficit, 
three groups of pollinators were considered: honeybees, bumblebees, 
considered as two groups of managed pollinators due to their different 
behaviour as flower visitors (Lee et al., 2017), and “wild pollinators” 
(wild bees, syrphids, muscoid flies and other pollinators).

2.3. Pollination experiments

To assess pollination levels and fruit set, 10 trees per orchard were 
randomly selected along three central rows within each orchard. Before 
flowering, 3 branches on each tree were marked for one of three polli
nation treatments: Pollinator exclusion (E), Open pollination (O) and 
Supplementary cross-pollination (S). Branches of the E treatment were 
covered with a tulle mesh bag (diameter=1 mm) until petal fall. Polli
nator exclusion treatment provides data on the plant’s ability to set fruit 
without pollination, and is aided by irrigation, fertilization and hor
mones applications, which together represent fruit retention manage
ment. Branches of the O treatment were left to be freely visited by 
pollinators; branches of the S treatment were hand-pollinated with 
pollen from the pollinizer variety (Williams) and left open. To obtain 
Williams pollen, flower buds were collected at the balloon stage. Anthers 
were cut in the laboratory and placed at 37◦C for 24 h to enhance pollen 
release. Hand-pollinations were performed on two different days during 
full bloom.

On each branch, we assessed initial and final fruit set. Initial fruit set 
(percentage of flowers developing into fruitlets) is a good indicator of 
successful pollination and was assessed in May. Final fruit set was 
assessed in August, after the natural thinning occurred at the end of May. 
Seed set (the number of seeds per fruit) was established on 2 fruits per 
branch/treatment. However, because fruit set was low (see results), only 
182 pears from the experimental branches (E = 9, O=51, S=122) could 
be collected. For this reason, to increase the sample size for seed set 
under open pollination, 20 additional fruits per orchard were randomly 
collected from other trees (N = 224).

2.3.1. Pollinator dependence, pollination service and pollination deficit
To assess the role of pollinating insects in pear production, we 

calculated two indices - pollination service (PSer) and pollinator 
dependence (PDep). Each index was calculated twice: once for the initial 
fruit set and the other for the final fruit set.

Pollination service (PSer) is an index that provides the effective 
contribution of pollinators to fruit set (Garratt et al., 2021), and it was 
calculated as: 

PSer =
fO − fE

fO 

Where fO is the fruit set from the open pollination treatment and fE is the 
fruit set from the exclusion treatment.

Pollinator dependence (PDep) index denotes the dependence of the 
variety on pollinator visitation for fruit set (Garratt et al., 2021) and was 
calculated as: 

PDep =
fS − fE

fS 

Where fS is the fruit set from the supplementary pollination treatment 
and fE is the fruit set from the exclusion treatment.

When fO or fS were 0, the PSer and the PDep indexes, respectively, 
were considered equal to 0.

Pollination deficit (PDef) measures the shortage in fruit production 
compared to the maximum potential fruit set when pollination is not 
limiting; pollination deficit was calculated as: 

PDef =
fS − fO

fS 

When the fruit set achieved under open pollination was greater than 
under supplementary pollination, the deficit was considered equal to 
0 (Garratt et al., 2014a; Castro et al., 2021).

Pollination service, pollinator dependence and pollination deficit 
indexes can also be calculated based on seed set. However, given the 
very low number of fruits obtained from the exclusion treatment 
(N = 9), and that we included fruits from other plants for open seed set, 
they were not calculated in our study.

