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REVIEW

Fruit set is moderately dependent on insect pollinators in strawberry and is 
limited by the availability of pollen under natural open conditions
Christopher Michael Menzel

Department of Agriculture and Fisheries, Nambour, Queensland, Australia

ABSTRACT
Modern strawberry (Fragaria ×ananassa Duch.) cultivars are hermaphrodite and have fertile 
flowers, with the anthers releasing viable pollen. Cultivars are self-compatible and do not 
require cross-pollination. Studies supporting managed or wild insects are based on a few 
reports and there are problems with the methods used to assess pollination. This review 
examined the role of pollination in strawberry. The mean (± s.d. or standard deviation) 
pollinator dependence (PD) for yield (self-pollination versus open- or insect-assisted pollina-
tion) was 0.36 ± 0.26 (P < 0.001, N = 52 studies). The yields of plants exposed to supplementary 
insects were higher than those exposed to pollinators under natural open conditions, with a 
calculated pollen limitation (PL) of 0.20 ± 0.17 (P < 0.001, N = 20 studies). Fields close to semi- 
natural habitats, wildflowers, grass or hedges can have more pollinators and a greater diversity 
of pollinators than fields further away. However, a greater abundance of pollinators does not 
always lead to higher fruit set. Yield is dependent on insect pollinators (moderate pollinator 
dependence) and is limited by the availability of pollen under natural open conditions 
(moderate pollen limitation).
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Introduction

Strawberry (Fragaria ×ananassa Duch.) is cultivated 
around the globe under a range of growing systems 
and climates (Hancock, 2008, 2020; Hernández- 
Martínez et al., 2023; Schattman et al., 2022). Total 
production is 14 million tonnes, with China producing 
41% of the crop (Lei et al., 2021) and the United States 
19% of the crop (Samtani et al., 2019). High-yielding 
cultivars are crucial for viable production, with land, 
labour and marketing expensive in many areas 
(Guthman & Jiménez-Soto, 2021)

Modern cultivars are hermaphrodite and have fer-
tile flowers, with the anthers releasing viable pollen 
(Ashman et al., 2015; Ashman, 2003; Free, 1968a,  
1968b, 1993). Cultivars are self-compatible and do 
not require cross-pollination (Du et al., 2021a, 2021b; 
Hortyñski et al., 1972). Individual flowers can be fer-
tilised by pollen released from within the flower 
through the assistance of gravity and wind. However, 
the arrangement of the stamens within the flower 
(often below the stigmas) and the large number of 
stigmas in each flower (up to 500 or more per flower) 
lead to inadequate fruit growth in the absence of 
pollinators (Free, 1993; Connor & Martin, 1973; 
McGregor, 1976; Yoshida et al., 1991a, 1991b). The 
role of pollinating insects in production is unclear, 
with a range of methods used across experiments 
and a range of responses recorded.

This paper examines the importance of pollina-
tion on strawberry production. The dependence on 
pollinators for yield or fruit weight (pollinator 
dependence or PD) was assesses across studies. 
The relationship between fertility and self- and 
cross-pollination was assessed from previous litera-
ture. Data were examined to determine if yield is 
limited by the supply of pollen under natural con-
ditions (pollen limitation or PL). Information was 
collected on the insects associated with pollination 
and how they are best managed for production. 
The review provides recommendations for future 
research.

Economics of pollination

There are several studies highlighting the economic 
benefits of pollinators for strawberry. The bulk of 
these reports are from the United States (Barfield et 
al., 2015; Calderone, 2012; Chopra et al., 2015; Jordan 
et al., 2021; Koh et al., 2016; Losey & Vaughan, 2006; 
Southwick & Southwick, 1992; Robinson et al., 1989a,  
1989b) or Europe (Breeze et al., 2021; Carrek & 
Williams, 1998; Martin et al., 2019; Picanço et al.,  
2017; Richards, 2001; Zych & Jakubiec, 2006). There 
are also analyses from Australia and New Zealand 
(Cunningham et al., 2002), Brazil (Giannini et al.,  
2015), India (Chaudhary & Chand, 2017), Japan 
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(Konuma & Okubo, 2015; Oguro et al., 2019) and 
China (An & Chen, 2011; Mashilingi et al., 2021).

Some authors have examined economics across 
the globe (Aizen & Harder, 2009; Aizen et al.,  
2008, 2009, 2019; Dainese et al., 2019; Gallai et al.,  
2009; Garibaldi et al., 2015; Klein et al., 2007; 
Lautenbach et al., 2012; Lippert et al., 2021). The 
value of bee pollination for crop production is 
higher than for honey and beeswax production (e.g. 
Levin, 1983 in the United States).

Calderone (2012) reported on economics in the 
United States. The value of the strawberry industry 
was US$2.245 billion, with honeybees contributing US 
$0.045 billion and other insects US$0.404 billion. 
Pollinators contributed to 25% of the value of the 
industry and wild insects were more important than 
honeybees. Lautenbach et al. (2012) indicated that 
pollination for strawberry in the top ten countries 
was worth US$1.690 billion. Klatt et al. (2014) con-
ducted an analysis of yield and pollination in the 
European Union. Pollination contributed US$1.6 bil-
lion to the industry, equivalent to US$14,968 per ha. 
Breeze et al. (2021) estimated that pollination in the 
United Kingdom between 2014 and 2016 was worth an 
average of ₤150 million each year.

Mallinger et al. (2021) reviewed the importance of 
pollination to agriculture in Florida. Insects contribu-
ted to a mean of 38.4% of the value of strawberry 
cultivated on 9,499 ha, with the contribution ranging 
from 27 to 56% across various scenarios. The relative 
contribution of managed and wild insects was not 
provided.

Agricultural and wild plants vary in their depen-
dence on pollinators for seed or fruit set (Basualdo et 
al., 2022; Baylis et al., 2021; Breeze et al., 2016; Carr & 
Davidar, 2015; Freimuth et al., 2022; Hein, 2009; 
Melathopoulos et al., 2015; National Research 
Council, 2007; Porto et al., 2020; Sáez et al., 2018). 
The dependence on pollinators ranges from zero (fer-
tility not dependent on pollinators) to one (fertility 
completely dependent on pollinators). Dependency 
varies over time and with populations of a species 
(Rech et al., 2021) and across geographical areas 
(Leme da Cunha et al., 2023). A review of human 
nutrition and pollination demonstrated that poor pol-
lination resulted in a global loss of 4.7% of fruit, 3.2% 
of vegetables and 4.7% of nuts (Smith et al., 2022).

The method used to assess the importance of polli-
nators affects estimates of PD (Mallinger et al., 2021). 
Pollination-exclusion experiments can be conducted 
to compare seed set from flowers open or closed to 
insects. However, the results from these experiments 
are dependent on the abundance, diversity and effi-
ciency of the pollinators at the site. The results of this 
research indicate realised pollinator contributions not 
maximum contributions. The importance of pollina-
tors for fertility can be assessed by comparing seed set 

after self- or cross-pollination. However, this techni-
que does not include the contribution of insects to 
self-pollination, potentially overestimating insect 
pollination.

Values of PD for strawberry range from 0.10 to 0.80 
and are mostly from 0.20 to 0.30 (see citations above). 
These values are based on a few original reports and 
many of the studies do not include data on yield (e.g. 
Allen-Perkins et al., 2022; Ashworth et al., 2009; 
Barfield et al., 2015; Borneck & Merle, 1989; Chacoff 
et al., 2010; Chagnon et al., 1993; Chagnon, 2008; 
Chisel, 2015; Chopra et al., 2015; Delaplane & Mayer,  
2000; Delaplane, 2021; Gallai & Vaissière, 2009; 
Connor & Martin, 1973; Maeta et al., 1992; 
Malagodi-Braga & Kleinert, 2004; Pless et al., 2021; 
Żebrowska, 1998). The relationship between yield and 
pollination in strawberry is unclear. It is not known if 
PD varies between different cultivars and different 
growing locations and between protected and open 
field environments. Pollination dependence varies 
across cultivars within a species (e.g. apple as shown 
by Garratt et al., 2021) and the method used to assess 
self- and insect-pollination. A survey of 1,174 flower-
ing plants indicated that a third of the species pro-
duced no seeds without pollinators and half suffered at 
least an 80% reduction in fertility (Rodger et al., 2021).

Description of the flowers and fruit

The two outer whorls of the strawberry flower are 
sterile and do not contribute directly to fertility 
(Ariza et al., 2015). In contrast, the two inner whorls 
contain the fertile male and female parts of the flower. 
At anthesis, the flowers have a two-whorled calyx, with 
twelve alternating sepals (Figure 1). A single-whorled 
corolla, with five white petals is present interior to the 
sepals. There are two whorls of twenty stamens sur-
rounding a central receptacle. Each stamen has an 
anther which contains microsporangia and a short or 
long filament. The stamens are collectively called the 
androecium. There is an innermost whorl with several 
hundred carpels or free pistils. Each carpel consists of 
a stigma, a style, an ovary and one ovule. The carpels 
are imbedded in the epidermis of the receptacle in a 
spiral pattern. The pistils are collectively called the 
gynoecium.

The strawberry berry is an aggregate fruit originat-
ing from the receptacle tissue, with a number of ovar-
ies. These develop into one-seeded fruit or achenes 
(Figure 2). In some reports, the achenes refer to the 
seed and ovary tissue (gynoecia) which originate at the 
base of each pistil (Feng et al., 2019; Kang et al., 2013). 
In other reports, the achenes refer only to the seed (Pi 
et al., 2021; Yao et al., 2022). Each berry has 20 to 500 
achenes, depending on the cultivar and growing con-
ditions. The base of the flower is called the receptacle 
and develops into the edible part of the berry. The 
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percentage of ovules setting a seed is usually high (87% 
with Hulewicz & Hortyñski, 1972; and 80% with 
Connor & Martin, 1973). Fertility is much higher 
than in some other crops (e.g. 1% of flowers in avo-
cado as shown by Alcaraz & Hormaza, 2021; and 5 to 
6% of flowers in olive as shown by Dölek Gencer et al.,  
2023).

The physiology of pollination and fertilisation

Seed set in angiosperm plants is dependent on success-
ful pollination and fertilisation. The process begins 

with the pollen grains adhering to the stigmas of the 
flowers, followed by the hydration and germination of 
the grains and then the growth of the pollen tube 
(Adhikari et al., 2020; Chen et al., 2020; Erbar, 2003; 
Lord & Russell, 2002). The pollen tube cells elongate 
on an active extra-cellular matrix in the style and are 
guided by signals from the style and embryo sac (Lord 
& Russell, 2002). Eventually, two sperm cells from one 
pollen tube fuse to produce two distinct tissues. The 
first sperm cell fuses to produce the zygote and 
embryo, while the second fuses to produce the 
endosperm.

Figure 2. Strawberry flowers and immature fruit showing different stages of achene development.

Figure 1. The main parts of the strawberry flower. Source of photograph was Berries Australia (https://berries.net.au; Roman 
Samokhin).
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Information is available on the physiology of polli-
nation and fertilisation in strawberry. Cui et al. (2022) 
described seven stages of anther and pollen develop-
ment, including the sporogenous cell, microspore 
mother cell, tetrad, free microspore, vacuolated micro-
spore, bicellular pollen and mature pollen. The pistils 
enlarged and elongated rapidly in the free microspore 
stage, accompanied by expansion of the ovary. There 
are variations in fertility in parts of the flower (Zini et 
al., 2023). There is a higher incidence of immature 
gametophytes in the apical pistils and a higher inci-
dence of unviable gametophytes in the basal pistils. 
Fertility is reduced under extreme temperatures (Cui 
et al., 2021; Pipattanawong et al., 2009).

When the flower is fully developed, further devel-
opment is blocked and dependent on hormonal sig-
nals from the developing seed (Liu et al., 2020). These 
hormones are primarily auxins and gibberellins and 
stimulate the growth of the seedcoat and fruit (Guo et 
al., 2022). Self-fertilisation leads to lower fruit set than 
open- or hand-pollination, smaller berries and lower 
concentrations of auxins in the developing fruit 
(Wietzke et al., 2018).

Relationship between fertility and the stamens

There are variations in the structure of flowers, 
depending on the species, cultivar and plant (Ariza et 
al., 2015; Hollender et al., 2012). The anthers on the 
stamens carry the pollen used to pollinate the ovaries. 
Ashman (1999, 2000) studied the biology of the wild 
strawberry, F. virginiana in the United States. The 
stamens from the female flowers were shorter (1.28 
to 1.66 mm) than those from the hermaphrodite flow-
ers (4.01 to 4.55 mm). There was a weak correlation 
between the amount of pollen removed from the her-
maphrodite flowers and the height of the stamens 
above the base of the flowers (P < 0.05, r = 0.38). 
More pollen was removed from flowers with long sta-
mens than those with short stamens.

There are mixed reports on the relationship 
between fertility and the height of the stamens. The 
results of some studies suggest that long stamens 
favour fruit set. In contrast, the results of the others 
suggest that short and long stamens provide similar 
fruit set.

Connor (1972) and Connor and Martin (1973) 
examined the fertility of cultivars in Michigan. There 
was a moderate relationship between the percentage of 
ovules setting seed and the mean height of the stamens 
above the base of the flower (P = 0.007, R2 = 0.52, N =  
11). The height of the stamens above the base of the 
flowers ranged from 2.0 to 5.2 mm and the percentage 
of ovules setting ranged from 35 to 78%.

Bagnara and Vincent (1988) conducted similar 
work with eight cultivars in Canada. There were no 
relationships between fruit weight and the height of 

the stamens above the base of the flower (P = 0.843), 
the height of the receptacle (P = 0.879) or the ratio of 
the two measures (P = 0.887). The stamens were 7.2 to 
8.9 mm long, the receptacles rose 9.4 to 10.3 mm from 
the base of the flowers and the fruit weighed 6.8 to 8.2  
g. Lata et al. (2018) collected data on the performance 
of 16 cultivars over two years in India. There were no 
relationships between the percentage of flowers setting 
fruit or the percentage of misshapen fruit, and the 
height of the stamens above the base of the flower (P  
= 0.174 or 0.188). The stamens were 2.1 to 3.9 mm 
long, the percentage of flowers setting ranged from 
37 to 71% and the percentage of misshapen fruit 
ranged from 31 to 58%. The receptacles rose 2.3 to 
5.9 mm from the base of the flowers.

Żebrowska (1998) reported on pollination and fer-
tility in five cultivars in Poland. There were weak 
correlations between yield per inflorescence and the 
height of the stamens after self- (P < 0.01, r = 0.35), 
wind- (P < 0.01, r = 0.54) or open-pollination (P <  
0.01, r = 0.36). There were similar correlations 
between fruit weight and the height of the stamens 
(P < 0.01, r = 0.27, 0.59 or 0.33). These results suggest 
that fertility was associated with long stamens, irre-
spective of the mode of pollination.

The relationship between fertility and the height of 
the stamens above the base of the flowers is mixed. 
Further research is required to determine whether 
cultivars with long stamens are more productive than 
those with short stamens.

Relationship between fruit growth and achene 
production

The achenes represent only a small proportion of the 
fruit, but they have a strong effect on the development 
of the receptacle (Aragüez et al., 2013; Pi et al., 2021). 
Fruit growth stops once the achenes are removed 
(Nitsch, 1950). Achene density and viability influence 
the shape, uniformity and size of the fruit (Li et al.,  
2020).

There is a strong relationship between fruit weight 
and achene production (Table S1). Fruit weight 
increases as the number of achenes per fruit increases 
(Hulewicz & Hortyñski, 1972; Øydvin, 1984). Some 
authors also include information of the density of 
achene production. Fruit weight decreases with the 
number of achenes per cm2 of fruit surface area 
(Abbott & Webb, 1970; Abbott et al., 1970; Webb et 
al., 1974, 1978).

The relationship between fruit weight and achene 
production varies in experiments. There are different 
relationships across species, hybrids and cultivars and 
across primary, secondary, tertiary or quaternary fruit. 
The linear relationship between fruit weight and the 
number of achenes per fruit was assessed (Table S1, N  
= 42; Figure 3, N = 35). The mean (± s.d. or standard 
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deviation) slope (b) from the regressions was 0.0548 ±  
0.0263 g FW and ranged from 0.0105 to 0.1485 g FW 
(Figure 3). There were variable, but strong relation-
ships between fruit weight and the number of achenes 
per fruit. An example of the relationship between fruit 
weight and achene production is provided (Figure 4).

Insects associated with pollination

There have been numerous investigations on the insects 
associated with pollination in strawberry (Table S2). 
Information has been compiled on the number and 
diversity of insects collected in pan-traps or nets along 
transects in fields (N = 10). In other research, data were 

collected on the number of insects visiting the flowers 
(N = 53). There are a few studies where information was 
collected on the amount of pollen deposited on the 
flowers or the source of the pollen on the insects iden-
tified (N = 4). Finally, some authors have measured fruit 
set after exposing the flowers to potential pollinators (N  
= 42). The fertility of the flowers with insects was com-
pared with those not exposed to insects and dependent 
on gravity and wind.

A range of insects are associated with pollination 
(Table S2). Honeybees are common (N = 74), along 
with wild bees (N = 36), bumblebees (N = 25) and 
flies (N = 16), while other insects are less common 
(N = 5). The importance of specific pollinators 
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Figure 4. Relationship between fruit weight and the number of achenes per fruit in strawberry. Fruit weight (g) = Intercept + 
0.0734 × No. of achenes (P < 0.001, R2 = 0.98, N = 71). Fruit were sampled from different positions on the inflorescence or cyme. 
Data are from Webb et al. (1978).
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Figure 3. Box plot showing the distribution of the slopes (b) from the linear regression between fruit weight (g) and the number of 
achenes per fruit in strawberry cultivars (N = 34). Data are from the various authors shown in Table S1.
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varies, possibly due to differences in the diversity of 
insects across agricultural and natural landscapes 
(Reilly et al., 2020). Some of the research is difficult 
to interpret because not all pollinators were 
assessed. Strawberry has fewer pollinators than 
other crops such as apple, bean and oilseed rape 
and a greater variation in total flower visits over 
time (Hutchinson et al., 2022). A study in The 
Netherlands demonstrated that insects visiting dur-
ing the night were as important as those visiting 
during the day (Fijen et al., 2023).

The most common pollinators are from the 
Hymenoptera (Apidae, Melittidae, Halictidae and 
Megachilidae) and the Diptera (Syrphidae and 
Calliphoridae) (Table 1). Species from the Coleoptera 
and Lepidoptera are less common. Rader et al. (2020) 
indicated that the pollinators of strawberry came from 
five Orders of insects and seventeen Families.

The following examples demonstrate the variety of 
insects associated with pollination in strawberry.

O’Connor et al. (2019) set up pan traps in eight 
fields in the United Kingdom and counted the number 
of insects visiting the flowers. Thirty-two species were 
noted, including twelve bumblebees, fourteen solitary 
bees, five hoverflies and the Western or European 
honeybee. The most common insects collected in the 
pan traps were solitary bees (mean ± s.e. of 33.7 ± 4.5), 
followed by bumblebees (16.5 ± 6.3), honeybees (3.5 ±  
1.6) and hoverflies (2.4 ± 0.5). The most common 
insects visiting the flowers were bumblebees (65.4 ±  
9.4), followed by honeybees (8.7 ± 2.0), solitary bees 

(1.9 ± 0.6) and hoverflies (1.2 ± 0.4). More insects were 
found visiting the flowers (especially bumblebees) 
than were collected in the traps. Bumblebees were 
drawn away from the traps to hunt out the flowers.

Castle et al. (2019) assessed pollination in 
Germany, with potted plants placed in various loca-
tions near arable fields, grasslands or forests. The most 
common insects visiting the flowers were from 
Coleoptera (including Families Nitidulidae and 
Cerambycidae), with 134 visitors. The next most com-
mon insects were from Diptera (Families Empididae, 
Rhagionidae and Syrphidae), with 212 visitors. Insects 
from Hymenoptera, including honeybees and bumble-
bees were less common, with 21 visits.

Wei et al. (2021) grew potted plants of ‘Mara Des 
Bois’, ‘Albion’, ‘Portola’ and ‘San Andreas’ in 
Pennsylvania and counted the number of insects visit-
ing the flowers. The most common visitors were true 
bugs (Hemiptera with about 50% of total), bees 
(Hymenoptera, 20%) and flies (Diptera, 20%). Beetles 
(Coleoptera, 5%) and butterflies (Lepidoptera, 2%) 
were less important.

Methods used to study pollination

Various methods have been used to study pollination, 
making it difficult to compare the results (Tables S1 to 
S3). Variations in the responses could be due to dif-
ferent growing conditions and cultivars. Extremes of 
temperature affect flower development and reduce 
pollination and fertilisation (Cui et al., 2021; 

Table 1. Main insects associated with pollination in strawberry. Data are summarised from Table S2.

Order Family Species Common name Distribution

Hymenoptera Apidae Apis mellifera Western or European honeybee Widely-distributed.
Apis cerana Eastern or Asian honeybee Southern, eastern & south-eastern Asia.

Apis dorsata Giant honeybee Southern & south-eastern Asia.
Apis florea Dwarf honeybee Southern & south-eastern Asia.

Bombus terrestris Buff-tailed bumblebee Europe.
Bombus lapidarus Red-tailed bumblebee Central Europe.

Bombus lucorum White-tailed bumblebee Europe.
Bombus pascuorum Common carder bee Most of Europe.
Bombus atratus Bumblebee South America.