2.4. Pesticide load and risk

At the peak of bloom, around 40 newly opened pear flowers (ca. 10 
gr) were collected in each orchard and kept at − 20◦C for multi-residue 
analysis. This analysis, based on the detection of 775 active ingredients, 
was carried out by Agriparadigma (Ravenna, Italy) using the UNI EN 
15662:2018 method (with gas chromatography tandem mass spec
trometry,GC/MS/MS, and liquid chromatography tandem mass spec
trometry, LC/MS/MS,) and the method CVUA EU RL-SRM QuPPe (Quick 
Method for the Analysis of Highly Polar Pesticides) Version 12 method 
1.3 2021 (with LC/MS/MS) for glyphosate. With the residue data, a risk 
index (RI) was calculated as the sum of the “toxic units” of the active 
ingredients found in the flowers from each orchard. The index was 
calculated as the sum of each active ingredient (R) divided by its LD50 
(for Apis mellifera, PPDB- Pesticide Properties Database https://sitem. 
herts.ac.uk/aeru/ppdb/). We examined both oral and contact LD50s 
and selected the lowest value, thus representing the worst-case scenario 
(Favaro et al., 2019; Sgolastra et al., 2024): 

RI =
∑n

i=1

Ri
LD50i 

Where Ri is the residue of compound i, expressed in mg/Kg found in the 
sample; LD50i is the acute oral/contact lethal dose of compound i, 
expressed in μg/bee.

2.5. Landscape characterization

Land use composition was assessed at 0.5, 1.0 and 1.5 km buffers 
from the center of the orchard with CORINE Land Cover (CLC, Coordi
nation of Information on the Environment; Wyatt, 1988) reference year 
2018. CLC land use types were grouped into 3 categories: “Agricultural”, 
“Urban” and “Pollinator-friendly”; the latter includes all land use types 
providing suitable flower and nesting resources for pollinators (CLC 
categories 1.4, artificial non-agricultural vegetated areas; 2.3 and 2.4, 
pastures and heterogeneous agricultural areas; 3.1and 3.2, forests and 
shrubs and/or herbaceous vegetation associations; and 4, wetlands). 
Complete information on landscape characterization is available in 
Figure S1. The “pollinator-friendly” category was considered the main 
landscape factor that could positively influence pollinator abundance 
and pollination services. Landscape analyses were carried out with QGIS 
3.22 version (https://qgis.osgeo.org).

2.6. Statistical analyses

One orchard (RA2) was already in bloom when the study started. For 
this reason, we were unable to perform the second pollinator survey and 
the pollinator exclusion treatment. This orchard was excluded from 
analyses of pollinator guilds and pollination services but was used in the 
pollination deficit and pesticide analyses.

2.6.1. Pollination services and pollination deficits
To test the effect of different pollination treatments on fruit set and 

seed set, Generalized Linear Mixed Models (GLMMs) were performed, 
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where either initial or final fruit set or seed set were the dependent 
variables, and experimental treatment (Exclusion, Open and Supple
mentary) was the independent variable; orchard identity was added as a 
random factor. When treatment was significant, a Tukey post-hoc test 
was performed to identify differences between levels (Exclusion, Open 
and Supplementary). GLMM was also used to test the relationship be
tween initial fruit set, a metric for pollination, and final fruit set, a metric 
for production, adding orchard identity and experimental treatment as 
random factors (Garratt et al., 2021).

One sample t-test was performed to test if pollination deficit, both for 
initial and final fruit set, across orchards differed significantly from 0.

Seed set is dependent on pollination (Feuerbacher et al., 2024; Siopa 
et al., 2024) and may be an easier variable to assess than fruit set, even if 
seed set in pear is considerably variable across cultivars (Nyéki and 
Soltész, 1998). For this reason, we used GLMM models to test the rela
tionship between seed set and fruit set under open pollination, and be
tween seed set and pollination deficit (Webber et al., 2020), with 
orchard identity included as a random factor.

GLMMs were performed using the lme function from the nlme 
package (Pinheiro et al., 2025) and post-hoc tests using the emmeans 
function from the emmeans package (Lenth, 2024).

2.6.2. Effects of environmental variables on pollinator visitation
We tested for the effects of landscape composition and pesticide 

exposure on pollinators (Table S2). Linear models were performed with 
the visitation rate of each pollinator group as the response variable (one 
model per pollinator group), and the pesticide risk index and the pro
portion of pollinator-friendly landscape (arcsine-transformed), as 
explanatory variables. These analyses were repeated three times, with 
the percentages of pollinator-friendly landscapes at the three buffers 
(0.5, 1.0 and 1.5 km), given that the three radii were not highly corre
lated (Table S4).

2.6.3. Effect of pollinator visitation, pesticide risk and fruit retention 
management on pollination performance and fruit set

Fruit and seed set in pears are influenced by pollinator visitation 
(Hünicken et al., 2021), but also by fruit retention management prac
tices (e.g. irrigation, hormone applications, fertilization) (Musacchi 
et al., 2021). In our study, the latter can be assessed through the ability 
of the cultivar to set fruit without pollinator visitation (fruit set in 
pollinator exclusion treatment). In addition, pesticide exposure may 
alter the foraging behaviour of pollinators, ultimately resulting in 
decreased pollination services (Klatt et al., 2023; Stanley et al., 2015). 
We performed a series of linear models in which the response variable 
was a measure of pollination performance (pollination service index, 
pollination deficit index) or a measure of fruit set (initial fruit set, final 
fruit set, seed set in open pollination branches). The explanatory vari
ables were the visitation rates of the three pollinator groups, honeybees, 
bumblebees and wild pollinators, fruit set in the pollinator exclusion 
treatment (as a proxy of fruit retention management) and risk index 
(Table S2).

In all models, the response variables were log10 transformed when 
normality assumptions were not met.

To identify the environmental and pollinator visitation variables 
affecting pear pollination and production, we applied a model selection 
approach based on information theory in all analyses described in sec
tions 2.6.2 and 2.6.3 that included more than one explanatory variable 
(Table S3). We began with a full model including all explanatory vari
ables of interest and used the dredge function from the MuMIn package 
(Barton and Barton, 2015) to generate and compare all possible nested 
models. Model selection was based on Akaike’s Information Criterion 
corrected for small sample sizes (AICc) (Anderson and Burnham, 2002;
Mazerolle, 2023). Models with a ΔAICc < 2 were considered to have 
substantial support. When the null model (i.e., the model without 
explanatory variables) was among the best models (ΔAICc < 2), we 
interpreted that none of the predictors had a meaningful effect. In most 

cases where the null model was not among the best models, only one 
top-ranking model emerged. We then reran this selected model sepa
rately to test the statistical significance of its predictors, adopting a 
significance threshold of α = 0.05. In one case, three models were sorted 
as best models (ΔAICc < 2); therefore, we ran a model that included all 
variables selected across models (Table S3). To further assess model fit, 
we used AICc weights to evaluate the relative likelihood of the selected 
model in comparison to others. We also visually inspected 
quantile-quantile plots and residuals vs. fitted values plots to verify 
normality and homoscedasticity of residuals.

All analyses were conducted in R version 4.4.1 (RStudio Team, 
2024).

3. Results

3.1. Pollinator diversity and abundance

A total of 1762 insects were observed visiting pear flowers. The 
majority were honeybees (Apis mellifera, 46 %), followed by muscoid 
flies (35 %), syrphids (10 %), bumblebees (Bombus terrestris, 4 %), wild 
bees (3 %) and other pollinators (wasps, Coleoptera and Lepidoptera, 
2 %). The abundance of each pollinator functional group across the 
orchards is reported in Figure S2. Visitation rates were normalized for 
10,000 flowers, and the mean (± standard error, SE) values were 2.84 (±
0.67), 2.27 (± 0.26), 0.62 (± 0.11), 0.15 (± 0.11), 0.24 (± 0.06) and 
0.03 (±0.02) for honeybees, muscoid flies, syrphids, bumblebees, wild 
bees and other pollinators, respectively (Fig. 1).

3.2. Pollination experiments

Pollination treatment significantly affected initial (χ2 =38.2; df=2; 
p < 0.001) and final fruit set (χ2 =50.2; df=2; p < 0.001) (Fig. 2a, b). 
Open pollination significantly increased initial and final fruit set 
compared to pollinator exclusion, revealing a high dependence of both 
variables on pollinator visitation. Supplementary pollination signifi
cantly increased initial and final fruit set compared to open pollination, 
indicating a pollination deficit. Initial and final fruit set at the orchard 
level were highly related (R²m=0.73, R²c= 0.77, t = 34.78, 
p < 0.0001).