Anthophora plumipes Hairy-footed flower bee Europe & Asia.
Nannotrigona testaceicornis Stingless bee Neotropical America.

Trigona minangkabau Stingless bee Central & southern America.
Tetragonisca angustula Stingless bee Mexico, central & southern America.

Trigona spinipes Dog bee (stingless bee) Brazil.
Hypotrigona sp. Stingless bee Africa.
Plebeia nigriceps Small bee (stingless bee) Mexico to Argentina.

Hymenoptera Melittidae Dasypoda hirtipes Hairy-legged mining bee United Kingdom to China.
Hymenoptera Halictidae Lagioglossum calceatum Sweat bee Northern Europe.

Hymenoptera Megachilidae Osmia bicornis Red mason bee Europe & the Middle East.
Diptera Syrphidae Eupeodes latifasciatus Hoverfly Widely-distributed.

Eupeodes corollae Hoverfly Europe, northern Africa & Asia.
Episyrphus balteatus Marmalade hoverfly Europe, northern Asia & northern Africa.

Melanostoma sp. Hoverfly Widely-distributed.
Diptera Calliphoridae Lucilia sericata Green bottle fly Europe, Africa & Australia.
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Karapatzak et al., 2012; Ledesma & Kawabata, 2016; 
Ledesma & Sugiyama, 2005). Some cultivars are more 
dependent on insects than others (Blasse & Haufe,  
1989; Connor, 1972). Bishop et al. (2020) demon-
strated that the effect of insects on the yields of faba 
bean depended on the method used to exclude 
pollinators.

Researchers have grown the strawberry plants 
under a range of environments, including green-
houses, plastic tunnels and open-field plots (Ariza et 
al., 2012; Bänsch et al., 2020; Witter et al., 2012). 
Insects need to be introduced into protected cropping 
environments to achieve satisfactory yields, whereas 
plants in the open have access to pollinators (Ariza et 
al., 2012; Hall et al., 2020; Saridaş et al., 2021).

Different strategies have been used to exclude 
insects from the flowers, including bagging of indivi-
dual flowers or inflorescences or the use of insect- 
proof screens around the plants (Bänsch et al., 2020; 
Klatt et al., 2014; Connor & Martin, 1973; Moore,  
1969). Paper bags exclude wind pollination, whereas 
mesh bags allow wind pollination. The paper bags 
must exclude foreign pollen, but not interfere with 
the health of the flowers. McGoey et al. (2017) 
described individual chambers for assessing the ferti-
lity of wind-pollinated plants.

Studies using plants are better than those using 
flowers or inflorescences. Perrot et al. (2019) found 
that pollinators increased the yields of sunflower by 
40% on a field-scale and by 31% on a plant-scale. They 
recommended that studies should be conducted on a 
field scale. Webber et al. (2020) examined the effect of 
pollination in apple in the United Kingdom. At an 
inflorescence scale, fruit set was 13% of normal levels 
when insects were excluded. It was 75% and 79% of 
normal levels at the branch and tree scales. 
Supplementary pollination led to fruit set of 218%, 
172% and 117% of normal rates at the inflorescence, 
branch or tree scales. Bishop and Nakagawa (2020) 
proposed that simple experiments comparing the yield 
of open-pollinated and caged plants provide reliable 
information on the benefits of insects.

Cages covered with screens reduce light levels 
above the plants and this affects yields. Some authors 
have included a treatment where the top of the cage 
has been enclosed to determine whether there is 
impact of the enclosure on yield. Goodman and 
Oldroyd (1988) used shade cloth to reduce solar radia-
tion levels by 50%. The shaded plants had 79% of the 
yields of the plants in the open. Petersen (1983) cov-
ered all the plots with screens to have uniform light 
levels in open and insect-excluded plots. Antonelli et 
al. (1988) found that plots shaded and given similar 
light levels to plants under cages had 84% of the yields 
of open plots in Washington (2.03 and 2.39 kg per 
plot). Bagnara and Vincent (1988) indicated that 
screens reduced solar radiation levels at noon by 16% 

compared with open plots and average wind speed by 
45%. Temperatures in the two environments were 
similar.

Researchers have used different methods to mea-
sure fertility. These include the percentage of flowers 
setting fruit, the number of fertilised achenes per fruit 
and the weight of achenes per fruit (Colbert & de 
Oliveira, 1992; Ferrante et al., 2022; Hulewicz & 
Hortyñski, 1972; Van Oystaeyen et al., 2022). The 
proportion of stigmas fertilised and producing a viable 
achene can be used to calculate the rate of pollination 
(Moore, 1964; Thompson, 1971). Fruit weight and the 
proportion of misshapen fruit can be used (Moore,  
1969). Most of these measurements are poor proxies 
for yield (Goodman & Oldroyd, 1988).

Classical pollination experiments

The results of research conducted mostly in the 1960s 
and 1970s highlight the importance of pollination. In 
some of the experiments, bees were excluded by bag-
ging the flowers or by placing insect-proof screens 
over the plants. In the others, mesh bags were placed 
over the flowers to allow for wind movement and the 
passage of foreign pollen. In some of the experiments, 
bees were placed in cages to evaluate the effect of 
insects. Finally, the effect of hand-pollination with 
pollen from other cultivars was investigated.

Hulewicz and Hortyñski (1972) examined modes of 
pollination in a glasshouse in Poland. Fruit growth and 
achene development were better with cross- or open- 
pollination than with self-pollination (Table 2). 
Żebrowska (1998) conducted similar experiments to 
those conducted by Hulewicz and Hortyñski (1972). 
Data were collected on fruit weight, yield and the inci-
dence of misshapen fruit. Self- and wind-pollination 
were better than self-pollination, and self-, wind- and 
insect-pollination were better than self- and wind-polli-
nation (Table 3).

Connor and Martin (1973) investigated the effect of 
pollination in Michigan. Self- and bee-pollination, self-, 
wind- and bee-pollination, and self-, wind- and all 
insect-pollination gave heavier fruit than self-pollina-
tion and self- and wind-pollination (Table 4). Wind, 
bees and other insects increased achene development 
compared with self-pollination. Moore (1969) grew 
plants in Arkansas using insect-proof cages to exclude 
bees and other pollinators. Plants in the open had 
higher yields than those under the cages, larger fruit 
and fewer misshapen fruit (Table 5). The benefits of 
insects were apparent.

Free (1968b) grew plants in the United Kingdom in 
cages with and without bees and compared their per-
formance with plants in the open. The plants in the 
open and those in cages with bees had more flowers 
setting fruit than those in the cages without bees 
(Table 6). The plants in the open and those in cages 
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with bees had larger fruit and fewer misshapen fruit. 
There were only small differences in the performance 
of the plants in the open and those in the cages with 
bees. The benefits of bees and other pollinators were 
demonstrated.

The importance of self- and insect-pollination 
varies across cultivars. Blasse and Haufe (1989) 
examined the effect of pollination on the yields 
of four cultivars over three seasons in Germany. 
Half the plants were grown in insect-proof cages, 
while the other half were grown in the open. The 
plants in the cages were dependent on gravity and 
wind, whereas those in the open had access to 
honeybees. The plants in the open had higher 
yields than those in the cages in four out of twelve 
comparisons (P < 0.05, Table 7). The relative yields 
of the plants in the cages compared with those in 
the open ranged from 0.58 to 1.22.

Hulewicz and Hortyñski (1972) investigated the 
effect of pollination on the performance of eleven 
cultivars in a glasshouse in Poland. In the first 
group of plants, the flowers were covered with 
small cloth bags to exclude wind and insects 
(self-pollination). In the second group, the flowers 
were exposed to insects (open pollination). The 

fruit in the open had more well-developed achenes 
than those in the bags in four out of eleven com-
parisons (P < 0.05, Table 8). The fruit in the open 
were larger in eight cases.

Hortyñski et al. (1972) grew seven cultivars in a 
glasshouse in Germany and examined the effect of 
cross-pollination on fruit growth. All combinations of 
female (♀) and male (♂) parents were used, including 
selfing. Cross-pollination had a mixed effect on fruit 
weight (Table 9). Overall, ‘Red Gauntlet’ and ‘Talisman’ 
were the best ♀ parents and ‘George Solwedel’ was the 
best ♂ parent. Cross-pollination resulted in heavier 
fruit than self-pollination in ‘Red Gauntlet’, ‘Senga 
Sengana’ ‘Talisman’ and ‘Brandenburg’.

The results of research indicate variations in the 
response across experiments and cultivars. Open polli-
nation with insects was better than self-pollination with 
gravity and wind. Cross-pollination gave mixed results.

Pollinator dependence

Experiments can measure fertility using self-pollina-
tion, open pollination, hand pollination, cross-polli-
nation, and supplementary pollination with insects 

Table 2. Effect of pollination on fruit weight and achene development in strawberry in Poland. Means in a column followed by a 
common letter are not significantly different by the Fisher’s least significant test at 5% level of significance. Data from Hulewicz 
and Hortyñski (1972).

Treatment Fruit weight (g) Percentage of achenes that were fully developed

Autogamy (self-pollination with pollen from the same flower using cloth bags) 4.5 a 46 a
Geitonogamy (pollination with pollen from another flower using cloth bags) 6.8 bc 66 b

Pollination within a clone 5.3 ab 61 b
Cross-pollination (different clone) 7.5 bc 64 b

Open pollination 9.7 c 87 c

Table 3. Effect of pollination on yield, fruit weight and the incidence of misshapen fruit in strawberry in Poland. Means in a column 
followed by a common letter are not significantly different by the Fisher’s least significant test at 5% level of significance. Data are 
from Żebrowska (1998).

Treatment
Yield 

(g per inflorescence) Fruit weight (g) Percentage of misshapen fruit

Self-pollination (linen bags) 17.2 2.1 72.3
Self + wind pollination (netted bags) 28.2 4.6 34.0

Open pollination with insects 40.0 6.7 7.4

Table 4. Effect of pollination on fruit weight and achene development in strawberry in Michigan. Means in a column followed by a 
common letter are not significantly different by the Fisher’s least significant test at 5% level of significance. Data are from Connor 
and Martin (1973).

Treatment Fruit weight (g) Percentage of achenes that were fully developed

Self-pollination (plastic screen) 5.5 a 51 a

Self + wind pollination (netted cages) 5.8 a 62 b
Self + insect pollination (plastic screen + bees) 7.2 b 68 c

Self + wind + bee pollination (netted cages + bees) 7.2 b 71 c
Open pollination with bees 7.3 b 80 d
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(Delaplane, 2021; Garratt et al., 2021; Mallinger & 
Prasifka, 2017; Thomson, 2001). The results of these 
studies indicate how much a plant depends on insects 
for successful pollination (pollinator dependence) or 
if a shortage of pollen limits productivity (pollen 
limitation). These studies can determine if produc-
tivity is better after cross-pollination with foreign 
pollen.

The dependence of strawberry on pollinators (pol-
linator dependence or PD) was assessed from the 
literature (Table S3). Fertility with self-pollination 
(SP) was compared with open pollination under nat-
ural conditions (OP) or with supplementary insects 
(SUPP) (PD = 1 - (YieldSP/YieldOP or 1- (YieldSP/ 
YieldSUPP)). A value of PD of one indicates that a 
crop is highly dependent on pollinators, while a 
value of zero indicates that a crop is independent of 

pollinators. Two-sided t-tests were used to determine 
if the PD for yield or fruit weight was significantly (P  
< 0.05) lower or higher than zero. The null hypothesis 
that PD equals zero was then rejected. Open or insect 
pollination was better than self-pollination, indicating 
a moderate pollinator dependence (Figure 5).

In the experiments, the flowers were bagged to 
exclude insects or the plants grown in insect-proof 
cages, tunnels or greenhouses. Two types of bags 
were used. Paper bags prevented pollination by 
insects and the wind. Mesh bags prevented pollina-
tion by insects, but allowed for pollination by the 
wind. The other treatments included open pollina-
tion under natural conditions or with supplementary 
insects.

The mean (± s.d. or standard deviation) PD for 
yield was 0.36 ± 0.26 (Figure 5; N = 52, P < 0.001). 

Table 5. Effect of pollination on yield, fruit weight and the incidence of misshapen fruit in strawberry in Arkansas. Means in a 
column followed by a common letter are not significantly different by the Fisher’s least significant test at 5% level of significance. 
Data are from Moore (1969).

Treatment
Yield 

(t per ha) Fruit weight (g) Percentage of misshapen fruit

Self-pollination (insect-proof cages) 16.3 a 9.1 a 48 b
Open pollination with insects 24.1 b 11.0 b 14 a

Table 6. Effect of pollination on fruit set, fruit weight and the incidence of misshapen fruit in strawberry in the United Kingdom. 
Means presented with standard errors (s.e.). Data are from Free (1968b).

Treatment Percentage of flowers setting fruit Fruit weight (g) Percentage of misshapen fruit

Self-pollination (insect-proof cages) 56 ± 1 6.7 ± 0.4 49 ± 2

Self + bee pollination (cages with bees) 65 ± 2 8.3 ± 0.3 21 ± 2
Open pollination with insects 60 ± 3 8.4 ± 0.03 15 ± 1

Table 7. Effect of pollination on the yield of strawberry cultivars in Germany. The caged plots excluded insects. Paired mean yields 
without a superscript are not significantly different by the Fisher’s least significant test at 5% level of significance. General means 
(± s.e. or standard error) also presented. Data are from Blasse and Haufe (1989).

Yield (g per plant) Relative yield

Year of planting Fruiting season Cultivar Caged plot Open plot Caged/Open

1984 Second Red Gauntlet 208 268 0.78
Red Gauntlet 194 264* 0.73

Gorella 195 160 1.22
Senga Sengana 217 312* 0.70

1985 First Red Gauntlet 175 234 0.75
Tenira 185 246 0.75

Senga Sengana 161 276* 0.58
1986 Second Red Gauntlet 164 161 1.02

Tenira 106 114 0.93

Tenira 216 294* 0.73
Senga Sengana 192 179 1.07

Mean (± s.e.) 183 ± 9 228 ± 19 0.84 ± 0.06
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The null hypothesis was rejected. The mean PD for 
fruit weight was 0.29 ± 0.22 (Figure 5; N = 55, P <  
0.001). The incidence of misshapen fruit was 3.20 ±  
1.89 higher in the plants not exposed to insects (Table 
S3; N = 40, P < 0.001). The benefit of insect pollinators 
is clear. Differences in the response could be due to 
variations in the abundance of pollinators in the local 
environment (Mallinger et al., 2021). The difference in 
fertility of flowers exposed or not exposed to insects 
would be small if there is a shortage of pollinators in 
the experiment. Crops that have a high rate of self- 
pollination have similar yields when they are caged or 
exposed to potential pollinators (e.g. Gazzoni et al.,  
2022 with soybean in Brazil). Modern strawberry cul-
tivars have a moderate rate of self-pollination.

Differences in fruit weight and the percentage 
of misshapen fruit between self- and open-polli-
nated plants did not reflect differences in yield 
(Table S3). The relationships between relative 

yield, and relative fruit weight (P = 0.076, R2 =  
0.08) or the relative percentage of misshapen 
fruit (P = 0.155, R2 = 0.04) were weak. Fruit weight 
and the percentage of misshapen fruit are poor 
proxies for yield.

Cross-pollination

Cross-pollinated flowers (CP) set more fruit than self- 
pollinated flowers (SP) (CP/SP = 1.08 ± 0.11, N = 38, P  
< 0.001) and produced larger fruit (CP/SP = 1.19 ±  
0.48, N = 93, P < 0.001) (Table S4; Figure 6). In con-
trast, the weight of achenes per fruit (CP/SP = 0.96 ±  
0.21, N = 40, P = 0.272) and the incidence of missha-
pen fruit (CP/SP = 0.81 ± 0.36, N = 16, P = 0.055) were 
similar in the two groups. These studies compared the 
fertility of flowers that were hand-pollinated using 
pollen from the same cultivar or hand-pollinated 

Table 8. Effect of pollination on the number of well-developed achenes and fruit weight in strawberry cultivars in Poland. The 
bagged flowers excluded insects. Paired mean yields without a superscript are not significantly different by the Fisher’s least 
significant test at 5% level of significance. General means (± s.e. or standard error) also presented. Data are from Hulewicz and 
Hortyñski (1972).

No. achenes per fruit Relative no. of achenes Fruit weight (g) Relative fruit weight

Cultivar Bagged flowers Open flowers Bagged/Open Bagged flowers Open flowers Bagged/Open

Red Gauntlet 56 197* 0.28 8.1 13.8 0.58
Cambridge Princess 116 200 0.58 3.6 12.0* 0.30
Senga Gigana 156 219 0.72 6.7 11.3* 0.60

George Soltwedel 62 219* 0.28 2.3 11.0* 0.21
Purpuratka 84 203 0.41 5.3 9.1 0.59

Senga Sengana 73 170* 0.33 1.8 8.4* 0.21
Sparkle 80 158 0.50 3.2 8.2* 0.39

Regina 67 216* 0.31 2.4 7.9* 0.30
Dixiland 89 148 0.60 3.7 7.8* 0.47
Redcoat 83 122 0.68 3.8 6.6 0.58

Ananas 64 170 0.37 3.8 6.3* 0.61
Mean (± s.e.) 85 ± 8 184 ± 9 0.47 ± 0.04 183 ± 9 9.3 ± 0.7 0.44 ± 0.05

Table 9. Effect of cross-pollination on fruit weight (g) in seven strawberry cultivars in Poland. Means in the extreme column and 
row without a superscript are not significantly different by the Fisher’s least significant test at 5% level of significance. Means in a 
row without an asterisk are not significantly different from the selfed plant by the Fisher’s least significant test at 5% level of 
significance. Data are from Hortyñski et al. (1972).

♂ Parent

♀ Parent George Solwedel Red Gauntlet Senga Sengana Senga Gigana Talisman Brandenburg Ville de Paris Mean

George Solwedel 3.8 2.3 3.8 6.6 5.5 2.7 3.8 4.1 a

Red Gauntlet 11.6* 5.8 6.3 10.4* 6.8 8.5 5.2 7.8 d

Senga Sengana 6.1 3.7 3.7 2.0 2.6 6.1 3.5 4.0 a

Senga Gigana 9.4* 3.8 4.4 4.9 7.3 7.2 9.7* 6.7 cd

Talisman 8.7* 5.8 9.7* 5.9 4.5 9.1* 6.3 7.2 d

Brandenburg 8.5* 4.8 7.1* 7.6* 6.4 3.2 1.5 5.6 bc

Ville de Paris 7.2 5.7 3.3 3.1 6.1 6.9 3.8 5.2 ab

Mean 7.9 c 4.5 a 5.5 ab 5.8 ab 5.6 ab 6.2 bc 4.8 a
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using pollen from a different cultivar. The comparison 
does not include the contribution of insects to self- 
pollination, potentially underestimating the contribu-
tion of pollinators to self-pollination (Mallinger et al.,  
2021).

There are mixed effects of cross-pollination on 
fertility suggesting that self-pollination can limit the 
productivity of some cultivars. Hudewenz et al. (2014) 
indicated that the benefit of cross-pollination varied 
amongst cultivars of oilseed rape in Germany. Yield 
was better in two out of four cultivars with hand 
pollination than with self-pollination.

Kämper et al. (2022) explored the relationship 
between fertility and cross-pollination in ‘Red 
Rhapsody’ and ‘Sundrench’ strawberry in 
Queensland, Australia. They found that 98% of the 
seeds on the fruit were from self-pollination, even 
when the two cultivars were planted only 1 m apart. 
In ‘Red Rhapsody’, fruit were similar after self- (24.1 ±  
0.7 g) or cross-pollination (24.0 ± 0.5 g). In 
‘Sundrench’, fruit were larger after self-pollination 
(26.0 ± 0.9 g versus 19.9 ± 0.7 g). It was concluded 
that cross-pollination was not important in commer-
cial fields. Dung et al. (2023) conducted a similar 
experiment to that of Kämper et al. (2022), with flow-
ers of ‘Redlands Joy’ self-pollinated or pollinated using 
pollen from ‘Rubygem’. Fruit produced after cross- 
pollination were 4.2 to 7.5% heavier than those pro-
duced after self-pollination.

Pollen limitation

Pollination in strawberry is better with insects 
than with wind or gravity (see above). In some 
plants, the availability and transfer of pollen limit 
seed or fruit set (Ashman et al., 2004; Knight et 
al., 2005; Layek et al., 2020, 2022; Li et al., 2022b; 

Vansynghel et al., 2022a). Pollen limitation (PL) 
or pollination deficit varies across populations of 
wild and crop plants and with the methods used 
to assess seed or fruit set (Bennett et al., 2018; 
Garratt et al., 2023; Holland et al., 2020; Larson & 
Barrett, 2000; Olhnuud et al., 2022). Low values of 
pollen limitation are associated with abundant 
pollinators and frequent visits of pollinators to 
the flowers (Hegland & Totland, 2008).

Pollen limitation can be estimated by comparing 
the fertility of plants with and without supplementary 
insects (Benjamin & Winfree, 2014; Delaplane, 2021; 
Garratt et al., 2021; Thomson, 2001). Alternatively, it 
can be estimated by comparing the fertility of hand- 
and open-pollinated flowers (Andrzejak et al., 2022; 
Campbell & Halama, 1993; Li et al., 2022a; Stanley et 
al., 2013; Stoner, 2020). There are issues with both 
methods. Hand-pollination can damage the flowers 
or apply excessive pollen to the stigmas. The response 
to supplementary pollination depends on the abun-
dance of native pollinators at the site. The density of 
the pollinators in cages is often higher than that in the 
natural environment.

There are few studies comparing the two methods 
used to estimate pollen limitation. Layek et al. (2021) 
examined the effect of pollination on the fertility of 
watermelon. Fruit set was lower when pollinators were 
excluded from the flowers (self-pollination), inter-
mediate with open pollination and higher with hand- 
pollination or when pollination was supplemented 
with stingless bees or honeybees. Estimates of PL 
were lower with bees (0.18 or 0.21) than with hand- 
pollination (0.27). Layek et al. (2022) conducted simi-
lar work with fennel. Estimates of PL were lower with 
stingless bees (0.13) than with hand-pollination (0.18). 
These results suggest that PL is underestimated using 
supplementary pollination with insects.
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Figure 5. Box plots showing the effect of pollination on yield (N = 52), fruit weight (N = 55) and the percentage of misshapen fruit 
in strawberry cultivars (N = 39). The flowers were self-pollinated (SP) or pollinated under natural open conditions (open pollination 
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are from the various authors shown in Table S3.
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Pollen limitation is higher in self-incompatible 
than in self-compatible plants, higher in non-auto-
gamous than in autogamous plants and higher in 
flowers with multiple carpels than those with single 
carpels (Larson & Barrett, 2000). In some cases, 
pollen limitation is due to poor pollen quality 
rather than to inadequate pollen supply (Aizen & 
Harder, 2007). Some authors used the term ‘polli-
nator-limited’ to indicate a shortage of pollinators 
to transfer pollen (Ai et al., 2013; Pan et al., 2012).

The relationship between fertility and pollen in 
strawberry was assessed across studies (Table S5). 
The fertility of flowers that were exposed to supple-
mentary insects was compared with that under natural 
open pollination. Pollen limitation (PL) was calculated 
as PL = (Ps – Po)/PMax, where Ps is the yield or fruit 
weight after supplementary pollination, Po is the yield 
or fruit weight from the control treatment (open pol-
lination) and PMax is the larger of the two values 
(Baskin & Baskin, 2018; Ryniewicz et al., 2022). Two- 
sided t-tests were used determine if PL was signifi-
cantly (P < 0.05) lower or higher than zero. The null 
hypothesis that the mean ratio equals zero was then 
rejected.

Mean (± s.d.) pollen limitation for yield was 
0.20 ± 0.17 (N = 20, P < 0.001), with the null 
hypothesis rejected. There was a moderate, but 
variable pollen limitation across the experiments 
(Figure 7). There was a different response when 
estimates of pollen limitation were based on fruit 
weight. Mean pollen limitation was 0.06 ± 0.18 (N  
= 25, P = 0.106). Seed set after supplementary pol-
lination should be higher or at least equal to seed 
set under natural conditions (zero or positive 
values of PL). Negative values of PL reflect experi-
mental error or excessive pollen loads (Garratt et 
al., 2021; Petersen et al., 2014). In some studies, 

negative values of PL are set to zero in the analyses 
(Lázaro et al., 2014).

Managed or wild bees or other insects improve the 
productivity of some plants compared with open pol-
lination. A second analysis was conducted to estimate 
pollen limitation based on a comparison of hand- and 
open-pollination (Table S6). Different indices were 
used, including fruit weight, fruit width and the num-
ber of achenes per fruit. Mean pollen limitation was 
0.03 ± 0.11 (N = 11, P = 0.307), suggesting a small and 
variable pollen limitation.

Case and Ashman (2009) examined the fertility of 
the wild strawberry, F. virginiana in the United States. 
Pollen limitation was determined by measuring the 
proportion of seeds produced per ovule in a hand- 
pollinated clone minus seed set in an open-pollinated 
clone. They found no evidence for pollen limitation in 
the hermaphrodite plants (P > 0.05). Burd (1994) 
found pollen limitation at some time or at some sites 
in 159 out of 258 species (62%). Bennett et al. (2020) 
reviewed seed and fruit set across 1,247 species around 
the globe. They found that there was a 63% increase in 
reproduction following supplementary pollination 
compared with open pollination. Sáez et al. (2022) 
assessed the productivity of 30 crops and reported 
that hand pollination increased yield by 34% com-
pared with open pollination, suggesting a significant 
pollen limitation.

Pollinator exclusion experiments indicate the 
degree to which a plant depends on insects for pollina-
tion (Koch et al., 2020). In contrast, pollen supple-
mentation (supplementary insect pollination or hand 
pollination) indicates the degree to which reproduc-
tion is limited by the availability of pollen (Knapp & 
Osborne, 2017). Some plants can be dependent on 
pollinators, but not limited by the availability of pollen 
(Knapp & Osborne, 2017; Koch et al., 2020), while 
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others are dependent on pollinators and limited by the 
availability of pollen (Amorin et al., 2021; Gazzoni & 
Barateiro, 2023; Newstrom & Robertson, 2005; Rodger 
& Ellis, 2016; Urbanowicz et al., 2018). A small pollen 
deficit can have a strong impact on the profitability of 
a high-value crop such as courgette, where a 3% pollen 
limitation reduced profitability (Knapp & Osborne,  
2017).

Relationship between fertility and the 
pollinator community

The success of pollination in plants is related to visits by 
individual or groups of insects (Garibaldi et al., 2016; 
Garratt et al., 2016; Geslin et al., 2017; Guzman et al.,  
2023; Haedo et al., 2022, 2023; Rollin et al., 2019; 
Simpson et al., 2022; Tan et al., 2023; Vansynghel et al.,  
2022b). In some plants, pollination is dependent on rare 
and sometimes declining species (Genung et al., 2023). 
Different measures of the insect community can be used 
to classify the pollinators. Abundance refers to the num-
ber of individual insects visiting a field, while species 
richness refers to the number of species, genera or taxo-
nomic groups (Garibaldi et al., 2014; Wu et al., 2021).

Two other terms are used to characterise the com-
plexity of the pollinator community. These are related 
to the types of insects visiting the flowers and how well 
they and their traits are distributed in the community. 
Indices of functional diversity are often based on the 
morphology and feeding niche of the pollinators 
(Woodcock et al., 2019). Functional evenness reflects 
the distribution of certain traits within the insect com-
munity (Zhang et al., 2021). There are different ways 
to estimate diversity, which can influence the inter-
pretation of the results (Thompson et al., 2021; 
Roswell et al., 2021). There are disagreements about 

which measurement best characterises a community 
and how the measurements relate to each other (Kral 
O’Brien et al., 2021; Locey & White, 2013).

The main insects associated with pollination in straw-
berry include honeybees (A. mellifera and A. cerana), 
bumblebees (B. terrestris and others), numerous native 
bees (Hymenoptera: Apidae, Halictidae, Melittidae and 
Megachilidae) and flies (Diptera: Syrphidae and 
Calliphoridae). Reports on the effectiveness of the species 
are mixed (Table S7). In some cases, honeybees were 
better than bumblebees and gave heavier fruit, while in 
the others, the reverse was true. Silva et al. (2020) found 
that flowers exposed to many insects produced larger 
fruit than those exposed to single insects. Herrmann et 
al. (2019) exposed plants in cages to orchard bees (Osmia 
cornuta) or green bottle bees (Luciana sericata). Fruit 
growth was similar after one or both species visited a 
flower. Horth et al. (2018) demonstrated the flowers 
exposed to mason bees (Osmia lignaria) produced larger 
fruit than those exposed to mixed pollinators (Table S7).

There were mixed effects of abundance and species 
richness on pollination (Table S7). There were signifi-
cant relationships between fruit weight or yield, and 
the number of insects visiting the flowers (N = 11 out 
of 25 studies) and species richness (N = 2 out of 7 
studies). There were insufficient data to determine 
the relationship between fertility and functional diver-
sity (N = 2 studies) or evenness (N = 2 studies). Often 
the data were variable, making it difficult to determine 
the relationship between pollination and pollinators.

It is estimated that 78% of temperate plants are 
pollinated by animals, including insects (Ollerton et 
al., 2011). This figure rises to 94% for tropical species. 
The importance of honeybees and other bees varies 
across ecosystems and crops (Aizen et al., 2020; 
Badenes-Pérez, 2022; Garibaldi et al., 2021; Hung et 
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Figure 7. Box plots showing the effect of supplementary pollination on yield (N = 20) or fruit weight (N = 25) in strawberry 
cultivars. The flowers were exposed to supplementary pollinators such as bees (SUPP) or exposed to insects under natural 
conditions (OP). Pollen limitation (PL) was calculated as PL = (Ps – Po)/PMax, where Ps is the number of seeds, etc. from the 
supplementary pollination treatment, Po is the number of seeds from the control treatment (open pollination) and PMax is the 
larger of the two values (Baskin & Baskin, 2018; Ryniewicz et al., 2022). Data are from the various authors shown in Table S5.
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al., 2018; Liu et al., 2023; Moreira & Freitas, 2020). 
Some authors consider that the importance of honey-
bees or bees in general for crop production is over- 
stated (Batra, 1995; Borchardt et al., 2021; Diller et al.,  
2022; Mashilingi et al., 2022; Mateos-Fierro et al.,  
2022; Norfolk et al., 2016; Pfiffner & Müller, 2016; 
Requier et al., 2023; Senapathi et al., 2021; Spivak et 
al., 2011; Smith & Saunders, 2016; Thakur, 2012; 
Torchio, 1990).

There is debate about the importance of Apis and 
non-Apis species for the pollination of agricultural and 
wild plants (e.g. Aebi & Neumann, 2011; Aebi et al.,  
2012; Arachchige et al., 2023; Baena-Díaz et al., 2022; 
Corbet, 1991a, 1991b; Cusser et al., 2021; Iwasaki & 
Hogendoorn, 2022; Kilpinen et al., 2022; Morse, 1991; 
Muñoz et al., 2021; Ollerton et al., 2012; Schmidlin et 
al., 2021; Vaidya et al., 2023; Weekers et al., 2022b).

Burns and Stanley (2022) demonstrated that hon-
eybees, bumblebees, solitary bees and hoverflies con-
tributed to pollination of apple in Ireland. Junqueira et 
al. (2022) reported that Apis and non-Apis bees were 
essential for crop production. Yields were greater with 
bees than without bees (P < 0.001). El Abdouni et al. 
(2022) surveyed the insects in agroecosystems, includ-
ing 22 crop plants in Morocco over two years. They 
recorded a total of 53,361 insect pollinators in all 
agroecosystems, among which 37,091 visited the crop 
flowers. Bees were the most abundant group visiting 
the crops. Honeybees represented 49% of crop visitors, 
followed by wild bees at 33%. Three genera 
(Lasioglossum, Andrena and Xylocopa) represented 
53% of the total abundance of the wild bees visiting 
the crops.

Managing the pollinator community

Agricultural and wild plants are pollinated by mana-
ged and wild insects (Bohart, 1972; Cavigliasso et al.,  
2020; Kevan et al., 1990; Khalifa et al., 2021; Mazi et al.,  
2023; Muschett & Fontúrbel, 2022; Nene et al., 2022; 
Pardo & Borges, 2020; Peña & Carabali, 2018; Potter & 
Mach, 2022; Potts et al., 2016; Mallinger et al., 2019; 
Splitt et al., 2022). Managed pollinators are universally 
social bees such as A. mellifera and Bombus spp., with 
some exceptions, including Osmia cornuta (European 
orchard bee), O. lignaria (mason bee) or Megachile 
rotundata (alfalfa leaf-cutting bee) (Pitts-Singer & 
Cane, 2011; Robinson et al., 2023).

Semi-natural habitats have mixed effects on the 
abundance, species richness or functional diversity 
of pollinators in agricultural fields and other land-
scapes (Campbell et al., 2022; Ahrenfeldt et al., 2015; 
Aslan et al., 2022; Blasi et al., 2021; Bottero et al.,  
2021; Carvalheiro et al., 2011; Centeno-Alvarado et 
al., 2023; Clausen et al., 2022; Ferrante et al., 2023; 
Herbertsson et al., 2021; Lowe et al., 2021; Millard et 
al., 2021; Monasterolo et al., 2022; Rahimi et al.,  

2022; Ramírez-Mejía et al., 2023; Ratto et al., 2022; 
Ricketts et al., 2008; Rydhmer et al., 2022; 
Shackelford et al., 2013; St. Claire et al., 2022; 
Zurbuchen et al., 2010). Eeraerts (2023) collected 
data on wild pollinators in 22 cherry orchards in 
Flanders, Belgium. He proposed that a minimum of 
15% semi-natural habitat facilitated wild pollinator 
(27 species) visits to the flowers.

The effect of mixed crops, organic culture, conser-
vation tillage, wildflowers, natural margins, hedge-
rows, green spaces, etc. can be variable (Allasino et 
al., 2023; Bencharki et al., 2023; McCullough et al.,  
2021; Cusser et al., 2023; Donkersley et al., 2023; 
Fountain, 2022; Image et al., 2023; Jacobs et al., 2023; 
Kirsch et al., 2023; Kuppler et al., 2023; Nel et al., 2017; 
Sentil et al., 2022; Toivonen et al., 2021; Zamorano et 
al., 2020). Most of this research has been conducted in 
Europe and North America with fewer reports from 
Asia, Africa and South America (Archer et al., 2014).

The benefits of semi-natural and artificial habitats 
on the pollinator community varies with the crop and 
with individual pollinators (Delphia et al., 2022; 
Jaumejoan et al., 2023). In some studies, there is no 
increase in the abundance of pollinators or no increase 
in pollination of the crop (Azpiazu et al., 2020; Burkle 
et al., 2017; Delphia et al., 2019; Bishop et al., 2023; 
Gervais et al., 2021; Pardo et al., 2020; Sardiñas & 
Kremen, 2015; Toukem et al., 2023).

There is an interplay between pollinators across 
agricultural and natural habitats. Some authors indi-
cate that honeybees decrease the abundance of bum-
blebees and/or wild bees, while others indicate no or 
mixed effects (Bernauer et al., 2022; Bommarco et al.,  
2021; Briggs et al., 2019; Herbertsson et al., 2016; 
Lindström et al., 2016; Sapir et al., 2017; Vergara et 
al., 2023). Mallinger et al. (2017) reviewed the impact 
of managed bees on wild bees in agricultural and 
natural habitats. They indicated that 53% of studies 
reported that managed bees had a negative effect on 
wild bees, 28% of studies reported no effect and that 
19% of studies reported mixed effects. Equal numbers 
of studies reported positive (36%) and negative (36%) 
effects on plant communities, with the remainder 
reporting no or mixed effects. The results depended 
on whether managed bees were in their native or non- 
native range. Managed bees within their native range 
were less competitive than those outside their native 
range.

The effect of semi-natural habitats, wildflowers, etc. 
on the pollinator community in agricultural fields can 
depend on the size of the field relative to rest of the 
landscape (Botzas-Coluni et al., 2021; Kirchweger et 
al., 2020; McGrady et al., 2021; Schoch et al., 2022). In 
some scenarios, the benefits of natural landscapes only 
apply to the margins of the fields (Szitár et al., 2022; 
Tschanz et al., 2023). There is debate on this issue 
across pest species and pollinators, with some authors 

14 C. M. MENZEL



suggesting that large fields harbour more pest species 
than small fields and fewer pollinators (Kennedy & 
Huseth, 2022; Marini et al., 2023; Perrot et al., 2022; 
Rosenheim et al., 2022, 2023). Magrach et al. (2023) 
examined the productivity of agriculture in Spain over 
two decades. They found that small fields and a diver-
sity of crops provided the highest yields across 54 
crops of which 41% were dependent on pollinators 
for reproduction.

Experiments have been conducted to determine 
whether semi-natural habitats, wildflowers, grass or 
hedges improve the pollinator community in straw-
berry (Table S8). There have also been experiments to 
determine whether mass-flowering crops draw away 
pollinators from strawberry flowers. Fields close to 
semi-natural habitats had more insect visitors in 15 
out of 24 studies. Fields close to wildflowers, grass or 
hedges had more insect visitors in eight out of thirteen 
studies. Fields close to mass-flowering crops had fewer 
pollinators in six out of eight studies. Increases in the 
abundance, species richness or functional diversity of 
the pollinators increased the fertility of the strawberry 
plants in 16 out of 33 studies (Table S8).

Connelly et al. (2015) examined the effect of the 
semi-natural habitats and agriculture on pollinators 
and pollination in 14 strawberry fields in the United 
States. The proportion of agriculture varied from 0.09 
to 0.60 across the sites. The abundance and species 
richness of wild bees decreased as the proportion of 
agriculture in the landscape increased. Fruit weight 
increased with the abundance of bees (P = 0.002, R2  

= 0.86), but not with species richness (P > 0.05). 
Orford et al. (2016) demonstrated that the abundance, 
species richness and functional diversity of pollinators 
in the United Kingdom increased with increasing bio-
diversity of grass sown next to the fields. Fruit weight 
increased with the species richness (P = 0.022) and 
functional diversity of the pollinators (P = 0.012).

McCullough et al. (2022) demonstrated that diverse 
landscapes, but not wildflowers increased crop yields 
across 22 farms in the United States. In strawberry, the 
percentage of fertilised achenes was associated with 
the proportion of semi-natural habitat at a 1,000 m 
scale (P = 0.036). Marketable yield increased with the 
proportion of semi-natural habitat (P = 0.002). Image 
et al. (2022) studied the pollinator community in a 
range of crops in the United Kingdom. They found 
that there was no relationship between the abundance 
of several species of bumblebees and ground-nesting 
solitary bees in strawberry and natural landscapes. 
They concluded that this probably because most 
strawberry fields in the United Kingdom are not 
close to natural habitats.

Sciligo et al. (2022) investigated the effect of natural 
habitats and agricultural diversification on the polli-
nator community in 16 fields in California. The farms 
had different proportions of natural land cover in the 

surrounding landscape and had either mono-culture 
or poly-culture. Information was collected on the pol-
linator community in the fields and on the perfor-
mance of the plants. During the experiment, the 
authors collected 2,422 honeybees, 1,699 native bees 
and 2,399 non-bee visitors to the fields. There were 
more native bees in the farms with poly-culture than 
with mono-culture and more native bees when the 
fields were close to natural cover. In contrast, native 
habitat and farm culture had no effect on the number 
of honeybees or non-bee visitors. Landscape and cul-
ture had no effect on fruit weight or the percentage of 
misshapen fruit. It was concluded that there were 
enough honeybees in the fields for adequate fertility.

Bänsch et al. (2021) studied the effect of mass 
flowering on pollinators in Germany. The abundance 
of honeybees and bumblebees decreased with the 
amount of flowering in oil-seed rape crops in the 
adjacent fields. In contrast, the abundance of solitary 
bees increased. Honeybees represented 46.5% of the 
community, followed by bumblebees with 29.9% and 
solitary bees with 23.6%. Fruit weight in one cultivar 
(‘Honeoye’) increased with increasing abundance of 
bees, but not in the other cultivar (‘Sonata’). Horth et 
al. (2018) examined the effect of supplementary polli-
nation on the performance of nine fields in the United 
States. The introduction of mason bees (Osmia lig-
naria) to parts of the fields increased fruit size com-
pared with areas without mason bees.

The results of the experiments on the management 
of pollinators in strawberry are mixed. The abundance 
and diversity of pollinators are often higher in fields 
close to semi-natural habitats, wildflowers or grass. 
However, these changes do not always lead to better 
fertility.

Effect of pollinators on yield

The effect of insects on pollination can be assessed by 
measuring the fertility of individual flowers, plants or 
plots (DeVetter et al., 2022; Bishop et al., 2020). 
Experiments conducted in a field are preferred to 
those conducted on individual flowers or plants 
(Ouvrard & Jacquemart, 2019). Colonies of managed 
pollinators can be introduced into fields and the yields 
of plots with managed bees compared with those with-
out managed bees and dependent on local pollinators.

Angelella et al. (2021) found that the yields of 
strawberry were 18% lower across all farms with 
honeybee hives in north-east United States com-
pared with those without hives (P < 0.05; Figure 
8). These results suggested that the managed bees 
had a negative effect on pollination by wild bees. 
Lindström et al. (2016) indicated that honeybees 
affected the yield of oilseed rape in Scandinavia, 
but the response depended on the cultivar (P =  
0.04). The yields of open-pollinated cultivars were 
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11% higher with hives than without hives. Hybrid 
cultivars had similar yields with and without hives. 
Pitts-Singer et al. (2018) investigated the effect of 
pollinators on the performance of nine almond 
orchards in California. They indicated that overall, 
fields managed with honeybees and blue orchard 
bees (Osmia lignaris) had similar yields as those 
managed with only honeybees.

Petersen et al. (2013) investigated the effect of 
insects on the productivity of pumpkin in New 
York, United States. The fields were supplemented 
with honeybees or bumblebees or not supplemen-
ted (control). The average yield was similar across 
the three treatments (P = 0.770). It was concluded 
that supplementary pollination did not improve 
yields, with sufficient pollinators in the local envir-
onment. A total of 2,390 bees were recorded visit-
ing the flowers in the first season and 2,709 bees in 
the second season. Three species accounted for 
97.7% of visits, including Peponapis pruinosa or 
the Eastern cucurbit bee (N = 1,382 and 1,272), A. 
mellifera (N = 695 and 765) and B. impatiens (N =  
241 and 628). The Eastern cucurbit bee is native to 
North America from the East to the West Coast of 
the United States and into Mexico.