Seed set also differed significantly across the three pollination 
treatments (GLM: χ2 =71.19; df=2; p < 0.001) (Fig. 2c). It was signif
icantly higher in fruits from supplementary pollination (mean ±
SE=3.28 ± 0.19) than in fruits from the open pollination (1.96 ± 0.11) 
and than in fruits from the pollinator exclusion treatment (0.67 ± 0.55) 
(Tukey test; p < 0.05).

Seed set was significantly correlated to final fruit set (R²m= 0.29, 
R²c= 0.91, t = 2.50, p = 0.025) and marginally significant to pollina
tion deficit (R²m== 0.20, R²c= 0.90, t = -1.91, p = 0.077). (Figure S3a, 
b).

3.2.1. Pollinator dependence, pollination service and pollination deficit
Mean (±SE) pollinator dependence (PDep) index was 0.40 ± 0.06 

(range: 0–0.8) for initial fruit set and 0.33 ± 0.06 (range: 0–0.8) for final 
fruit set.

Mean (±SE) pollination service (PSer) index was 0.18 ± 0.04 (range: 
0–0.6) for initial fruit set and 0.17 ± 0.04 (range: 0–0.5) for final fruit 
set.

Pollination deficit was significant both at initial (t-test: t = 5.36, 
df=14, p < 0.001) and final fruit set (t-test: t = 5.8, df=14, p < 0.001), 
with mean (±SE) values of 0.31 ± 0.06 (range: 0.00–0.74) and 0.33 
± 0.06 (range: 0.00–0.74), respectively. The 95 % confidence intervals 
were 0.19–0.44 and 0.21–0.45 for initial and final fruit set, respectively.

3.3. Pesticides and landscape composition

The multi-residue analysis on the pear flowers revealed the presence 
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of 39 pesticides (Table S5) that were grouped into different categories: 
insecticides, fungicides, herbicides, plant growth regulators, and acari
cides. The number of compounds per orchard ranged from 4 to 15 (mean 
± SD= 9.93 ± 3.47), and total residue concentrations ranged from 
0.011 mg/kg to 264 mg/kg (mean ± SE= 69.76 ± 36.0 mg/kg) (Fig. 3a, 
b). Fungicides were the most abundant pesticide group (52.3 %), with 
Dithianon and Pyrimethanil being the most frequent active ingredients, 
and Captan and its metabolites reaching unusually high levels (264 mg/ 
kg) in one orchard. Insecticides accounted for 25.64 % of the residue 
levels, with Pyriproxyfen detected in all orchards except one. Also 
noteworthy is the finding of the herbicide Glyphosate in 75 % of the 
orchards. The list of all pesticides detected, and their residue level is 
reported in Table S5. The risk index ranged from 0.02 to 11.75 (mean ±
SE=1.41 ± 0.71, median= 0.64); the highest risk index was detected in 
the orchard with high levels of Captan (MO2, Fig. 3c).

The landscape was rather homogeneous across sites, with a pre
dominance of agricultural land (mean ± SD = 84.2 ± 7.5 %, 83.3 ± 2 % 
and 82.6 ± 6.6 %) and a low percentage of "pollinator-friendly" areas 
(mean ± SD= 4.09 ± 3.6 %, 4.86 ± 3.08 % and 5.2 ± 2.9 %) at 0.5, 1.0 
and 1.5 km, respectively.

3.4. Effects of pesticides and landscape composition on pollinators

For honeybee, bumblebee, syrphid and muscoid fly visitation rates, 
the null model was consistently among the best-supported models; 
therefore, risk index or pollinator-friendly landscape at the 3 radii were 
not relevant. However, for wild bees’ visitation rate model selection 
highlighted pollinator-friendly landscape at 1.5 km as an explanatory 
variable, and it resulted as significant (estimate = 8.30e-05, SE = 3.48e- 
06, t = 2.39, p = 0.033) (Fig. 4).