Miñarro et al. (2023) examined pollination in three 
fruit crops in Spain. They found that pollination in 
rabbiteye blueberry was dependent on managed polli-
nators within the orchard. In contrast, pollination in 
kiwifruit and highbush blueberry was dependent on 
pollinators from the surrounding landscape. Weekers 
et al. (2022a) demonstrated that the yields of apple 
across 22 locations in Europe were mainly driven by 
landscape management practices, without any evi-
dence for a superior contribution by managed 
honeybees.

There is limited data on the pollination of straw-
berry under protected cultivation. Cao et al. (2023) 

demonstrated the best yield and fruit quality were 
obtained with about one honeybee per plant in a 
greenhouse in China.

Research is required to determine the role of man-
aged and wild bees in strawberry in different environ-
ments. The studies mentioned above are a guide to the 
set-up of the experiments and the data to collect.

Conclusion

Insect pollination provided higher yields than self- 
pollination in strawberry. Plants exposed to supple-
mentary insects had higher yields than those exposed 
to pollinators under natural open conditions. In con-
trast, differences in the fertility of the flowers after self- 
or cross-pollination were small.

Honeybees are over-represented, with less interest 
in wild bees, bumblebees and flies. Strawberry fields 
close to semi-natural habitats, wildflowers, grass or 
hedges have more pollinators and a greater diversity 
of pollinators than fields further away. However, a 
greater abundance of pollinators does not always 
lead to higher fruit set. Comparisons across studies 
are complicated because of the use of different proxies 
to assess yield, which may not be equivalent. Research 
conducted in a field can help determine whether man-
aged or wild insects provide the best yields, and how 
the pollinator community can be optimised. Fruit set 
is dependent on insect pollinators (moderate pollina-
tor dependence) and is limited by the availability of 
pollen under natural open conditions (moderate pol-
len limitation).

Acknowledgements

The Queensland Government funded the research through 
the Department of Agriculture and Fisheries. Financial sup-
port from the Florida Strawberry Growers’ Association 

mraf rep tiurf fo reb
mu

N

50

100

150

200

250

300

Honeybees No honeybees

Figure 8. Box plots showing the effect of honeybees on the yield of strawberry in the United States. The farms were supplemented 
with honeybees (N = 17) or not supplemented with honeybees (N = 21). Data are from Angelella et al. (2021).

16 C. M. MENZEL



(FSGA) is appreciated. Special thanks to Pat Abbott, Zalee 
Bates, Helen Macpherson, Danielle Hoffmann and Cheryl 
Petroeschevsky from DAF for supplying much of the litera-
ture, and to Gary Hopewell for support.

Disclosure statement

No potential conflict of interest was reported by the author.

Funding

The work was supported by the Florida Strawberry Research 
and Education Foundation.

Data availability statement

The author confirms that the data supporting the findings of 
this study are available within the supplementary materials 
published online with this paper or available from the 
author on reasonable request.

References

Abbott, A. J., Best, G. R., & Webb, R. A. (1970). The relation 
of achene number to berry weight in strawberry fruit. 
Journal of Horticultural Science, 45(3), 215–222. https:// 
doi.org/10.1080/00221589.1970.11514348 

Abbott, A. J., & Webb, R. A. (1970). Achene spacing of 
strawberries as an aid to calculate potential yield. 
Nature, 225(5233), 663–664. https://doi.org/10.1038/ 
225663b0 

Adhikari, P. B., Liu, X., & Kasahara, R. D. (2020). Mechanics 
of pollen tube elongation: A perspective. Frontiers in 
Plant Science, 11, 589712. https://doi.org/10.3389/fpls. 
2020.589712 

Aebi, A., & Neumann, P. (2011). Endosymbionts and honey 
bee colony losses. Trends in Ecology & Evolution, 26(10), 
10. https://doi.org/10.1016/j.tree.2011.06.008 

Aebi, A., Vaissière, B. E., van Engelsdorp, D., Delaplane, K. 
S., Roubik, D. W., & Neumann, P. (2012). Back to the 
future: Apis versus non-Apis pollination. Trends in 
Ecology & Evolution, 27(3), 142–143. https://doi.org/10. 
1016/j.tree.2011.11.017 

Ahrenfeldt, E. J., Klatt, B. K., Arildsen, J., Trandem, N., 
Andersson, G. K. S., Tscharntke, T., Smith, H. G., & 
Sigsgaard, L. (2015). Pollinator communities in straw-
berry crops – variation at multiple spatial scales. 
Bulletin of Entomological Research, 105(4), 497–506. 
https://doi.org/10.1017/S000748531500036X 

Ai, H., Zhou, W., Xu, K., Wang, H., & Li, D. (2013). The 
reproductive strategy of a pollinator-limited Himalayan 
plant, Incarvillea mairei (Bignoniaceae) BMC Plant 
Biology, 13(1), 195. https://doi.org/10.1186/1471-2229- 
13-195 

Aizen, M. A., Aguiar, S., Biesmeijer, J. C., Garibaldi, L. A., 
Inouye, D. W., Jung, C., Martins, D. J., Medel, R., 
Morales, C. L., Ngo, H., Pauw, A., Paxton, R. J., Sáez, 
A., & Seymour, C. L. (2019). Global agricultural produc-
tivity is threatened by increasing pollinator dependence 
without a parallel increase in crop diversification. Global 
Change Biology, 25(10), 3516–3527. https://doi.org/10. 
1111/gcb.14736 

Aizen, M. A., Arbetman, M. P., & Chacoff, N. P. (2020). 
Invasive bees and their impact on agriculture. Advances 
in Ecological Research, 63, 49–92.

Aizen, M. A., Garibaldi, L. A., Cunningham, S. A., & Klein, 
A.-M. (2008). Long-term global trends in crop yield and 
production reveal no current pollination shortage but 
increasing pollinator dependency. Current Biology, 18 
(20), 1572–1575. https://doi.org/10.1016/j.cub.2008.08. 
066 

Aizen, M. A., Garibaldi, L. A., Cunningham, S. A., & Klein, 
A.-M. (2009). How much does agriculture depend on 
pollinators? Lessons from long-term trends in crop pro-
duction. Annals of Botany, 103(9), 1579–1588. https://doi. 
org/10.1093/aob/mcp076 

Aizen, M. A., & Harder, L. D. (2007). Expanding the limits 
of the pollen-limitation concept: Effects of pollen quan-
tity and quality. Ecology, 88(2), 271–281. https://doi.org/ 
10.1890/06-1017 

Aizen, M. A., & Harder, L. D. (2009). The global stock of 
domesticated honey bees is growing slower than agricul-
tural demand for pollination. Current Biology, 19(11), 
915–918. https://doi.org/10.1016/j.cub.2009.03.071 

Alcaraz, M. L., & Hormaza, J. I. (2021). Fruit set in avocado: 
Pollen limitation, pollen load size, and selective fruit 
abortion. Agronomy, 11(8), 1603. https://doi.org/10. 
3390/agronomy11081603 

Allasino, M. L., Haedo, J. P., Lázaro, A., Torretta, J. P., & 
Marrero, H. J. (2023). Positive relationship between crop 
centrality and pollination service. Agriculture, Ecosystems 
and Environment, 343, 108279. https://doi.org/10.1016/j. 
agee.2022.108279 

Allen-Perkins, A., Magrach, A., Dainese, M., Garibaldi, L. 
A., Kleijn, D., Rader, R., Reilly, J. R., Winfree, R., Lundin, 
O., McGrady, C. M., Brittain, C., Biddinger, D. J., Artz, D. 
R., Elle, E., Hoffman, G., Ellis, J. D., Daniels, J., Gibbs, J., 
Campbell, J. W. . . . Bartomeus, I. (2022). CropPol: A 
dynamic, open and global database on crop pollination. 
Ecology, 103(3), e3614. https://doi.org/10.1002/ecy.3614 

Amorin, T., Santos, A. M. M., Almeida, N. M., Novo, R. R., 
Leite, A. V. D. L., & Castro, C. C. (2021). Plant traits 
interplay to balance pollen limitation in the Brazilian 
seasonal dry forest: A meta-analysis. Journal of Arid 
Environments, 186, 104408. https://doi.org/10.1016/j.jari 
denv.2020.104408 

An, J. -D., & Chen, W. -F. (2011). Economic value of insect 
pollination for fruits and vegetables in China. Acta 
Entomologica Sinica, 54(4), 443–450.

Andrzejak, M., Korell, L., Auge, H., & Knight, T. M. (2022). 
Effects of climate change and pollen supplementation on 
the reproductive success of two grassland plant species. 
Ecology & Evolution, 12(1), e8501. https://doi.org/10. 
1002/ece3.8501 

Angelella, G. M., McCullough, C. T., & O’Rourke, M. E. 
(2021). Honey bee hives decrease wild bee abundance, 
species richness, and fruit count on farms regardless of 
wildflower strips. Scientific Reports, 11(1), 3202. https:// 
doi.org/10.1038/s41598-021-81967-1 

Antonelli, A. L., Mayer, D. F., Burgett, D. M., & Sjulin, T. 
(1988). Pollinating insects and strawberry yields in the 
Pacific Northwest. American Bee Journal, 128(9), 618– 
620.

Arachchige, E. C. W. S., Evans, L. J., Campbell, J. W., 
Delaplane, K. S., Rice, E. S., Cutting, B. T., Kendall, L. 
K., Samnegård, U., & Rader, R. (2023). A global assess-
ment of the species composition and effectiveness of 
watermelon pollinators and the management strategies 
to inform effective pollination service delivery. Basic and 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 17

https://doi.org/10.1080/00221589.1970.11514348
https://doi.org/10.1080/00221589.1970.11514348
https://doi.org/10.1038/225663b0
https://doi.org/10.1038/225663b0
https://doi.org/10.3389/fpls.2020.589712
https://doi.org/10.3389/fpls.2020.589712
https://doi.org/10.1016/j.tree.2011.06.008
https://doi.org/10.1016/j.tree.2011.11.017
https://doi.org/10.1016/j.tree.2011.11.017
https://doi.org/10.1017/S000748531500036X
https://doi.org/10.1186/1471-2229-13-195
https://doi.org/10.1186/1471-2229-13-195
https://doi.org/10.1111/gcb.14736
https://doi.org/10.1111/gcb.14736
https://doi.org/10.1016/j.cub.2008.08.066
https://doi.org/10.1016/j.cub.2008.08.066
https://doi.org/10.1093/aob/mcp076
https://doi.org/10.1093/aob/mcp076
https://doi.org/10.1890/06-1017
https://doi.org/10.1890/06-1017
https://doi.org/10.1016/j.cub.2009.03.071
https://doi.org/10.3390/agronomy11081603
https://doi.org/10.3390/agronomy11081603
https://doi.org/10.1016/j.agee.2022.108279
https://doi.org/10.1016/j.agee.2022.108279
https://doi.org/10.1002/ecy.3614
https://doi.org/10.1016/j.jaridenv.2020.104408
https://doi.org/10.1016/j.jaridenv.2020.104408
https://doi.org/10.1002/ece3.8501
https://doi.org/10.1002/ece3.8501
https://doi.org/10.1038/s41598-021-81967-1
https://doi.org/10.1038/s41598-021-81967-1


Applied Ecology, 66, 50–62. https://doi.org/10.1016/j. 
baae.2022.11.006 

Aragüez, I., Cruz-Rus, E., Botella, M. A., Medina-Escobar, 
N., & Valpuesta, V. (2013). Proteomic analysis of straw-
berry achenes reveals active synthesis and recycling of L- 
ascorbic acid. Journal of Proteomics, 83, 160–179. https:// 
doi.org/10.1016/j.jprot.2013.03.016 

Archer, C. R., Pirk, C. W. W., Carvalheiro, L. G., & 
Nicolson, S. W. (2014). Economic and ecological implica-
tions of geographic bias in pollinator ecology in the light 
of pollinator declines. Oikos, 123(4), 401–407. https://doi. 
org/10.1111/j.1600-0706.2013.00949.x 

Ariza, M. T., Soria, C., & Martínez-Ferri, E. (2015). 
Developmental stages of cultivated strawberry flowers in 
relation to chilling sensitivity. Annals of Botany Plants, 7, 
lv012. https://doi.org/10.1093/aobpla/plv012 

Ariza, M. T., Soria, C., Medina-Mínguez, J. J., & Martínez- 
Ferri, E. (2012). Incidence of misshapen fruits in straw-
berry plants grown under tunnels is affected by cultivar, 
planting date, pollination, and low temperatures. 
HortScience, 47(11), 1569–1573. https://doi.org/10. 
21273/HORTSCI.47.11.1569 

Ashman, T. -L. (1999). Quantitative genetics of floral traits 
in a gynodioecious wild strawberry Fragaria virginiana: 
Implications for the independent evolution of female and 
hermaphrodite floral phenotypes. Heredity, 83(6), 733– 
741. https://doi.org/10.1046/j.1365-2540.1999.00639.x 

Ashman, T. -L. (2000). Pollinator selectivity and its implica-
tion for the evolution of dioecy and sexual dimorphism. 
Ecology, 81(9), 2577–2591. https://doi.org/10.1890/0012- 
9658(2000)081 

Ashman, T. -L. (2003). Constraints on the evolution of 
males and sexual dimorphism: Field estimates of genetic 
architecture of reproductive traits in three populations of 
gynodioecious Fragaria virginiana. Evolution, 57(9), 
2012–2025. https://doi.org/10.1111/j.0014-3820.2003. 
tb00381.x 

Ashman, T. -L., Knight, T. M., Steets, J. A., Amarasekare, P., 
Burd, M., Campbell, D. R., Dudash, M. R., Johnston, M. 
O., Mazer, S. J., Mitchell, R. J., Morgan, M. T., & Wilson, 
W. G. (2004). Pollen limitation of plant reproduction: 
Ecological and evolutionary causes and consequences. 
Ecology, 85(9), 2408–2421. https://doi.org/10.1890/03- 
8024 

Ashman, T. -L., Tennessen, J. A., Dalton, R. M., 
Govindarajula, R., Koski, M. H., & Liston, A. (2015). 
Multilocus sex determination revealed in two populations 
of gynodioecious wild strawberry, Fragaria vesca subsp. 
bracteata. G3 Genes Genomics Genetics, 5(12), 2759–2773. 
https://doi.org/10.1534/g3.115.023358 

Ashworth, L., Quesada, M., Casas, A., Aguilar, R., & Oyama, 
K. (2009). Pollinator-dependent food production in 
Mexico. Biological Conservation, 142(5), 1050–1057. 
https://doi.org/10.1016/j.biocon.2009.01.016 

Aslan, C. E., Haubensak, K. A., & Grady, K. C. (2022). 
Effective and feasible mechanisms to support native 
invertebrate pollinators in agricultural fields. Ecosphere, 
13(3), e3982. https://doi.org/10.1002/ecs2.3982 

Azpiazu, C., Medina, P., Adán, A., Sánchez-Ramos, I., Del 
Estal, P., Fereres, A., & Viñuela, E. (2020). The role of 
annual flowering plant strips on a melon crop in central 
Spain. Influence on pollinators and crop. Insects, 11(1), 
66. https://doi.org/10.3390/insects11010066 

Badenes-Pérez, F. R. (2022). Benefits of insect pollination in 
Brassicaceae: A meta-analysis of self-compatible and self- 
incompatible crop species. Agriculture, 12(4), 446. https:// 
doi.org/10.3390/agriculture12040446 

Baena-Díaz, F., Chévez, E., de la Merced, F. R., & Porter- 
Bolland, L. (2022). Apis mellifera en México: producción 
de miel, flora melífera y aspectos de polinización. 
Revisión. Revista Mexicana de Ciencias Pecuarias, 13(2), 
525–548. https://doi.org/10.22319/rmcp.v13i2.5960 

Bagnara, D., & Vincent, C. (1988). The role of insect polli-
nation and plant genotype in strawberry fruit set and 
fertility. Journal of Horticultural Science, 63(1), 69–75. 
https://doi.org/10.1080/14620316.1988.11515829 

Bänsch, S., Tscharntke, T., Gabriel, D., Westphal, C., & 
Requier, F. (2021). Crop pollination services: 
Complementary resource use by social vs solitary bees 
facing crops with contrasting flower supply. Journal of 
Applied Ecology, 58(3), 476–485. https://doi.org/10.1111/ 
1365-2664.13777 

Bänsch, S., Tscharntke, T., Ratneiks, F. L. W., Härtel, S., & 
Westphal, C. (2020). Foraging of honey bees in agricul-
tural landscapes with changing patterns of flower 
resources. Agriculture, Ecosystems and Environment, 
291, 106792. https://doi.org/10.1016/j.agee.2019.106792 

Barfield, A. S., Bergstrom, J. C., Ferreira, S., Covich, A. P., & 
Delaplane, K. S. (2015). An economic valuation of biotic 
pollination services in Georgia. Journal of Economic 
Entomology, 108(2), 388–398. https://doi.org/10.1093/ 
jee/tou045 

Baskin, J. M., & Baskin, C. C. (2018). Pollen limitation and 
its effect on seed germination. Seed Science and Research, 
2 8 ( 4 ) ,  2 5 3 – 2 6 0 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 7 /  
S0960258518000272 

Basualdo, M., Cavigliasso, P., de Avila, R. S., Jr., Aldea- 
Sánchez, P., Correa-Benítez, A., Harms, J. M., Ramos, 
A. K., Rojas-Bravo, V., & Salvarrey, S. (2022). Current 
status and economic value of insect-pollinated dependent 
crops in Latin America. Ecological Indicators, 196, 
107395. https://doi.org/10.1016/j.ecolecon.2022.107395 

Batra, S. W. T. (1995). Bees and pollination in our changing 
environment. Apidologie, 26(5), 361–370. https://doi.org/ 
10.1051/apido:19950501 

Baylis, K., Lichtenberg, E. M., & Lichtenberg, E. (2021). 
Economics of pollination. Annual Review of Resource 
Economics, 13, 335–354. https://doi.org/10.1146/ 
annurev-resource-101420-110406 

Bencharki, Y., Christmann, S., Lhomme, P., Ihsane, O., 
Sentil, A., El Abdouni, I., Hamroud, L., Rasmont, P., & 
Michez, D. (2023). ‘Farming with alternative pollinators’ 
approach supports diverse and abundant pollinator com-
munity in melon fields in a semi-arid landscape. 
Renewable Agriculture and Food Systems, 38, e6. https:// 
doi.org/10.1017/S1742170522000394 

Benjamin, F. E., & Winfree, R. (2014). Lack of pollinators 
limits fruit production in commercial blueberry 
(Vaccinium corymbosum). Environmental Entomology, 
43(6), 1574–1583. https://doi.org/10.1603/EN13314 

Bennett, J. M., Steets, J. A., Burns, J. H., Burkle, L. A., 
Vamosi, J. C., Wolowski, M., Arceo-Gómez, G., Burd, 
M., Durka, W., Ellis, A. G., Freitas, L., Li, J., Rodger, J. 
G., Ştefan, V., Xia, J., Knight, T. M., & Ashman, T. -L. 
(2020). Land use and pollinator dependency drives global 
patterns of pollen limitation in the Anthropocene. Nature 
Communications, 11(1), 3999. https://doi.org/10.1038/ 
s41467-020-17751-y 

Bennett, J. M., Steets, J. A., Burns, J. H., Durka, W., Vamosi, 
J. C., Arceo-Gómez, G., Burd, M., Burkle, L. A., Ellis, A. 
G., Freitas, L., Li, J., Rodger, J. G., Wolowski, M., Xia, J., 
Ashman, T. -L., & Knight, T. M. (2018). GLoPL, a global 
data base on pollen limitation of plant reproduction. 

18 C. M. MENZEL

https://doi.org/10.1016/j.baae.2022.11.006
https://doi.org/10.1016/j.baae.2022.11.006
https://doi.org/10.1016/j.jprot.2013.03.016
https://doi.org/10.1016/j.jprot.2013.03.016
https://doi.org/10.1111/j.1600-0706.2013.00949.x
https://doi.org/10.1111/j.1600-0706.2013.00949.x
https://doi.org/10.1093/aobpla/plv012
https://doi.org/10.21273/HORTSCI.47.11.1569
https://doi.org/10.21273/HORTSCI.47.11.1569
https://doi.org/10.1046/j.1365-2540.1999.00639.x
https://doi.org/10.1890/0012-9658(2000)081
https://doi.org/10.1890/0012-9658(2000)081
https://doi.org/10.1111/j.0014-3820.2003.tb00381.x
https://doi.org/10.1111/j.0014-3820.2003.tb00381.x
https://doi.org/10.1890/03-8024
https://doi.org/10.1890/03-8024
https://doi.org/10.1534/g3.115.023358
https://doi.org/10.1016/j.biocon.2009.01.016
https://doi.org/10.1002/ecs2.3982
https://doi.org/10.3390/insects11010066
https://doi.org/10.3390/agriculture12040446
https://doi.org/10.3390/agriculture12040446
https://doi.org/10.22319/rmcp.v13i2.5960
https://doi.org/10.1080/14620316.1988.11515829
https://doi.org/10.1111/1365-2664.13777
https://doi.org/10.1111/1365-2664.13777
https://doi.org/10.1016/j.agee.2019.106792
https://doi.org/10.1093/jee/tou045
https://doi.org/10.1093/jee/tou045
https://doi.org/10.1017/S0960258518000272
https://doi.org/10.1017/S0960258518000272
https://doi.org/10.1016/j.ecolecon.2022.107395
https://doi.org/10.1051/apido:19950501
https://doi.org/10.1051/apido:19950501
https://doi.org/10.1146/annurev-resource-101420-110406
https://doi.org/10.1146/annurev-resource-101420-110406
https://doi.org/10.1017/S1742170522000394
https://doi.org/10.1017/S1742170522000394
https://doi.org/10.1603/EN13314
https://doi.org/10.1038/s41467-020-17751-y
https://doi.org/10.1038/s41467-020-17751-y


Scientific Data, 5(1), 180249. https://doi.org/10.1038/ 
sdata.2018.249 

Bernauer, O. M., Tierney, S. M., & Cook, J. M. (2022). 
Efficiency and effectiveness of native bees and honey 
bees as pollinators of apples in New South Wales orch-
ards. Agriculture, Ecosystems and Environment, 337, 
108063. https://doi.org/10.1016/j.agee.2022.108063 

Bishop, G. A., Fijen, T. P. M., Desposato, B. N., Scheper, J., & 
Kleijn, D. (2023). Hedgerows have contrasting effects on 
pollinators and natural enemies and limited spillover 
effects on apple production. Agriculture, Ecosystems and 
Environment, 346, 108364. https://doi.org/10.1016/j.agee. 
2023.108364 

Bishop, J., Garratt, M. P. D., & Breeze, T. D. (2020). Yield 
benefits of additional pollination to faba bean vary with 
cultivar, scale, yield parameters and experimental 
method. Scientific Reports, 10(1), 2102. https://doi.org/ 
10.1038/s41598-020-58518-1 

Bishop, J., & Nakagawa, S. (2020). Quantifying crop polli-
nator dependence and its heterogeneity using multi-level 
meta-analysis. Journal of Applied Ecology, 58(5), 1030– 
1042. https://doi.org/10.1111/1365-2664.13830 

Blasi, M., Bartomeus, I., Bommarco, R., Gagic, V., Garratt, 
M., Holzschuh, A., Kleijn, D., Lindström, S. A. M., 
Olsson, P., Polce, C., Potts, S. G., Rundlöf, M., Scheper, 
J., Smith, H. G., Steffan‐dewenter, I., & Clough, Y. (2021). 
Evaluating predictive performance of statistical models 
explaining wild bee abundance in a mass-flowering crop. 
Ecography, 44(4), 525–536. https://doi.org/10.1111/ecog. 
05308 

Blasse, W., & Haufe, M. (1989). Effect of honey bees on yield 
and fruit quality of strawberry (Fragaria × ananassa 
Duch.). Archiv für Gartenbau, 37(4), 235–245.

Bohart, G. E. (1972). Management of wild bees for the 
pollination of crops. Annual Review of Entomology, 17, 
287–312. https://doi.org/10.1146/annurev.en.17.010172. 
001443 

Bommarco, R., Lindström, S. A. M., Raderschall, C. A., 
Gagic, V., & Lundin, O. (2021). Flower strips enhance 
abundance of bumble bee queens and males in landscapes 
with few honey bee hives. Biological Conservation, 263, 
109363. https://doi.org/10.1016/j.biocon.2021.109363 

Borchardt, K. E., Morales, C. L., Aizen, M. A., & Toth, A. L. 
(2021). Plant-pollinator conservation from the perspec-
tive of systems-ecology. Current Opinion in Insect Science, 
47, 154–161. https://doi.org/10.1016/j.cois.2021.07.003 

Borneck, R., & Merle, B. (1989). Trial to evaluate the eco-
nomical incidence of the pollinating honeybee in 
European agriculture. Apiacta, 24(1), 33–38.

Bottero, I., Hodge, S., & Stout, J. C. (2021). Taxon-specific 
temporal shifts in pollinating insects in mass-flowering 
crops and field margins in Ireland. Journal of Pollination 
Ecology, 28, 90–107. https://doi.org/10.26786/1920-7603 
(2021)628 

Botzas-Coluni, J., Crockett, E. T. H., Rieb, J. T., & Bennett, 
E. M. (2021). Farmland heterogeneity is associated with 
gains in some ecosystem services but also potential trade- 
offs. Agriculture, Ecosystems and Environment, 322, 
107661. https://doi.org/10.1016/j.agee.2021.107661 

Breeze, T. D., Bailey, A. P., Balcombe, K. G., Brereton, T., 
Comont, R., Edwards, M., Garratt, M. P., Harvey, M., 
Hawes, C., Isaac, N., Jitlal, M., Jones, C. M., Kunin, W. 
E., Lee, P., Morris, R. K. A., Musgrove, A., O’Connor, R. 
S., Peyton, J., Potts, S. G., and Diekötter, T. (2021). 
Pollinator monitoring more than pays for itself. Journal 
of Applied Ecology, 58(1), 44–57. https://doi.org/10.1111/ 
1365-2664.13755 

Breeze, T. D., Gallai, N., Garibaldi, L. A., & Li, X. S. (2016). 
Economic measures of pollination services: Shortcomings 
and future directions. Trends in Ecology & Evolution, 31 
(12), 927–939. https://doi.org/10.1016/j.tree.2016.09.002 

Briggs, H. M., Ayers, C. A., Armsworth, P. R., & Brosi, B. J. 
(2019). Testing how antagonistic interactions impact the 
robustness of plant-pollinator networks. Journal of 
Pollination Ecology, 25, 69–77. https://doi.org/10.26786/ 
1920-7603(2019)540 

Burd, M. (1994). Bateman’s principle and plant reproduc-
tion: The role of pollen limitation in fruit and seed set. 
The Botanical Review, 60(1), 83–139. https://doi.org/10. 
1007/BF02856594 

Burkle, L. A., Delphia, C. M., O’Neill, K. M., & Gibson, D. 
(2017). A dual role for farmlands: Food security and 
pollinator conservation. Journal of Ecology, 105(4), 890– 
899. https://doi.org/10.1111/1365-2745.12784 

Burns, K. L. W., & Stanley, D. A. (2022). The importance 
and value of insect pollination to apples: A regional study 
of key cultivars. Agriculture, Ecosystems and 
Environment, 331, 107911. https://doi.org/10.1016/j. 
agee.2022.107911 

Calderone, N. W. (2012). Insect pollinated crops, insect 
pollinators and US agriculture: Trend analysis of aggre-
gate data for the period 1992–2009. PLoS One, 7(5), 
e37235. https://doi.org/10.1371/journal.pone.0037235 

Campbell, A. J., Lichtenberg, E. M., Carvalheiro, L. G., 
Menezes, C., Borges, R. C., Coelho, B. W. T., Freitas, M. 
A. B., Giannini, T. C., Leão, K. L., de Oliveira, F. F., Silva, 
T. S. F., & Maués, M. M. (2022). High bee functional 
diversity buffers crop pollination services against 
Amazon deforestation. Agriculture, Ecosystems and 
Environment, 326, 107777. https://doi.org/10.1016/j. 
agee.2021.107777 

Campbell, D. R., & Halama, K. J. (1993). Resource and 
pollen limitations to lifetime seed production in a natural 
plant population. Ecology, 74(4), 1043–1051. https://doi. 
org/10.2307/1940474 

Cao, Z., He, G., Mu, S., & Qu, H. (2023). Effects of bee 
density and hive distribution on pollination efficiency for 
greenhouse strawberries: A simulation study. Agronomy, 
13(3), 731. https://doi.org/10.3390/agronomy13030731 

Carr, S. A., & Davidar, P. (2015). Pollination dependency, 
pollen limitation and pollinator visitation rates to six 
vegetable crops in southern India. Journal of Pollination 
Ecology, 16, 51–57. https://doi.org/10.26786/1920-7603 
(2015)8 

Carrek, N., & Williams, I. (1998). The economic value of 
bees in the UK. Bee World, 79(3), 115–123. https://doi. 
org/10.1080/0005772X.1998.11099393 

Carvalheiro, L. G., Veldtman, R., Shenkute, A. G., Tesfay, G. 
B., Pirk, C. W. W., Donaldson, J. S., & Nicholson, S. W. 
(2011). Natural and within-farmland biodiversity 
enhances crop productivity. Ecological Letters, 14(3), 
251–259. https://doi.org/10.1111/j.1461-0248.2010. 
01579.x 

Case, A. L., & Ashman, T. -L. (2009). Resources and polli-
nators contribute to population sex-ratio bias and pollen 
limitation in Fragaria virginiana (Rosaceae). Oikos, 118 
(8), 1250–1260. https://doi.org/10.1111/j.1600-0706. 
2009.17520.x 

Castle, D., Grass, I., & Westphal, C. (2019). Fruit quantity 
and quality of strawberries benefit from enhanced polli-
nator abundance at hedgerows in agricultural landscapes. 
Agriculture, Ecosystems and Environment, 275, 14–22. 
https://doi.org/10.1016/j.agee.2019.01.003 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 19

https://doi.org/10.1038/sdata.2018.249
https://doi.org/10.1038/sdata.2018.249
https://doi.org/10.1016/j.agee.2022.108063
https://doi.org/10.1016/j.agee.2023.108364
https://doi.org/10.1016/j.agee.2023.108364
https://doi.org/10.1038/s41598-020-58518-1
https://doi.org/10.1038/s41598-020-58518-1
https://doi.org/10.1111/1365-2664.13830
https://doi.org/10.1111/ecog.05308
https://doi.org/10.1111/ecog.05308
https://doi.org/10.1146/annurev.en.17.010172.001443
https://doi.org/10.1146/annurev.en.17.010172.001443
https://doi.org/10.1016/j.biocon.2021.109363
https://doi.org/10.1016/j.cois.2021.07.003
https://doi.org/10.26786/1920-7603(2021)628
https://doi.org/10.26786/1920-7603(2021)628
https://doi.org/10.1016/j.agee.2021.107661
https://doi.org/10.1111/1365-2664.13755
https://doi.org/10.1111/1365-2664.13755
https://doi.org/10.1016/j.tree.2016.09.002
https://doi.org/10.26786/1920-7603(2019)540
https://doi.org/10.26786/1920-7603(2019)540
https://doi.org/10.1007/BF02856594
https://doi.org/10.1007/BF02856594
https://doi.org/10.1111/1365-2745.12784
https://doi.org/10.1016/j.agee.2022.107911
https://doi.org/10.1016/j.agee.2022.107911
https://doi.org/10.1371/journal.pone.0037235
https://doi.org/10.1016/j.agee.2021.107777
https://doi.org/10.1016/j.agee.2021.107777
https://doi.org/10.2307/1940474
https://doi.org/10.2307/1940474
https://doi.org/10.3390/agronomy13030731
https://doi.org/10.26786/1920-7603(2015)8
https://doi.org/10.26786/1920-7603(2015)8
https://doi.org/10.1080/0005772X.1998.11099393
https://doi.org/10.1080/0005772X.1998.11099393
https://doi.org/10.1111/j.1461-0248.2010.01579.x
https://doi.org/10.1111/j.1461-0248.2010.01579.x
https://doi.org/10.1111/j.1600-0706.2009.17520.x
https://doi.org/10.1111/j.1600-0706.2009.17520.x
https://doi.org/10.1016/j.agee.2019.01.003


Cavigliasso, P., Bello, F., Rivadeneira, M. F., Monzon, N. O., 
Gennari, G. P., & Basualdo, M. (2020). Pollination effi-
ciency of managed bee species (Apis mellifera and 
Bombus pauloensis) in highbush blueberry (Vaccinium 
corymbosum) productivity. Journal of Horticultural 
Research, 28(1), 57–64. https://doi.org/10.2478/johr- 
2020-0003 

Centeno-Alvarado, D., Lopes, A. V., & Arnan, X. (2023). 
Fostering pollination through agroforestry: A global 
review. Agriculture, Ecosystems and Environment, 351, 
108478. https://doi.org/10.1016/j.agee.2023.108478 

Chacoff, N. P., Morales, C. L., Garibaldi, L. A., Ashworth, L., 
& Aizen, M. A. (2010). Pollinator dependence of 
Argentinean agriculture: Current status and temporal 
analysis. American Journal of Plant Science and 
Biotechnology, 3(1), 106–116.

Chagnon, M. (2008). Causes and effects of the worldwide 
decline in pollinators and corrective measures. Canadian 
Wildlife Federation, Quebec, Canada.

Chagnon, M., Gingras, J., & de Oliveira, D. (1993). 
Complementary aspects of strawberry pollination by 
honey and indigenous bees (Hymenoptera). Journal of 
Economic Entomology, 86(2), 416–420. https://doi.org/ 
10.1093/jee/86.2.416 

Chaudhary, O. P., & Chand, R. (2017). Economic benefits of 
animal pollination to Indian agriculture. Indian Journal 
of Agricultural Sciences, 87(9), 1117–1138. https://doi. 
org/10.56093/ijas.v87i9.73903 

Chen, S. -Y., Zhang, J. -W., Wei, X. -M., Tao, K. -L., Niu, Y. 
-Z., Pan, L., Zheng, Y. -Y., Ma, W. -G., Wang, M. -Q., Ou, 
X. -K., & Liao, J. -G. (2020). The morphological and 
physiological basis of delayed pollination overcoming 
pre-fertilization cross-incompatibility in Nicotiana. 
Plant Biology, 22(6), 1002–1012. https://doi.org/10.1111/ 
plb.13168 

Chisel, J. T. (2015). Honey bees impact on the U.S. econ-
omy. Economics Thesis, University of Puget Sound, 
Tacoma, W. A., U. S. A.

Chopra, S. S., Bakshi, B. R., & Khanna, V. (2015). Economic 
dependence of U.S. industrial sectors on animal- 
mediated pollination services. Environment Science and 
Technology, 49(24), 14441–14451. https://doi.org/10. 
1021/acs.est.5b03788 

Clausen, M. A., Elle, E., & Smukler, S. M. (2022). Evaluating 
hedgerows for wild bee conservation in intensively man-
aged agricultural landscapes. Agriculture, Ecosystems and 
Environment, 326, 107814. https://doi.org/10.1016/j.agee. 
2021.107814 

Colbert, S., & de Oliveira, D. (1992). Pollinisation croisée et 
production de quatre cultivars de fraisier, Fragaria × 
ananassa. Canadian Journal of Plant Science, 72(3), 
857–861. https://doi.org/10.4141/cjps92-107 

Connelly, H., Poveda, K., & Loeb, G. (2015). Landscape 
simplification decreases wild bee pollination services to 
strawberry. Agriculture, Ecosystems and Environment, 
211, 51–56. https://doi.org/10.1016/j.agee.2015.05.004 

Connor, L., & Martin, E. C. (1973). Components of pollina-
tion in commercial strawberries in Michigan. 
HortScience, 8(4), 304–306. https://doi.org/10.21273/ 
HORTSCI.8.4.304 

Connor, L. J., (1972). Components of strawberry pollination 
in Michigan. Ph. D. Thesis, Michigan State University, 
East Lansing, U.S.A.

Corbet, S. A. (1991a). Applied pollination ecology. Trends in 
Ecology & Evolution, 6(1), 3–4. https://doi.org/10.1016/ 
0169-5347(91)90138-N 

Corbet, S. A. (1991b). Reply to Morse from S.A Corbet. 
Trends in Ecology & Evolution, 6(10), 338. https://doi. 
org/10.1016/0169-5347(91)90044-X 

Cui, M., Pham, M. D., Hwang, H., & Chun, C. (2021). 
Flower development and fruit malformation in strawber-
ries after short-term exposure to high or low temperature. 
Scientia Horticulturae, 288, 110308. https://doi.org/10. 
1016/j.scienta.2021.110308 

Cui, M., Pham, M. D., Hwang, H., & Chun, C. (2022). 
Ultrastructural characteristics of anther and pistil during 
floral development in ‘Maehyang’ strawberry. 
Horticulture, Environment, and Biotechnology, 64(1), 
51–63. https://doi.org/10.1007/s13580-022-00463-1 

Cunningham, S. A., FitzGibbon, F., & Heard, T. A. (2002). 
The future of pollinators for Australian agriculture. 
Australian Journal of Agricultural Research, 53(8), 893– 
900. https://doi.org/10.1071/AR01186 

Cusser, S., Haddad, N. M., & Jha, S. (2021). Unexpected 
functional complementarity from non-bee pollinators 
enhances cotton yield. Agriculture, Ecosystems and 
Environment, 314, 107415. https://doi.org/10.1016/j. 
agee.2021.107415 

Cusser, S., Jha, S., Lonsdorf, E., & Ricketts, T. (2023). Public 
and private economic benefits of adopting conservation 
tillage for cotton pollination. Agriculture, Ecosystems and 
Environment, 342, 108251. https://doi.org/10.1016/j.agee. 
2022.108251 

Dainese, M., Martin, E. A., Aizen, M. A., Albrecht, M., 
Bartomeus, I., Bommarco, R., Carvalheiro, L. G., 
Chaplin-Kramer, R., Gagic, V., Garibaldi, L. A., 
Ghazoul, J., Grab, H., Jonsson, M., Karp, D. S., 
Kennedy, C. M., Kleijn, D., Kremen, C., Landis, D. A., 
Letourneau, D. K. . . . Steffan Dewenter, I. (2019). A 
global synthesis reveals biodiversity-mediated benefits 
for crop production. Science Advances, 5(10), eaax0121. 
https://doi.org/10.1126/sciadv.aax0121 

da Silva, G. R., Pérez-Maluf, R., Ribeiro, G. S., & de Gusmão, 
A. L. (2020). Pollination service of Nannotrigona testacei-
cornis stingless bees in strawberry. Arquivos do Instituto 
Biológico, 87, e0292019. https://doi.org/10.1590/1808- 
1657000292019 

Delaplane, K. S. (2021). Crop Pollination by Bees. In 
Evolution, Conservation and Management (2nd Ed., Vol. 
1). Wallingford, U.K.: CABI.

Delaplane, K. S., & Mayer, D. F. (2000). Crop Pollination by 
Bees. Wallingford, U.K.: CABI.

Delphia, C. M., O’Neill, K. M., & Burkle, L. A. (2019). 
Wildflower seed sales as incentive for adopting flower 
strips for native bee conservation: A cost-benefit analysis. 
Journal of Economic Entomology, 112(6), 2534–2544. 
https://doi.org/10.1093/jee/toz191 

Delphia, C. M., O’Neill, K. M., & Burkle, L. A. (2022). 
Proximity to wildflower strips did not boost crop pollina-
tion on small, diversified farms harboring diverse wild 
bees. Basic and Applied Ecology, 62 , 22–32. https://doi. 
org/10.1016/j.baae.2022.03.010 

DeVetter, L. W., Chabert, S., Milbrath, M. O., Mallinger, R. 
E., Walters, J., Isaacs, R., Galinato, S. P., Kogan, C., 
Brouwer, K., Melathopoulos, A., & Eeraerts, M. (2022). 
Toward evidence-based decision support systems to opti-
mize pollination and yields in highbush blueberry. 
Frontiers in Sustainable Food Systems, 6, 1006201. 
https://doi.org/10.3389/fsufs.2022.1006201 

Diller, C., Castañeda-Zárate, M., & Johnson, S. D. (2022). 
Why honeybees are poor pollinators of a mass-flowering 
plant: Experimental support for the low pollen quality 
hypothesis. American Journal of Botany, 109(8), 1305– 

20 C. M. MENZEL

https://doi.org/10.2478/johr-2020-0003
https://doi.org/10.2478/johr-2020-0003
https://doi.org/10.1016/j.agee.2023.108478
https://doi.org/10.1093/jee/86.2.416
https://doi.org/10.1093/jee/86.2.416
https://doi.org/10.56093/ijas.v87i9.73903
https://doi.org/10.56093/ijas.v87i9.73903
https://doi.org/10.1111/plb.13168
https://doi.org/10.1111/plb.13168
https://doi.org/10.1021/acs.est.5b03788
https://doi.org/10.1021/acs.est.5b03788
https://doi.org/10.1016/j.agee.2021.107814
https://doi.org/10.1016/j.agee.2021.107814
https://doi.org/10.4141/cjps92-107
https://doi.org/10.1016/j.agee.2015.05.004
https://doi.org/10.21273/HORTSCI.8.4.304
https://doi.org/10.21273/HORTSCI.8.4.304
https://doi.org/10.1016/0169-5347(91)90138-N
https://doi.org/10.1016/0169-5347(91)90138-N
https://doi.org/10.1016/0169-5347(91)90044-X
https://doi.org/10.1016/0169-5347(91)90044-X
https://doi.org/10.1016/j.scienta.2021.110308
https://doi.org/10.1016/j.scienta.2021.110308
https://doi.org/10.1007/s13580-022-00463-1
https://doi.org/10.1071/AR01186
https://doi.org/10.1016/j.agee.2021.107415
https://doi.org/10.1016/j.agee.2021.107415
https://doi.org/10.1016/j.agee.2022.108251
https://doi.org/10.1016/j.agee.2022.108251
https://doi.org/10.1126/sciadv.aax0121
https://doi.org/10.1590/1808-1657000292019
https://doi.org/10.1590/1808-1657000292019
https://doi.org/10.1093/jee/toz191
https://doi.org/10.1016/j.baae.2022.03.010
https://doi.org/10.1016/j.baae.2022.03.010
https://doi.org/10.3389/fsufs.2022.1006201


1312. https://doi.org/10.1002/ajb2.16036 
Dölek Gencer, C., Özkaya, M. T., Eti, S., & Karabıyık, Ş. 