3.5. Effects of pollinator visitation, fruit retention management, and 
pesticide risk on pollination services, pollination deficits and fruit 
production

The model selection for initial fruit set identified fruit retention 
management and risk index as relevant explanatory variables 
(Table S3). Initial fruit set increased with the ability of the cultivar to 
initiate fruits without pollinators (a proxy of fruit retention manage
ment) (estimate = 2.08, SE = 0.23, t = 8.97, p < 0.001) and decreased 
with increasing risk index (estimate= − 0.002, SE=0.00, t = -5.07, 
p < 0.001). Since orchard MO2 was identified as an outlier for the risk 
index, we re-run the model without it. Model selection retained fruit 

retention management but not risk index, and it was still significant 
(estimate = 2.08, SE = 0.24, t = 8.60, p < 0.001) (Figure S3). For the 
final fruit set open, the null model was among the best-supported models 
(Table S3), indicating no relevant effects of the three explanatory 
variables.

For seed set, three best supported models emerged and included 
bumblebee visitation rate, fruit retention management and honeybee 
visitation rate, so we ran a model with these explanatory variables 
(Table S3). Surprisingly, the model unveiled a negative effect of bum
blebees’ visits on seed set (estimate= − 8069.57, SE=3251, t = -2.48, 
p = 0.028) (Figure S5). Orchard FE1, which had the highest number of 
bumblebees, was identified as an outlier. We reran the model without 
this orchard, and the model selection reported the null model among the 
best models (ΔAICc <2); then the effect of bumblebee visitation was no 
longer relevant.

Model selection showed that, for pollination service and deficit in 
initial and final fruit set, the null model was consistently among the best 
models, indicating that pollinators and orchard management were not 
relevant for these response variables (Table S3).

4. Discussion

The aim of this study was to assess pollination services and polli
nation deficits in pears, an important self-incompatible crop. Addition
ally, we wanted to explore how landscape context and pesticide 
exposure influenced pollinator visitation and pear fruit production. Our 
results confirmed the high dependence of P. communis on pollinators and 
revealed low levels of pollination services and widespread pollination 
deficits. At the same time, our study confirmed the positive effect of 
pollinator-friendly landscapes on wild bee visitation to pear flowers. 
Alongside, we found a negative effect of pesticide risk on initial fruit set 
and a negative effect of bumblebees’ visits on seed set, even if driven by 
one orchard in both cases.

4.1. Pollinator guilds

In line with other pear studies (Quinet et al., 2016; Fountain et al., 
2019), we found a low overall pollinator visitation rate. In addition to 
the low attractiveness of pear flowers (Quinet and Jacquemart, 2017), in 
our study, this was probably exacerbated by the harsh weather condi
tions experienced during bloom, with temperatures often below 13◦C 
during the day and below 0◦C at night, which is a common condition for 
crops blooming in early spring like P. communis (Belien et al., 2021; 

Fig. 1. Visitation rates (n◦ of individuals per n◦ of flowers in the transect, normalized for 10,000 flowers) of pollinators functional groups. HB= Honeybees, 
BB= Bumblebees, WB= Wildbees, SYR= Syrphids, MSC= Muscoid flies.
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Reeves et al., 2022).
The pollinator community was dominated by the honeybee Apis 

mellifera, in line with the results of Fountain et al. (2019). However, we 
did not observe any effect of honeybees’ visitation on fruit set, as well as 
for other pollinators, as also reported by other studies (Eeraerts et al., 
2025 and references therein). Although much less abundant than hon
eybees, we found a negative effect of bumblebee visitation on seed set. 
Even though bumblebees are considered efficient pollinators of 
P. communis (Jacquemart et al., 2006; Zisovich et al., 2012), some 
studies reported negative effect of Bombus terrestris’ visits to flowers. For 
instance, the study of Smessaert et al. (2021) documented lower fruit set 
and seed set in Conference pear after bumblebee visits, that were 
attributed to flower damage caused during visitation. Also, Mayer and 
Lunden (1997) observed that bumblebees tended to work newly opened 
pear flowers with unripe anthers, therefore, not effectively transferring 
pollen. Moreover, Sáez et al. (2014) showed that increased bumblebees’ 
visitation damage raspberry pistils, therefore compromising drupelet 
set. These mechanisms may provide possible explanation for our result, 
although further studies are needed to clarify the effectiveness of these 
managed pollinators in pear orchards. Many studies show that wild bees 