(2023). Evaluation of the effects of open-, self- and cross 
pollinations on fruit set in Domat, Gemlik and Sarı Ulak 
olive cultivars. Scientia Horticulturae, 311, 111708. 
https://doi.org/10.1016/j.scienta.2022.111780 

Donkersley, P., Witchalls, S., Bloom, E. H., & Crowder, D. 
W. (2023). A little does a lot: Can small-scale planting for 
pollinators make a difference? Agriculture, Ecosystems 
and Environment, 343, 108254. https://doi.org/10.1016/j. 
agee.2022.108254 

Du, J., Ge, C., Li, T., Wang, S., Gao, Z., Sassa, H., & Qiao, Y. 
(2021a). Molecular characteristics of S-RNase alleles as 
the determinant of self-incompatibility in the style of 
Fragaria viridis. Horticultural Research, 8, 185. https:// 
doi.org/10.1038/s41438-021-00623-x 

Du, J., Wang, J., Wang, T., Liu, L., Iqbal, S., & Qiao, Y. 
(2021b). Identification and chromosome doubling of 
Fragaria mandshurica and F. nilgerrensis. Scientia 
Horticulturae, 289, 110507. https://doi.org/10.1016/j. 
scienta.2021.110507 

Dung, C. D., Wallace, H. M., Bai, S. H., Ogbourne, S. M., & 
Trueman, S. J. (2023). Fruit size and quality attributes 
differ between competing self-pollinated and cross-polli-
nated strawberry fruit. International Journal of Fruit 
Science, 23(1), 1–12. https://doi.org/10.1080/15538362. 
2022.2160410 

Eeraerts, M. (2023). A minimum of 15% semi-natural habi-
tat facilitates adequate wild pollinator visitation to a pol-
linator-dependent crop. Biological Conservation, 278, 
109887. https://doi.org/10.1016/j.biocon.2022.109887 

El Abdouni, I., Lhomme, P., Christmann, S., Dorchin, A., 
Sentil, A., Pauly, A., Hamroud, L., Ihsane, O., Reverté, S., 
Patiny, S., Wood, T. J., Bencharki, Y., Rasmont, P., & 
Michez, D. (2022). Diversity and relative abundance of 
insect pollinators in Moroccan agroecosystems. Frontiers 
in Ecology and Evolution, 10, 866581. https://doi.org/10. 
3389/fevo.2022.866581 

Erbar, C. (2003). Pollen tube transmitting tissue: Place of 
competition of male gametophytes. International Journal 
of Plant Sciences, 164(S5), S265–277. https://doi.org/10. 
1086/377061 

Feng, J., Dai, C., Luo, H., Han, Y., Liu, Z., & Kang, C. (2019). 
Reporter gene expression reveals precise auxin synthesis 
sites during fruit and root development in wild straw-
berry. Journal of Experimental Botany, 70(2), 563–574. 
https://doi.org/10.1093/jxb/ery384 

Ferrante, M., Lamelas-López, L., Nunes, R., Monjardino, P., 
Lopes, D. J. H., Soares, A. O., Lövei, G. L., & Borges, P. A. 
V. (2022). A simultaneous assessment of multiple ecosys-
tem services and disservices in vineyards and orchards of 
Terceira Island, Azores. Agriculture, Ecosystems and 
Environment, 330, 107909. https://doi.org/10.1016/j. 
agee.2022.107909 

Ferrante, M., Lövei, G. L., Nunes, R., Monjardino, P., 
Lamelas-López, L., Möller, D., Onofre Soares, A., & 
Borges, P. A. V. (2023). Gains and losses in ecosystem 
services and disservices after converting native forest to 
agricultural land on an oceanic island. Basic and Applied 
Ecology, 68, 1–12. https://doi.org/10.1016/j.baae.2022.11. 
010 

Fijen, T. P. M., Roovers, A., van Deijk, J., & van Grunsven, 
R. H. A. (2023). Nocturnal pollination is equally impor-
tant as, and complementary to, diurnal pollination for 
strawberry fruit production. Agriculture, Ecosystems and 
Environment, 350, 108475. https://doi.org/10.1016/j.agee. 
2023.108475 

Fountain, M. T. (2022). Impacts of wildflower interventions 
on beneficial insects in fruit crops: A review. Insects, 13 
(3), 304. https://doi.org/10.3390/insects13030304 

Free, J. B. (1968a). The foraging behaviour of honeybees 
(Apis mellifera) and bumblebees (Bombus spp.) on black-
currant (Ribes nigrum), raspberry (Rubus idaeus) and 
strawberry (Fragaria × ananassa) flowers. Journal of 
Applied Ecology, 5(1), 157–168. https://doi.org/10.2307/ 
2401280 

Free, J. B. (1968b). The pollination of strawberries by honey- 
bees. Journal of Horticultural Science, 43(1), 107–111. 
https://doi.org/10.1080/00221589.1968.11514237 

Free, J. B. (1993). Insect Pollination of Crops. London, U.K.: 
Academic Press Inc.

Freimuth, J., Bossdorf, O., Scheepens, J. F., & Willems, F. 
M. (2022). Climate warming changes synchrony of 
plants and pollinators. Proceedings of the Royal Society 
B, 289(1971), 20212142. https://doi.org/10.1098/rspb. 
2021.2142 

Gallai, N., Salles, J. -M., Settele, J., & Vaissière, B. E. (2009). 
Economic valuation of the vulnerability of world agricul-
ture confronted with pollinator decline. Ecological 
Economics, 68(3), 810–821. https://doi.org/10.1016/j.eco 
lecon.2008.06.014 

Gallai, N., & Vaissière, B. E. (2009). Guidelines for the 
economic valuation of pollination services at a national 
scale. Food and Agriculture Organization, Rome, Italy.

Garibaldi, L. A., Bartomeus, I., Bommarco, R., Klein, A. M., 
Cunningham, S. A., Aizen, M. A., Boreux, V., Garratt, M. 
P. D., Carvalheiro, L. G., Kremen, C., Morales, C. L., 
Schüepp, C., Chacoff, N. P., Freitas, B. M., Gagic, V., 
Holzschuh, A., Klatt, B. K., Krewenka, K. M., Krishnan, 
S., and Devictor, V. (2015). Trait matching of flower 
visitors and crops predicts fruit set better than trait diver-
sity. Journal of Applied Ecology, 52(6), 1436–1444. https:// 
doi.org/10.1111/1365-2664.12530 

Garibaldi, L. A., Carvalheiro, L. G., Leonhardt, S. D., Aizen, 
M. A., Blaauw, B. R., Isaacs, R., Kuhlmann, M., Kleijn, D., 
Klein, A. M., Kremen, C., Morandin, L., Scheper, J., & 
Winfree, R. (2014). From research to action: Enhancing 
crop yield through wild pollinators. Frontiers in Ecology 
and Environment, 12(8), 439–447. https://doi.org/10. 
1890/130330 

Garibaldi, L. A., Carvalheiro, L. G., Vaissière, B. E., 
Gemmill-Herren, B., Hipólito, J., Freitas, B. M., Ngo, H. 
T., Azzu, N., Sáez, A., Åström, J., An, J., Blochtein, B., 
Buchori, D., García, F. J. C., Oliveira da Silva, F., Devkota, 
K., Ribeiro, M. D. F., Freitas, L., Gaglianone, M. C. . . . 
Zhang, H. (2016). Mutually beneficial pollinator diversity 
and crop yield outcomes in small and large farms. Science, 
351(6271), 387. https://doi.org/10.1126/science.aac7287 

Garibaldi, L. A., Pérez-Méndez, N., Cordeiro, G. D., 
Hughes, A., Orr, M., Alves‐dos‐santos, I., Freitas, B. M., 
Freitas de Oliveira, F., LeBuhn, G., Bartomeus, I., Aizen, 
M. A., Andrade, P. B., Blochtein, B., Boscolo, D., 
Drumond, P. M., Gaglianone, M. C., Gemmill‐herren, 
B., Halinski, R., Krug, C. . . . Viana, B. F. (2021). 
Negative impacts of dominance on bee communities: 
Does the influence of invasive honey bees differ from 
native bees? Ecology, 102(12), e03526. https://doi.org/10. 
1002/ecy.3526 

Garratt, M. P. D., Breeze, T. D., Boreux, V., Fountain, M. T., 
McKerchar, M., Webber, S. M., Coston, D. J., Jenner, N., 
Dean, R., Westbury, D. B., Biesmeijer, J. C., & Potts, S. G. 
(2016). Apple pollination: Demand depends on variety 
and supply depends on pollinator identity. PLoS One, 11 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 21

https://doi.org/10.1002/ajb2.16036
https://doi.org/10.1016/j.scienta.2022.111780
https://doi.org/10.1016/j.agee.2022.108254
https://doi.org/10.1016/j.agee.2022.108254
https://doi.org/10.1038/s41438-021-00623-x
https://doi.org/10.1038/s41438-021-00623-x
https://doi.org/10.1016/j.scienta.2021.110507
https://doi.org/10.1016/j.scienta.2021.110507
https://doi.org/10.1080/15538362.2022.2160410
https://doi.org/10.1080/15538362.2022.2160410
https://doi.org/10.1016/j.biocon.2022.109887
https://doi.org/10.3389/fevo.2022.866581
https://doi.org/10.3389/fevo.2022.866581
https://doi.org/10.1086/377061
https://doi.org/10.1086/377061
https://doi.org/10.1093/jxb/ery384
https://doi.org/10.1016/j.agee.2022.107909
https://doi.org/10.1016/j.agee.2022.107909
https://doi.org/10.1016/j.baae.2022.11.010
https://doi.org/10.1016/j.baae.2022.11.010
https://doi.org/10.1016/j.agee.2023.108475
https://doi.org/10.1016/j.agee.2023.108475
https://doi.org/10.3390/insects13030304
https://doi.org/10.2307/2401280
https://doi.org/10.2307/2401280
https://doi.org/10.1080/00221589.1968.11514237
https://doi.org/10.1098/rspb.2021.2142
https://doi.org/10.1098/rspb.2021.2142
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1111/1365-2664.12530
https://doi.org/10.1111/1365-2664.12530
https://doi.org/10.1890/130330
https://doi.org/10.1890/130330
https://doi.org/10.1126/science.aac7287
https://doi.org/10.1002/ecy.3526
https://doi.org/10.1002/ecy.3526


(5), e0153889. https://doi.org/10.1371/journal.pone. 
0153889 

Garratt, M. P. D., De Groot, G. A., Albrecht, M., Bosch, J., 
Breeze, T. D., Fountain, M. T., Klein, A. M., McKerchar, 
M., Park, M., Paxton, R. J., Potts, S. G., Pufal, G., Rader, 
R., Senapathi, D., Andersson, G. K. S., Bernauer, O. M., 
Blitzer, E. J., Boreux, V., Campbell, A. J. . . . Zhusupbaeva, 
A. (2021). Opportunities to reduce pollination deficits 
and address production shortfalls in an important 
insect-pollinated crop. Ecological Applications, 31(8), 
e02445. https://doi.org/10.1002/eap.2445 

Garratt, M. P. D., O’Connor, R. S., Carvell, C., Fountain, M. 
T., Breeze, T. D., Pywell, R., Redhead, J. W., Kinneen, L., 
Mitschunas, N., Truslove, L., Xavier e Silva, C., Jenner, N., 
Ashdown, C., Brittain, C., McKerchar, M., Butcher, C., 
Edwards, M., Nowakowski, M., Sutton, P., & Potts, S. G. 
(2023). Addressing pollination deficits in orchard crops 
through habitat management for wild pollinators. 
Ecological Applications, 33(1), e2743. https://doi.org/10. 
1002/eap.2743 

Gazzoni, D. L., & Barateiro, J. V. G. R. P. (2023). Soybean 
yield is increased through complementary pollination by 
honey bees. Journal of Apicultural Research. https://doi. 
org/10.1080/00218839.2022.2047264 

Gazzoni, D. L., Barateiro, J. V. G. R. P., & da Rosa Santos, P. 
(2022). Supplemental bee pollination effect on the pro-
ductivity of soybean grown in a low yield potential con-
dition. Journal of Apicultural Research. https://doi.org/10. 
1080/00218839.2022.2047264/ 

Genung, M. A., Reilly, J., Williams, N. M., Buderi, A., 
Gardner, J., & Winfree, R. (2023). Rare and declining 
bee species are key to consistent pollination of wild-
flowers and crops across large spatial scales. Ecology, 
104(2), e3899. https://doi.org/10.1002/ecy.3899 

Gervais, A., Bélisle, M., Mazerolle, M. J., & Fournier, V. 
(2021). Landscape enhancements in apple orchards: 
Higher bumble bee queen species richness, but no effect 
on apple quality. Insects, 12(5), 421. https://doi.org/10. 
3390/insects12050421 

Geslin, B., Aizen, M. A., García, N., Pereira, A. -J., 
Vassière, B. E., & Garibaldi, L. A. (2017). The impact 
of honey bee colony quality on crop yield and farmers’ 
profit in apples and pears. Agriculture, Ecosystems and 
Environment, 248, 153–161. https://doi.org/10.1016/j. 
agee.2017.07.035 

Giannini, T. C., Cordeiro, G. D., Freitas, B. M., Saraiva, A. 
M., & Imperatriz-Fonseca, V. L. (2015). The dependence 
of crops for pollinators and the economic value of polli-
nation in Brazil. Journal of Economic Entomology, 108(3), 
849–857. https://doi.org/10.1093/jee/tov093 

Goodman, R. D., & Oldroyd, B. P. (1988). Honeybee polli-
nation of strawberries (Fragaria × ananassa Duchesne). 
Australian Journal of Experimental Agriculture, 28(3), 
435–438. https://doi.org/10.1071/EA9880435 

Guo, L., Luo, X., Li, M., Joldersma, D., Plunkert, M., & Liu, 
Z. (2022). Mechanism of fertilization-induced auxin 
synthesis in the endosperm for seed and fruit develop-
ment. Nature Communications, 13(1), 3985. https://doi. 
org/10.1038/s41467-022-31656-y 

Guthman, J., & Jiménez-Soto, E. (2021). Socioeconomic 
challenges of California strawberry production and dis-
ease resistant cultivars. Frontiers in Sustainable Food 
Systems, 5, 764743. https://doi.org/10.3389/fsufs.2021. 
764743 

Guzman, L. M., Kelly, T., & Elle, E. (2023). A data set for 
pollinator diversity and their interactions with plants in 

the Pacific Northwest. Ecology, 104(2), e3927. https://doi. 
org/10.1002/ecy.3927 

Haedo, J. P., Graffigna, S., Martínez, L. C., Pérez-Méndez, 
N., Torretta, J. P., & Marrero, H. J. (2023). Effectiveness 
landscape of crop pollinator assemblages: Implications to 
pollination service management. Agriculture, Ecosystems 
and Environment, 348, 108417. https://doi.org/10.1016/j. 
agee.2023.108417 

Haedo, J. P., Martínez, L. C., Graffigna, S., Marrero, H. J., & 
Torretta, J. P. (2022). Managed and wild bees contribute 
to alfalfa (Medicago sativa) pollination. Agriculture, 
Ecosystems and Environment, 324, 107711. https://doi. 
org/10.1016/j.agee.2021.107711 

Hall, M. A., Jones, J., Rocchetti, M., Wright, D., & Rader, R. 
(2020). Bee visitation and fruit quality in berries under 
protected cropping vary along the length of polytunnels. 
Journal of Economic Entomology, 113(3), 1337–1346. 
https://doi.org/10.1093/jee/toaa037 

Hancock, J. F. (2008). Fragaria × ananassa. In J. Janick & R. 
E. Paull (Eds.), The Encyclopedia of Fruit & Nuts, 
Wallingford, U.K: CABI.

Hancock, J. F. (2020). Strawberries. Wallingford, U.K: CABI.
Hegland, S. J., & Totland, Ø. (2008). Is the magnitude of 

pollen limitation in a plant community affected by polli-
nator visitation and plant species specialisation levels? 
Oikos, 117(6), 883–891. https://doi.org/10.1111/j.0030- 
1299.2008.16561.x 

Hein, L. (2009). The economic value of the pollination 
service, a review across scales. Open Ecology Journal, 2 
( 1 ) ,  7 4 – 8 2 .  h t t p s : / / d o i . o r g / 1 0 . 2 1 7 4 /  
1874213000902010074 

Herbertsson, L., Ekroos, J., Albrecht, M., Bartomeus, I., 
Batáry, P., Bommarco, R., Caplat, P., Diekötter, T., 
Eikestam, J. M., Entling, M. H., Farbu, S., Farwig, 
N., Gonzalez-Varo, J. P., Hass, A. L., Holzschuh, A., 
Hopfenmüller, S., Jakobsson, A., Jauker, B., Kovács- 
Hostyánszki, A. . . . Smith, H. G. (2021). Bees increase 
seed set of wild plants while the proportion of arable 
land has a variable effect on pollination in European 
agricultural landscapes. Plant Ecology and Evolution, 
154(3), 341–350. https://doi.org/10.5091/plecevo.2021. 
1884 

Herbertsson, L., Lindström, S. A. M., Rundlöf, M., 
Bommarco, R., & Smith, H. G. (2016). Competition 
between managed honeybees and wild bumblebees 
depends on landscape context. Basic and Applied 
Ecology, 17(7), 609–616. https://doi.org/10.1016/j.baae. 
2016.05.001 

Hernández-Martínez, N. R., Blanchard, C., Wells, D., & 
Salazar-Gutiérrez, M. R. (2023). Current state and future 
perspectives of commercial strawberry production: A 
review. Scientia Horticulturae, 312, 111893. https://doi. 
org/10.1016/j.scienta.2023.111893 

Herrmann, J. D., Beye, H., de la Broise, C., Hartlep, H., & 
Diekötter, T. (2019). Positive effects of the pollinators 
Osmia cornuta (Megachilidae) and Lucilia sericata 
(Calliphoridae) on strawberry quality. Arthropod-Plant 
Interactions, 13(1), 71–77. https://doi.org/10.1007/ 
s11829-018-9636-7 

Holland, J. M., Sutter, L., Albrecht, M., Jeanneret, P., Pfister, 
S. C., Schirmel, J., Entling, M. H., Kaasik, R., Kovacs, G., 
Veromann, E., Bartual, A. M., Marini, S., Moonen, A. -C., 
Szalai, M., Helsen, H., Winkler, K., Lof, M. E., van der 
Werf, W., McHugh, N. M. . . . Cresswell, J. E. (2020). 
Moderate pollination limitations in some entomophilous 
crops of Europe. Agriculture, Ecosystems and 

22 C. M. MENZEL

https://doi.org/10.1371/journal.pone.0153889
https://doi.org/10.1371/journal.pone.0153889
https://doi.org/10.1002/eap.2445
https://doi.org/10.1002/eap.2743
https://doi.org/10.1002/eap.2743
https://doi.org/10.1080/00218839.2022.2047264
https://doi.org/10.1080/00218839.2022.2047264
https://doi.org/10.1080/00218839.2022.2047264/
https://doi.org/10.1080/00218839.2022.2047264/
https://doi.org/10.1002/ecy.3899
https://doi.org/10.3390/insects12050421
https://doi.org/10.3390/insects12050421
https://doi.org/10.1016/j.agee.2017.07.035
https://doi.org/10.1016/j.agee.2017.07.035
https://doi.org/10.1093/jee/tov093
https://doi.org/10.1071/EA9880435
https://doi.org/10.1038/s41467-022-31656-y
https://doi.org/10.1038/s41467-022-31656-y
https://doi.org/10.3389/fsufs.2021.764743
https://doi.org/10.3389/fsufs.2021.764743
https://doi.org/10.1002/ecy.3927
https://doi.org/10.1002/ecy.3927
https://doi.org/10.1016/j.agee.2023.108417
https://doi.org/10.1016/j.agee.2023.108417
https://doi.org/10.1016/j.agee.2021.107711
https://doi.org/10.1016/j.agee.2021.107711
https://doi.org/10.1093/jee/toaa037
https://doi.org/10.1111/j.0030-1299.2008.16561.x
https://doi.org/10.1111/j.0030-1299.2008.16561.x
https://doi.org/10.2174/1874213000902010074
https://doi.org/10.2174/1874213000902010074
https://doi.org/10.5091/plecevo.2021.1884
https://doi.org/10.5091/plecevo.2021.1884
https://doi.org/10.1016/j.baae.2016.05.001
https://doi.org/10.1016/j.baae.2016.05.001
https://doi.org/10.1016/j.scienta.2023.111893
https://doi.org/10.1016/j.scienta.2023.111893
https://doi.org/10.1007/s11829-018-9636-7
https://doi.org/10.1007/s11829-018-9636-7


Environment, 302, 107002. https://doi.org/10.1016/j.agee. 
2020.107002 

Hollender, C. A., Geretz, A. C., Slovin, J. P., & Liu, Z. (2012). 
Flower and early fruit development in a diploid straw-
berry, Fragaria vesca. Planta, 235(6), 1123–1139. https:// 
doi.org/10.1007/s00425-011-1562-1 

Horth, L., Campbell, L. A., & García, C. (2018). 
Supplementing small farms with native mason bees 
increases strawberry size and growth rate. Journal of 
Applied Ecology, 55(2), 591–599. https://doi.org/10.1111/ 
1365-2664.12988 

Hortyñski, J., Machi, I., & Hulewicz, T. (1972). Influence of 
seed and pollen parent variety on fruit development and 
seedling properties in the garden strawberry (Fragaria 
ananassa Duch.). Zeitschrift für Pflanzenphysiologie, 68 
(1), 28–50.