are more effective pear pollinators than honeybees (Monzón et al., 2004; 
Garibaldi et al., 2013; Fountain et al., 2019; Reilly et al., 2020; Belien 
et al., 2021; Hünicken et al., 2021; Roquer-Beni et al., 2022), but in our 
study, wild bees accounted for just 3 % of the visits recorded. The study 
of Monzón et al. (2004) shows the beneficial effects of solitary bee 
visitation on pear seed set even against a strong background of honey
bees. Therefore, enhancing wild bee communities near pear orchards 
would likely improve fruit quality and provide stability in terms of 
pollination services.

4.2. Pollination dependence, service and deficit

Pear is known to be a strong pollinator-dependent crop because of 
genetic self-incompatibility (Delaplane and Mayer, 2020; Quinet and 
Jacquemart, 2017; Goldway et al., 2019; Belien et al., 2021), and our 
results confirm the dependence of P. communis on pollinators, reporting 
a dependence for the cultivar Abate Fétel. Indeed, the pollinator 
dependence index was around 40 % and 33 % for initial and final fruit 
set, respectively. According to Siopa et al. (2024), P. communis has an 
average pollinator dependence of 74 %, but with variations across cul
tivars, ranging from a minimum of 15 % to a maximum of 100 %.

As expected, based on the low visitation rates observed in our study 
and in others (Quinet et al., 2016; Fountain et al., 2019; Hünicken et al., 
2021), pollination services in our pear orchards were rather low (around 
17 %). Pollination deficits were pervasive across the study orchards, 
with mean values around 31 % and reaching 74 % in one orchard. 
Pollination deficits may be influenced by insufficient compatible pollen 
deposition; in fact, it is a common practice to place honeybee hives in 
pear orchards to boost cross-pollination (Goldway et al., 2019), but in 
our study, we did not observe a beneficial effect of honeybee visits on 
fruit set or pollination deficit reduction. This may be because honeybees 
tend to move along tree rows rather than between rows (Monzón et al., 
2004; Quinet and Jacquemart, 2017), hindering cross-pollination be
tween cultivars. This aspect may also be exacerbated by the layout of 
pear cultivars in the orchards (e.g., pollinisers planting design and 
density), which were primarily organized into blocks (Quinet and Jac
quemart, 2017). We reported significant pollination deficits, although 
we observed a significant effect of the ability of the plant to set fruit 
without pollination, probably influenced by management practices 
based on hormone application, fertilization and other practices that 
promote fruit retention. Given that the cultivar resulted dependent on 
pollinators and experienced a pollination deficit, it would benefit from 
an increase in pollination service (Hünicken et al., 2021; Sáez et al., 
2022).

However, our results indicate that the two most commonly managed 
species for pear pollination—honeybees and bumblebees—are not 
particularly effective, raising concerns about the current management of 
pollination services. Other managed pollinators, such as Osmia spp. have 
proven to be more efficient because they are attracted by pear flowers 
and are active under lower temperatures (Maccagnani et al., 2003; 
Monzón et al., 2004; Fountain et al., 2019; Goldway et al., 2019).