Hudewenz, A., Pufal, G., Bögeholz, A. -L., & Klein, A. -M. 
(2014). Cross-pollination benefits differ among oilseed 
rape varieties. The Journal of Agricultural Science, 152 
( 5 ) ,  7 7 0 – 7 7 8 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 7 /  
S0021859613000440 

Hulewicz, T., & Hortyñski, J. (1972). Self-compatibility and 
fruit development in some cultivars of strawberry 
(Fragaria ananassa Duch.). Genetica Polonica, 13(1), 1– 
12.

Hung, K. -L.J., Kingston, J. M., Albrecht, M., Holway, D. A., 
& Kohn, J. R. (2018). The worldwide importance of honey 
bees as pollinators in natural habitats. Proceedings of the 
Royal Society B, 285(1870), 20172140. https://doi.org/10. 
1098/rspb.2017.2140 

Hutchinson, L. A., Oliver, T. H., Breeze, T. D., Greenwell, 
M. P., Powney, G. D., & Garratt, M. P. D. (2022). Stability 
of crop pollinator occurrence is influenced by bee com-
munity composition. Frontiers in Sustainable Food 
Systems, 6, 943309. https://doi.org/10.3389/fsufs.2022. 
943309 

Image, M., Gardner, E., & Breeze, T. D. (2023). Co-benefits 
from tree planting in a typical English agricultural land-
scape: Comparing the relative effectiveness of hedgerows, 
agroforestry and woodland creation for improving crop 
pollination services. Land Use Policy, 125, 106497. https:// 
doi.org/10.1016/j.landusepol.2022.106497 

Image, M., Gardner, E., Clough, Y., Smith, H. G., Baldock, 
K. C. R., Campbell, A., Garratt, M., Gillespie, M. A. K., 
Kunin, W. E., McKerchar, M., Memmott, J., Potts, S. G., 
Senapathi, D., Stone, G. N., Wackers, F., Westbury, D. B., 
Wilby, A., Oliver, T. H., & Breeze, T. D. (2022). Does 
agri-environment scheme participation in England 
increase pollinator populations and crop pollination ser-
vices? Agriculture, Ecosystems and Environment, 325, 
107755. https://doi.org/10.1016/j.agee.2021.107755 

Iwasaki, J. M., & Hogendoorn, K. (2022). Mounting evi-
dence that managed and introduced bees have negative 
impacts on wild bees: An updated review. Current 
Research in Insect Science, 2, 100043. https://doi.org/10. 
1016/j.cris.2022.100043 

Jacobs, J., Beenaerts, N., & Artois, T. (2023). Green roofs 
and pollinators, useful green spots for some wild bee 
species (Hymenoptera: Anthophila), but not so much 
for hoverflies (Diptera: Syrphidae). Scientific Reports, 13 
(1), 1449. https://doi.org/10.1038/s41598-023-28698-7 

Jaumejoan, X., Arnan, X., Hagenbucher, S., Rodrigo, A., 
Sédivy, C., & Bosch, J. (2023). Different effects of local 
and landscape context on pollen foraging decisions by 
two managed orchard pollinators, Osmia cornuta and 
Bombus terrestris. Agriculture, Ecosystems and 

Environment, 353, 108528. https://doi.org/10.1016/j. 
agee.2023.108528 

Jordan, A., Patch, H. M., Grozinger, C. M., & Khanna, V. 
(2021). Economic dependence and vulnerability of 
United States agricultural sector on insect-mediated pol-
lination service. Environment Science and Technology, 55 
(4), 2243–2253. https://doi.org/10.1021/acs.est.0c04786 

Junqueira, C. N., Pereira, R. A. S., da Silva, R. C., Alves 
Cardoso Kobal, R. O., Araújo, T. N., Prato, A., Pedrosa, 
J., Martínez‐martínez, C. A., Castrillon, K. P., Felício, D. 
T., Ferronato, P., & Augusto, S. C. (2022). Do Apis and 
non-Apis bees provide a similar contribution to crop 
production with different levels of pollination depen-
dency? A review using meta-analysis. Ecological 
Entomology, 47(1), 76–83. https://doi.org/10.1111/een. 
13092 

Kämper, W., Dung, C. D., Ogbourne, S. M., Wallace, H. M., 
Trueman, S. J., & Avramidou, E. V. (2022). High self- 
paternity levels and effects of fertilized-seed number on 
size of strawberry fruit. PLoS One, 17(9), e0273457. 
https://doi.org/10.1371/journal.pone.0273457 

Kang, C., Darwish, O., Geretz, A., Shahan, R., Alkharoud, 
N., & Liu, Z. (2013). Genome-scale transcriptomic 
insights into early-stage fruit development in woodland 
strawberry Fragaria vesca. The Plant Cell, 25(6), 1960– 
1978. https://doi.org/10.1105/tpc.113.111732 

Karapatzak, E. K., Wagstaffe, A., Hadley, P., & Battey, N. H. 
(2012). High-temperature-induced reductions in crop-
ping in everbearing strawberries (Fragaria × ananassa) 
are associated with reduced pollen performance. Annals 
of Applied Biology, 161(3), 255–265. https://doi.org/10. 
1111/j.1744-7348.2012.00570.x 

Kennedy, G. G., & Huseth, A. S. (2022). Pest species respond 
differently to farm field size. Proceedings of the National 
Academy of Science of the United States of America, 119 
(39), e2214082119. https://doi.org/10.1073/pnas. 
2214082119 

Kevan, P. G., Clark, E. A., & Thomas, V. G. (1990). Insect 
pollinators and sustainable agriculture. American Journal 
of Alternative Agriculture, 5(1), 13–22. https://doi.org/10. 
1017/S0889189300003179 

Khalifa, S. A. M., Elshafiey, E. H., Shetaia, A. A., El-Wahed, 
A. A. A., Algethami, A. F., Musharraf, S. G., AlAjmi, M. 
F., Zhao, C., Masry, S. H. D., Abdel Daim, M. M., Halabi, 
M. F., Kai, G., Al Naggar, Y., Bishr, M., Diab, M. A. M., & 
El-Seedi, H. R. (2021). Overview of bee pollination and its 
economic value for crop production. Insects, 12(8), 688. 
https://doi.org/10.3390/insects12080688 

Kilpinen, O., Vejsnæs, F., & Brodschneider, R. (2022). 
Comment on “Dominance of honey bees is negatively 
associated with wild bee diversity in commercial apple 
orchards regardless of management practices”. 
Agriculture, Ecosystems and Environment, 340, 108160. 
https://doi.org/10.1016/j.agee.2022.108160 

Kirchweger, S., Clough, Y., Kapfer, M., Steffan Dewenter, I., 
& Kantelhardt, J. (2020). Do improved pollination ser-
vices outweigh farm-economic disadvantages of working 
in small-structured agricultural landscapes? – develop-
ment and application of a bio-economic model. 
Ecological Economics, 169, 106535. https://doi.org/10. 
1016/j.ecolecon.2019.106535 

Kirsch, F., Hass, A. L., Link, W., & Westphal, C. (2023). 
Intercrops as foraging habitats for bees: Bees do not 
prefer sole legume crops over legume-cereal mixtures. 
Agriculture, Ecosystems and Environment, 343, 108268. 
https://doi.org/10.1016/j.agee.2022.108268 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 23

https://doi.org/10.1016/j.agee.2020.107002
https://doi.org/10.1016/j.agee.2020.107002
https://doi.org/10.1007/s00425-011-1562-1
https://doi.org/10.1007/s00425-011-1562-1
https://doi.org/10.1111/1365-2664.12988
https://doi.org/10.1111/1365-2664.12988
https://doi.org/10.1017/S0021859613000440
https://doi.org/10.1017/S0021859613000440
https://doi.org/10.1098/rspb.2017.2140
https://doi.org/10.1098/rspb.2017.2140
https://doi.org/10.3389/fsufs.2022.943309
https://doi.org/10.3389/fsufs.2022.943309
https://doi.org/10.1016/j.landusepol.2022.106497
https://doi.org/10.1016/j.landusepol.2022.106497
https://doi.org/10.1016/j.agee.2021.107755
https://doi.org/10.1016/j.cris.2022.100043
https://doi.org/10.1016/j.cris.2022.100043
https://doi.org/10.1038/s41598-023-28698-7
https://doi.org/10.1016/j.agee.2023.108528
https://doi.org/10.1016/j.agee.2023.108528
https://doi.org/10.1021/acs.est.0c04786
https://doi.org/10.1111/een.13092
https://doi.org/10.1111/een.13092
https://doi.org/10.1371/journal.pone.0273457
https://doi.org/10.1105/tpc.113.111732
https://doi.org/10.1111/j.1744-7348.2012.00570.x
https://doi.org/10.1111/j.1744-7348.2012.00570.x
https://doi.org/10.1073/pnas.2214082119
https://doi.org/10.1073/pnas.2214082119
https://doi.org/10.1017/S0889189300003179
https://doi.org/10.1017/S0889189300003179
https://doi.org/10.3390/insects12080688
https://doi.org/10.1016/j.agee.2022.108160
https://doi.org/10.1016/j.ecolecon.2019.106535
https://doi.org/10.1016/j.ecolecon.2019.106535
https://doi.org/10.1016/j.agee.2022.108268


Klatt, B. K., Holzchuh, A., Westphal, C., Clough, Y., Smit, I., 
Pawelzik, E., & Tscharntke, T. (2014). Bee pollination 
improves crop quality, shelf life and commercial value. 
Proceedings of the Royal Society B, 281(1775), 20132440. 
https://doi.org/10.1098/rspb.2013.2440 

Klatt, B. K., Klaus, F., Westphal, C., & Tscharntke, T. (2014). 
Enhancing crop shelf life with pollination. Agriculture & 
Food Security, 3(1), 14. https://doi.org/10.1186/2048- 
7010-3-14 

Klein, A. -M., Vaissière, B. E., Cane, J. H., Steffan Dewenter, 
I., Cunningham, S. A., Kremen, C., & Tscharntke, T. 
(2007). Importance of pollinators in changing landscapes 
for world crops. Proceedings of the Royal Society B, 274 
(1608), 303–313. https://doi.org/10.1098/rspb.2006.3721 

Knapp, J. L., & Osborne, J. L. (2017). Courgette production: 
Pollination demand, supply, and value. Journal of 
Economic Entomology, 110(5), 1973–1979. https://doi. 
org/10.1093/jee/tox184 

Knight, T. M., Steets, J. A., Vamosi, J. C., Mazer, S. J., Burd, 
M., Campbell, D. R., Dudash, M. R., Johnston, M. O., 
Mitchell, R. J., & Ashman, T. -L. (2005). Pollen limitation 
of plant reproduction: Pattern and process. Annual 
Review of Ecology, Evolution, and Systematics, 36, 467– 
497. https://doi.org/10.1146/annurev.ecolsys.36.102403. 
115320 

Koch, V., Zoller, L., Bennett, J. M., & Knight, T. M. (2020). 
Pollinator dependence but no pollen limitation for eight 
plants occurring north of the Arctic Circle. Ecology and 
Evolution, 10(24), 13664–13672. https://doi.org/10.1002/ 
ece3.6884 

Koh, I., Lonsdorf, E. V., Williams, N. M., Brittain, C., Isaacs, 
R., Gibbs, J., & Ricketts, T. H. (2016). Modeling the status, 
trends, and impacts of wild bee abundance in the United 
States. Proceedings of the National Academy of Science of 
the United States of America, 113(1), 140–145. https://doi. 
org/10.1073/pnas.1517685113 

Konuma, A., & Okubo, S. (2015). Valuing pollination ser-
vices for agriculture in Japan. Japanese Journal of Ecology, 
65(3), 217–226.

Kral O’Brien, K. C., O’Brien, P. L., Hovick, T. J., Harmon, J. 
P., & Reddy, G. V. P. (2021). Meta-analysis: Higher plant 
richness supports higher pollinator richness across many 
land use types. Annals of the Entomological Society of 
America, 114(2), 267–275. https://doi.org/10.1093/aesa/ 
saaa061 

Kuppler, J., Neumüller, U., Mayr, A. V., Hopfenmüller, S., 
Weiss, K., Prosi, R., Schanowski, A., Schwenninger, H. 
-R., Ayasse, M., & Burger, H. (2023). Favourite plants of 
wild bees. Agriculture, Ecosystems and Environment, 342, 
108266. https://doi.org/10.1016/j.agee.2022.108266 

Larson, B. M. H., & Barrett, S. C. H. (2000). A comparative 
analysis of pollen limitation in flowering plants. Biological 
Journal of the Linnean Society, 69(4), 503–520. https:// 
doi.org/10.1111/j.1095-8312.2000.tb01221.x 

Lata, S., Shrama, G., Garg, S., & Mishra, G. (2018). Effect of 
different modes of pollination on fruit set and malforma-
tion of strawberry cultivars. Research on Crops, 19(3), 
430–435.

Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. 
(2012). Spatial and temporal trends of global pollination 
benefit. PLoS One, 7(4), e35954. https://doi.org/10.1371/ 
journal.pone.0035954 

Layek, U., Das, A., & Karmakar, P. (2022). Supplemental 
stingless bee pollination in fennel (Foeniculum vulgare 
Mill.): An assessment of impacts on native pollinators 
and crop yield. Frontiers in Sustainable Food Systems, 6, 
820264. https://doi.org/10.3389/fsufs.2022.820264 

Layek, U., Kundu, A., Bisui, S., & Karmakar, P. (2021). 
Impact of managed stingless bee and western honey bee 
colonies on native pollinators and yield of watermelon: A 
comparative study. Annals of Agricultural Science, 66(1), 
38–45. https://doi.org/10.1016/j.aoas.2021.02.004 

Layek, U., Kundu, A., & Karmakar, P. (2020). Floral ecology, 
floral visitors and breeding system of Gandharaj lemon 
(Citrus × limon L Osbeck). Botanica Pacifica, 9(2), 113– 
119. https://doi.org/10.17581/bp.2020.09208 

Lázaro, A., Lundgren, R., & Totland, Ø. (2014). 
Experimental reduction of pollinator visitation modifies 
plant-plant interactions for pollination. Oikos, 123(9), 
1037–1048. https://doi.org/10.1111/oik.01268 

Ledesma, N. A., & Kawabata, S. (2016). Responses of two 
strawberry cultivars to severe high temperature stress at 
different flower development stages. Scientia 
Horticulturae, 211, 319–327. https://doi.org/10.1016/j. 
scienta.2016.09.007 

Ledesma, N., & Sugiyama, N. (2005). Pollen quality and 
performance in strawberry plants exposed to high-tem-
perature stress. Journal of the American Society for 
Horticultural Science, 130(3), 341–347. https://doi.org/ 
10.21273/JASHS.130.3.341 

Lei, J. J., Jiang, S., Ma, R. Y., Xue, L., Zhao, J., & Dai, H. P. 
(2021). Current status of strawberry industry in China. 
Acta Horticulturae, 1309, 349–352. https://doi.org/10. 
17660/ActaHortic.2021.1309.50 

Leme da Cunha, N., Chacoff, N. P., Sáez, A., Schmucki, R., 
Galetto, L., Devoto, M., Carrasco, J., Mazzei, M. P., 
Castillo, S. E., Palacios, T. P., Vesprini, J. L., Agostini, 
K., Saraiva, A. M., Woodcock, B. A., Ollerton, J., & Aizen, 
M. A. (2023). Soybean dependence on biotic pollination 
decreases with latitude. Agriculture, Ecosystems and 
Environment, 347, 108376. https://doi.org/10.1016/j. 
agee.2023.108376 

Levin, M. D. (1983). Value of bee pollination to U.S. agri-
culture. Bulletin of the Entomological Society of America, 
29(4), 50–51. https://doi.org/10.1093/besa/29.4.50 

Li, B., Cockerton, H. M., Johnson, A. W., Karlström, A., 
Stavridou, E., Deakin, G., & Harrison, R. J. (2020). 
Defining strawberry shape uniformity using 3D imaging 
and genetic mapping. Horticultural Research, 7(1), 115. 
https://doi.org/10.1038/s41438-020-0337-x 

Li, K., Grass, I., Fung, T. -Y., Fardiansah, R., Rohlfs, M., 
Buchori, D., & Tscharntke, T. (2022a). Adjacent forest 
moderates insect pollination of oil palm. Agriculture, 
Ecosystems and Environment, 338, 108108. https://doi. 
org/10.1016/j.agee.2022.108108 

Li, Q., Sun, M., Liu, Y., Liu, B., Bianchi, F. J. J. A., van der 
Werf, W., & Lu, Y. (2022b). High pollination deficit and 
strong dependence on honeybees in pollination of Korla 
fragrant pear, Pyrus sinkiangensis. Plants, 11(13), 1734. 
https://doi.org/10.3390/plants11131734 

Lindström, S. A. M., Herbertsson, L., Rundlöf, M., Smith, H. 
G., & Bommarco, R. (2016). Large-scale pollination 
experiment demonstrates the importance of insect polli-
nation in winter oilseed rape. Oecologia, 180(3), 759–769. 
https://doi.org/10.1007/s00442-015-3517-x 

Lippert, C., Feuerbacher, A., & Narjes, M. (2021). Revisiting 
the economic valuation of agricultural losses due to large- 
scale changes in pollination populations. Ecological 
Economics, 180, 106860. https://doi.org/10.1016/j.ecole 
con.2020.106860 

Liu, J., Chen, M., Ma, W., Zheng, L., Zhang, B., Zhao, H., & 
Jiang, Y. (2023). Composition of strawberry flower vola-
tiles and their effects on behavior of strawberry 

24 C. M. MENZEL

https://doi.org/10.1098/rspb.2013.2440
https://doi.org/10.1186/2048-7010-3-14
https://doi.org/10.1186/2048-7010-3-14
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1093/jee/tox184
https://doi.org/10.1093/jee/tox184
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1002/ece3.6884
https://doi.org/10.1002/ece3.6884
https://doi.org/10.1073/pnas.1517685113
https://doi.org/10.1073/pnas.1517685113
https://doi.org/10.1093/aesa/saaa061
https://doi.org/10.1093/aesa/saaa061
https://doi.org/10.1016/j.agee.2022.108266
https://doi.org/10.1111/j.1095-8312.2000.tb01221.x
https://doi.org/10.1111/j.1095-8312.2000.tb01221.x
https://doi.org/10.1371/journal.pone.0035954
https://doi.org/10.1371/journal.pone.0035954
https://doi.org/10.3389/fsufs.2022.820264
https://doi.org/10.1016/j.aoas.2021.02.004
https://doi.org/10.17581/bp.2020.09208
https://doi.org/10.1111/oik.01268
https://doi.org/10.1016/j.scienta.2016.09.007
https://doi.org/10.1016/j.scienta.2016.09.007
https://doi.org/10.21273/JASHS.130.3.341
https://doi.org/10.21273/JASHS.130.3.341
https://doi.org/10.17660/ActaHortic.2021.1309.50
https://doi.org/10.17660/ActaHortic.2021.1309.50
https://doi.org/10.1016/j.agee.2023.108376
https://doi.org/10.1016/j.agee.2023.108376
https://doi.org/10.1093/besa/29.4.50
https://doi.org/10.1038/s41438-020-0337-x
https://doi.org/10.1016/j.agee.2022.108108
https://doi.org/10.1016/j.agee.2022.108108
https://doi.org/10.3390/plants11131734
https://doi.org/10.1007/s00442-015-3517-x
https://doi.org/10.1016/j.ecolecon.2020.106860
https://doi.org/10.1016/j.ecolecon.2020.106860


pollinators, Bombus terrestis and Apis mellifera. 
Agronomy ,  13(2),  339. https://doi.org/10.3390/ 
agronomy13020339 

Liu, Z., Ma, H., Jung, S., Main, D., & Guo, L. (2020). 
Developmental mechanisms of fleshy fruit diversity in 
Rosaceae. Annual Review of Plant Biology, 71, 547–573. 
https://doi.org/10.1146/annurev-arplant-111119-021700 

Locey, K. J., & White, E. P. (2013). How species richness and 
total abundance constrain the distribution of abundance. 
Ecological Letters, 16(9), 1177–1185. https://doi.org/10. 
1111/ele.12154 

Lord, E. M., & Russell, S. D. (2002). The mechanisms of 
pollination and fertilization in plants. Annual Review of 
Cell and Developmental Biology, 18, 81–105. https://doi. 
org/10.1146/annurev.cellbio.18.012502.083438 

Losey, J. E., & Vaughan, M. (2006). The economic value of 
ecological services provided by insects. BioScience, 56(4), 
311–323. https://doi.org/10.1641/0006-3568(2006 )56 
[311:TEVOES]2.0.CO;2

Lowe, E. B., Groves, R., & Gratton, C. (2021). Impacts of 
field-edge flower plantings on pollinator conservation 
and ecosystem service delivery – a meta-analysis. 
Agriculture, Ecosystems and Environment, 310, 107290. 
https://doi.org/10.1016/j.agee.2020.107290 

Maeta, Y., Tezuka, T., Nadano, H., & Suzuki, K. (1992). 
Utilization of the Brazilian stingless bee, Nannotrigona 
testaceicornis, as a pollinator of strawberries. Honeybee 
Science, 13(2), 71–78.