4.3. Pesticide risk and landscape characterization

We evaluated pesticide contamination and characterized the land
scape surrounding the orchards to evaluate the effect of local and 
landscape factors on pollinator guilds and pollination services. We 
detected 39 different compounds in pear flowers, including 10 in
secticides, reflecting their persistence from pre-bloom sprays. The risk 
index ranged from 0.02 to 11.75 to (mean=1.41). One orchard, MO2, 
had a very higher risk index, mostly due to high levels of the fungicide 
Captan, which was applied during bloom. We found no effect of the risk 
index on pollinator visitation rate. However, the risk index had a 
negative effect on initial fruit set, which is the metric for pollination, 
even if this effect was driven by the MO2 orchard. Pesticide exposure 
may affect the behaviour of pollinators as reported by different studies 

Fig. 2. Mean (±SE) initial (a) and final fruit set (b), expressed as the proportion 
of flowers that set fruit, and seed set (c) in branches of the pollination experi
ment (pollinator exclusion, open pollination, and supplementary pollination) in 
15 pear orchards. Different letters denote significantly different means (Tukey 
test; p < 0.05).
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(Stanley et al., 2015; Tamburini et al., 2021; Avila et al., 2023; Klatt 
et al., 2023), therefore, even if the risk did not affect pollinators visi
tation rates it may have interfered indirectly with the pollination pro
cess. Indeed, Tamburini et al. (2021) reported a reduction in pollen 
deposition per flower visit by bumblebees after pesticide exposure, 
therefore, compromising the pollination process Moreover, Stanley et al. 
(2015) observed a reduced seed set in apple orchards with bumblebee 
colonies previously exposed to pesticides, even if individuals showed an 
increased foraging activity, thus suggesting a behaviour’s alteration. 
Our results confirm the high level of pesticide contamination in 

agricultural areas (Sgolastra et al., 2024), with high numbers of com
pounds, some of which could interact synergistically (Sgolastra et al., 
2017). The study was conducted in an intensively farmed area, with low 
cover of the landscape suitable for pollinators. Nevertheless, we 
observed a significant positive effect of pollinator-friendly cover at 
1.5 km on wild bee visitation rate to pear flowers. The proportion of this 
pollinator-friendly cover was around 5 %, likely too low to maintain 
larger populations of wild bees that are able to provide an effective 
contribution in pollination service; the study of Eeraerts (2023) suggests 
that a proportion up to 15 % of semi-natural areas have a positive effect 

Fig. 3. Number of compounds grouped by pesticides categories across orchards (a); mean (± SE) concentration (mg/kg) of pesticides across orchards (b) and Risk 
index in each orchard (c). PGR = Plant Growth Regulators.
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on pollination services to cherry crop, while Holzschuh et al. (2012)
found a significant effect in a context with more than 18 % of 
high-diversity habitats. Indeed, increasing the availability of 
pollinator-friendly habitat would enhance wild bees visitation to pear 
orchards and possibly promote the stability of their populations, thus 
improving pollination (Ganser et al., 2018; Magrach et al., 2023; Run
dlöf et al., 2022) and other ecosystem services (Tamburini et al., 2020).

5. Concluding remarks

Our study reports on pollinator visitation rates and widespread 
pollination deficits in Pyrus communis, on which there are currently few 
studies, in a leading production area. Importantly, these deficits are not 
offset through the use of phytohormone applications to enhance fruit 
retention. Our results also suggest that the two most abundant 
(managed) pollinator species are not significantly contributing to pear 
pollination services in the study orchards and that enhancing semi- 
natural areas to boost wild bees’ visits to pear flowers would be a 
more effective strategy. Our study also reveals that pear orchards are 
heavily contaminated with multiple pesticides, which may have 
contributed over the years to a significant decline in wild bee pop
ulations (as suggested by their low frequency in the study areas), ulti
mately resulting in negative impacts on pollination services. The main 
limitation of our study is that it was carried out under critical weather 
conditions, which may have exacerbated pollination deficit. Future 
research should be done under more favourable weather conditions and 
focus on a deeper investigation on pear pollinator community by iden
tifying the contribution of different pollinator species to pollination 
service. Alongside, the restoration of semi-natural habitats surrounding 
pear orchards and the reduction of pesticide applications would enhance 
diverse wild pollinator communities and may reduce pollination deficits 
in this understudied crop.
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