Magrach, A., Giménez-Garcia, A., Allen-Perkins, A., 
Garibaldi, L. A., & Bartomeus, I. (2023). Increasing crop 
richness and reducing field sizes provide higher yields to 
pollinator-dependent crops. Journal of Applied Ecology, 
60(1), 77–90. https://doi.org/10.1111/1365-2664.14305 

Malagodi-Braga, K. S., & Kleinert, A. D. P. (2004). Could 
Tetragonisca angustula Latreille (Apinae, Meliponini) be 
effective as strawberry pollinator in greenhouses? 
Australian Journal of Agricultural Research, 55(7), 771– 
773. https://doi.org/10.1071/AR03240 

Mallinger, R., & Prasifka, J. (2017). Benefits of insect polli-
nation to confection sunflowers differ across plant geno-
types. Crop Science, 57(6), 3264–3272. https://doi.org/10. 
2135/cropsci2017.03.0148 

Mallinger, R. E., Bradshaw, J., Varenhorst, A. J., & Prasifka, 
J. R. (2019). Native solitary bees provide economically 
significant pollination services to confection sunflowers 
(Helianthus annuus L.) (Asterales: Asteraceae) grown 
across the Northern Great Plains. Journal of Economic 
Entomology, 112(1), 40–48. https://doi.org/10.1093/jee/ 
toy322 

Mallinger, R. E., Gaines Day, H. R., & Gratton, C. (2017). Do 
managed bees have negative effects on wild bees? A 
systematic review of the literature. PLoS One, 12(12), 
e0189268. https://doi.org/10.1371/journal.pone.0189268 

Mallinger, R. E., Ternest, J. J., Weaver, S. A., Weaver, J., & 
Pryer, S. (2021). Importance of insect pollinators for 
Florida agriculture: A systematic review of the literature. 
The Florida Entomologist, 104(3), 222–229. https://doi. 
org/10.1653/024.104.0312 

Marini, L., Batáry, P., & Tscharntke, T. (2023). Testing the 
potential benefits of small fields for biocontrol needs a 
landscape perspective. Proceedings of the National 
Academy of Science of the United States of America, 120 
(1), e2218447120. https://doi.org/10.1073/pnas. 
2218447120 

Martin, G., Fountain, C., Accatino, F., & Porcher, E. (2019). 
New indices for rapid assessment of pollination services 
based on crop yield data: France as a case study. Ecological 

Indicators, 101, 355–363. https://doi.org/10.1016/j.eco 
lind.2019.01.022 

Mashilingi, S. K., Zhang, H., Chen, W., Vaissière, B. E., 
Garibaldi, L. A., An, J., & Tarpy, D. (2021). Temporal 
trends in pollination deficits and its potential impacts on 
Chinese agriculture. Journal of Economic Entomology, 114 
(4), 1431–1440. https://doi.org/10.1093/jee/toab100 

Mashilingi, S. K., Zhang, H., Garibaldi, L. A., & An, J. 
(2022). Honeybees are far too insufficient to supply opti-
mum pollination services in agricultural systems world-
wide. Agriculture, Ecosystems and Environment, 335, 
108003. https://doi.org/10.1016/j.agee.2022.108003 

Mateos-Fierro, Z., Garratt, M. P. D., Fountain, M. T., 
Ashbrook, K., & Westbury, D. B. (2022). Wild bees are 
less abundant but show better pollination behaviour for 
sweet cherry than managed pollinators. Journal of 
Applied Entomology, 146(4), 361–371. https://doi.org/10. 
1111/jen.12984 

Mazi, S., Paxton, R. J., & Osterman, J. (2023). A subset of 
wild bee species boosts the pollination of pigeon pea 
(Cajanus cajan: Fabaceae), an important crop plant of 
Cameroon. Journal of Apicultural Research, 62(3), 598– 
606. https://doi.org/10.1080/00218839.2022.2118097 

McCullough, C., Grab, H., Angelella, G., Karpanty, S., 
Samtani, J., Olimpi, E. M., & O’Rourke, M. (2022). 
Diverse landscapes but not wildflower plantings increase 
marketable crop yields. Agriculture, Ecosystems and 
Environment, 339, 108120. https://doi.org/10.1016/j. 
agee.2022.108120 

McCullough, C. T., Angelella, G. M., O’Rourke, M. E., & 
Rangel, J. (2021). Landscape context influences the bee 
conservative value of wildflower plantings. 
Environmental Entomology, 50(4), 821–831. https://doi. 
org/10.1093/ee/nvab036 

McGoey, B. V., Janik, R., & Stinchcombe, J. R. (2017). 
Individual chambers for controlling crosses in wind-pol-
linated plants. Methods in Ecology and Evolution, 8(7), 
887–891. https://doi.org/10.1111/2041-210X.12722 

McGrady, C. M., Strange, J. P., López-Uribe, M. M., & 
Fleischer, S. J. (2021). Wild bumble bee colony abun-
dance, scaled by field size, predicts pollination services. 
Ecosphere, 12(9), e03735. https://doi.org/10.1002/ecs2. 
3735 

McGregor, S. E. (1976). Insect pollination of cultivated crop 
plants. U.S. Department of Agriculture Handbook No. 
496, Washington, U.S.A.

Melathopoulos, A. P., Cutler, G. C., & Tyedmers, P. (2015). 
Where is the value in valuing pollination ecosystem ser-
vices to agriculture? Ecological Economics, 109, 59–70. 
https://doi.org/10.1016/j.ecolecon.2014.11.007 

Millard, J., Outhwaite, C. L., Kinnersley, R., Freeman, R., 
Gregory, R. D., Adedoja, O., Gavini, S., Kioko, E., 
Kuhlmann, M., Ollerton, J., Ren, Z. -X., & Newbold, T. 
(2021). Global effects of land-use intensity on local polli-
nator biodiversity. Nature Communications, 12(1), 2902. 
https://doi.org/10.1038/s41467-021-23228-3 

Miñarro, M., García, D., & Rosa-García, R. (2023). 
Pollination of exotic fruit crops depends more on extant 
pollinators and landscape structure than on local man-
agement of domestic bees. Agriculture, Ecosystems and 
Environment, 347, 108387. https://doi.org/10.1016/j.agee. 
2023.108387 

Monasterolo, M., Poggio, S. L., Medan, D., & Devoto, M. 
(2022). High flower richness and abundance decrease 
pollen transfer on individual plants in road verges but 
increase it in adjacent fields in intensively managed 
agroecosystems. Agriculture, Ecosystems and 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 25

https://doi.org/10.3390/agronomy13020339
https://doi.org/10.3390/agronomy13020339
https://doi.org/10.1146/annurev-arplant-111119-021700
https://doi.org/10.1111/ele.12154
https://doi.org/10.1111/ele.12154
https://doi.org/10.1146/annurev.cellbio.18.012502.083438
https://doi.org/10.1146/annurev.cellbio.18.012502.083438
https://doi.org/10.1641/0006-3568(2006)56
https://doi.org/10.1016/j.agee.2020.107290
https://doi.org/10.1111/1365-2664.14305
https://doi.org/10.1071/AR03240
https://doi.org/10.2135/cropsci2017.03.0148
https://doi.org/10.2135/cropsci2017.03.0148
https://doi.org/10.1093/jee/toy322
https://doi.org/10.1093/jee/toy322
https://doi.org/10.1371/journal.pone.0189268
https://doi.org/10.1653/024.104.0312
https://doi.org/10.1653/024.104.0312
https://doi.org/10.1073/pnas.2218447120
https://doi.org/10.1073/pnas.2218447120
https://doi.org/10.1016/j.ecolind.2019.01.022
https://doi.org/10.1016/j.ecolind.2019.01.022
https://doi.org/10.1093/jee/toab100
https://doi.org/10.1016/j.agee.2022.108003
https://doi.org/10.1111/jen.12984
https://doi.org/10.1111/jen.12984
https://doi.org/10.1080/00218839.2022.2118097
https://doi.org/10.1016/j.agee.2022.108120
https://doi.org/10.1016/j.agee.2022.108120
https://doi.org/10.1093/ee/nvab036
https://doi.org/10.1093/ee/nvab036
https://doi.org/10.1111/2041-210X.12722
https://doi.org/10.1002/ecs2.3735
https://doi.org/10.1002/ecs2.3735
https://doi.org/10.1016/j.ecolecon.2014.11.007
https://doi.org/10.1038/s41467-021-23228-3
https://doi.org/10.1016/j.agee.2023.108387
https://doi.org/10.1016/j.agee.2023.108387


Environment, 333, 107952. https://doi.org/10.1016/j.agee. 
2022.107952 

Moore, J. N. (1964). Duration of receptivity to pollination of 
flowers of the highbush blueberry and the cultivated 
strawberry. Proceedings of the American Society for 
Horticultural Science, 85(3), 295–301.

Moore, J. N. (1969). Insect pollination of strawberries. 
Journal of the American Society for Horticultural Science, 
94(4), 362–364. https://doi.org/10.21273/JASHS.94.4.362 

Moreira, M. M., & Freitas, L. (2020). Review of the pollina-
tion system for small diverse insects. Neotropical 
Entomology, 49(4), 472–481. https://doi.org/10.1007/ 
s13744-020-00779-6 

Morse, R. A. (1991). Honey bees forever. Trends in Ecology 
& Evolution, 6(10), 337–338. https://doi.org/10.1016/ 
0169-5347(91)90043-W 

Muñoz, A. E., Plantegenest, M., Amouroux, P., & Zaviezo, 
T. (2021). Native flower strips increase visitation by non- 
bee insects to avocado flowers and promote yield. Basic 
and Applied Ecology, 56, 369–378. https://doi.org/10. 
1016/j.baae.2021.08.015 

Muschett, G., & Fontúrbel, F. E. (2022). A comprehensive 
catalogue of plant-pollinator interactions for Chile. 
Scientific Data, 9(1), 78. https://doi.org/10.1038/s41597- 
022-01195-8 

National Research Council. (2007). Status of pollinators in 
North America. National Academy Press, Washington, U. 
S.A.

Nel, L., Pryke, J. S., Carvalheiro, L. G., Thébault, E., van 
Veen, F. J. F., & Seymour, C. L. (2017). Exotic plants 
growing in crop field margins provide little support to 
mango crop flower visitors. Agriculture, Ecosystems and 
Environment, 250, 72–80. https://doi.org/10.1016/j.agee. 
2017.09.002 

Nene, W. A., Manoko, M. L. K., & Muruke, M. H. (2022). 
Pollination potential of African honey bees, Apis mellifera 
(litorea): (Hymenoptera: Apidae) in sunflower, 
Helianthus annuus production in South-Eastern 
Tanzania. Journal of Apicultural Research. https://doi. 
org/10.1080/00218839.2022.2135760 

Newstrom, L., & Robertson, A. (2005). Progress in under-
standing pollination systems in New Zealand. New 
Zealand Journal of Botany, 43(1), 1–59. https://doi.org/ 
10.1080/0028825X.2005.9512943 

Nitsch, J. P. (1950). Growth and morphogenesis of the 
strawberry as related to auxin. American Journal of 
Botany, 37(3), 211–215. https://doi.org/10.1002/j.1537- 
2197.1950.tb12183.x 

Norfolk, O., Eichhorn, M. P., & Gilbert, F. (2016). Flowering 
ground vegetation benefits wild pollinators and fruit set 
of almond within arid smallholder orchards. Insect 
Conservation and Diversity, 9(3), 236–243. https://doi. 
org/10.1111/icad.12162 

O’Connor, R. S., Kunin, W. E., Garratt, M. P. D., Potts, S. G., 
Roy, H. E., Andrews, C., Jones, C. M., Peyton, J. M., 
Savage, J., Harvey, M. C., Morris, R. K. A., Roberts, S. P. 
M., Wright, I., Vanbergen, A. J., & Carvell, C. (2019). 
Monitoring insect pollinators and flower visitations: The 
effectiveness and feasibility of different survey methods. 
Methods in Ecology and Evolution, 10(12), 2129–2140. 
https://doi.org/10.1111/2041-210X.13292 

Oguro, M., Taki, H., Konuma, A., Uno, M., & Nakashizuka, 
T. (2019). Importance of national or regional specificity 
in the relationship between pollinator dependence and 
production stability. Sustainability Science, 14(1), 139– 
146. https://doi.org/10.1007/s11625-018-0637-3 

Olhnuud, A., Liu, Y., Makowski, D., Tscharntke, T., 
Westphal, C., Wu, P., Wang, M., & van der Werf, W. 
(2022). Pollination deficits and contributions of pollina-
tors in apple production: A global meta-analysis. Journal 
of Applied Ecology, 59(12), 2911–2921. https://doi.org/10. 
1111/1365-2664.14279 

Ollerton, J., Price, V., Armbruster, W. S., Memmott, J., 
Watts, S., Waser, N. M., Totland, Ø., Goulson, D., 
Alarcón, R., Stout, J. C., & Tarrant, S. (2012). 
Overplaying the role of honey bees as pollinators: A 
comment on Aebi and Neumann 2011. Trends in 
Ecology & Evolution, 27(3), 141–142. https://doi.org/10. 
1016/j.tree.2011.12.001 

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many 
flowering plants are pollinated by animals? Oikos, 120(3), 
321–326. https://doi.org/10.1111/j.1600-0706.2010. 
18644.x 

Orford, K. A., Murray, P. J., Vaughan, I. P., & Memmott, J. 
(2016). Modest enhancements to conventional grassland 
diversity improve the provision of pollination services. 
Journal of Applied Ecology, 53(3), 906–915. https://doi. 
org/10.1111/1365-2664.12608 

Ouvrard, P., & Jacquemart, A. -L. (2019). Review of meth-
ods to investigate pollinator dependence in oilseed rape 
(Brassica napus). Field Crops Research, 231, 18–29. 
https://doi.org/10.1016/j.fcr.2018.11.006 

Øydvin, J. (1984). Features of evolution of the garden straw-
berry, Fragaria × ananassa Duch. from wild Fragaria 
species. II. Comparison of seed number and size. 
Relationships between fruit size and seed number. 
Scientific Report of the Agricultural University of 
Norway, 63(22), 1–12.

Pan, C. -C., Liu, L. -D., Zhao, H. -L., Liu, J. -L., Hou, Y. -L., 
& Zhang, L. (2012). Reproduction of Hedysarum scopar-
ium (Fabaceae) in patched habitat is pollen limited, but 
not just pollinator limited. Journal of Arid Land, 4(1), 19– 
28. https://doi.org/10.3724/SP.J.1227.2012.00019 

Pardo, A., & Borges, P. A. V. (2020). Worldwide importance 
of insect pollination in apple orchards: A review. 
Agriculture, Ecosystems and Environment, 293, 106839. 
https://doi.org/10.1016/j.agee.2020.106839 

Pardo, A., Lopes, D. H., Fierro, N., & Borges, P. A. V. (2020). 
Limited effect of management on apple pollination: A 
case study from an Oceanic Island. Insects, 11(6), 351. 
https://doi.org/10.3390/insects11060351 

Peña, J. F., & Carabali, A. (2018). Effect of honey bee (Apis 
mellifera L.) density on pollination and fruit set of avo-
cado (Persea americana Mill.) cv. Hass. Journal of 
Apicultural Science, 62(1), 5–14. https://doi.org/10.2478/ 
jas-2018-0001 

Perrot, T., Bretagnolle, V., & Gaba, S. (2022). 
Environmentally friendly landscape management 
improves oilseed rape yields by increasing pollinators 
and reducing pests. Journal of Applied Ecology, 59(7), 
1825–1836. https://doi.org/10.1111/1365-2664.14190 

Perrot, T., Gaba, S., Roncoroni, M., Gautier, J. -L., Saintilan, 
A., & Bretagnolle, V. (2019). Experimental quantification 
of insect pollination on sunflower yield, reconciling plant 
and field scale estimates. Basic and Applied Ecology, 34, 
75–84. https://doi.org/10.1016/j.baae.2018.09.005 

Petersen, J. D., Husketh, A. S., & Nault, B. A. (2014). 
Evaluating pollination deficits in pumpkin production 
in New York. Environmental Entomology, 43(5), 1247– 
1253. https://doi.org/10.1603/EN14085 

Petersen, J. D., Reiners, S., & Nault, B. A. (2013). Pollination 
services provided by bees in pumpkin fields supplemen-
ted with either Apis mellifera or Bombus impatiens or not 

26 C. M. MENZEL

https://doi.org/10.1016/j.agee.2022.107952
https://doi.org/10.1016/j.agee.2022.107952
https://doi.org/10.21273/JASHS.94.4.362
https://doi.org/10.1007/s13744-020-00779-6
https://doi.org/10.1007/s13744-020-00779-6
https://doi.org/10.1016/0169-5347(91)90043-W
https://doi.org/10.1016/0169-5347(91)90043-W
https://doi.org/10.1016/j.baae.2021.08.015
https://doi.org/10.1016/j.baae.2021.08.015
https://doi.org/10.1038/s41597-022-01195-8
https://doi.org/10.1038/s41597-022-01195-8
https://doi.org/10.1016/j.agee.2017.09.002
https://doi.org/10.1016/j.agee.2017.09.002
https://doi.org/10.1080/00218839.2022.2135760
https://doi.org/10.1080/00218839.2022.2135760
https://doi.org/10.1080/0028825X.2005.9512943
https://doi.org/10.1080/0028825X.2005.9512943
https://doi.org/10.1002/j.1537-2197.1950.tb12183.x
https://doi.org/10.1002/j.1537-2197.1950.tb12183.x
https://doi.org/10.1111/icad.12162
https://doi.org/10.1111/icad.12162
https://doi.org/10.1111/2041-210X.13292
https://doi.org/10.1007/s11625-018-0637-3
https://doi.org/10.1111/1365-2664.14279
https://doi.org/10.1111/1365-2664.14279
https://doi.org/10.1016/j.tree.2011.12.001
https://doi.org/10.1016/j.tree.2011.12.001
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/1365-2664.12608
https://doi.org/10.1111/1365-2664.12608
https://doi.org/10.1016/j.fcr.2018.11.006
https://doi.org/10.3724/SP.J.1227.2012.00019
https://doi.org/10.1016/j.agee.2020.106839
https://doi.org/10.3390/insects11060351
https://doi.org/10.2478/jas-2018-0001
https://doi.org/10.2478/jas-2018-0001
https://doi.org/10.1111/1365-2664.14190
https://doi.org/10.1016/j.baae.2018.09.005
https://doi.org/10.1603/EN14085


supplemented. PLoS One, 8(7), e69819. https://doi.org/ 
10.1371/journal.pone.0069819 

Petersen, L. E., Jr., 1983. The usefulness of the honey bee 
(Apis mellifera L.) as an agent in the pollination of 
Fragaria ananassa Duch. cv. ‘Cardinal’ strawberry. 
Masters of Science Thesis, Stillwater, Oklahoma, U.S.A.: 
Oklahoma State University.

Pfiffner, L., & Müller, A. (2016). Wild bees and pollination. 
Research Institute of Organic Agriculture, Frick, 
Switzerland.

Pi, M., Hu, S., Cheng, L., Zhong, R., Cai, Z., Liu, Z., Yao, J. 
-L., & Kang, C. (2021). The MADS-box gene FVeSEP3 
plays essential roles in flower organogenesis and fruit 
development in woodland strawberry. Horticultural 
Research, 8(1), 247. https://doi.org/10.1038/s41438-021- 
00673-1 

Picanço, A., Gil, A., Rigal, F., & Borges, P. A. V. (2017). 
Pollination services mapping and economic valuation 
from insect communities: A case study in the Azores 
(Terceira Island). Nature Conservation, 18, 1–25. https:// 
doi.org/10.3897/natureconservation.18.11523 

Pipattanawong, R., Yamane, K., Fujishige, N., Bang, S. -W., 
& Yamaki, Y. (2009). Effects of high temperature on 
pollen quality, ovule fertilization and development of 
embryo and achene in ‘Tochiotome’ strawberry. Journal 
of the Japanese Society for Horticultural Science, 78(3), 
300–306. https://doi.org/10.2503/jjshs1.78.300 

Pitts-Singer, T. L., Artz, D. R., Peterson, S. S., Boyle, N. K., & 
Wardell, G. I. (2018). Examination of a managed polli-
nator strategy for almond production using Apis mellifera 
(Hymenoptera: Apidae) and Osmia lignaria 
(Hymenoptera: Megachilidae). Environmental 
Entomology, 47(2), 364–377. https://doi.org/10.1093/ee/ 
nvy009 

Pitts-Singer, T. L., & Cane, J. H. (2011). The alfalfa leafcut-
ting bee, Megachile rotundata: The world’s most inten-
sively managed solitary bee. Annual Review of 
Entomology, 56, 221–237. https://doi.org/10.1146/ 
annurev-ento-120709-144836 

Pless, R., Ferreira, S., Bergstrom, J., & Rabinowitz, A. N. 
(2021). Spatial and temporal trends in the economic value 
of biotic pollination services in Georgia, USA: 2009–2017. 
Journal of Agricultural and Applied Economics, 53(3), 
322–340. https://doi.org/10.1017/aae.2021.11 

Porto, R. G., de Almeida, R. F., Cruz-Neto, O., Tabarelli, M., 
Viana, B. F., Peres, C. A., & Lopez, A. V. (2020). 
Pollination ecosystem service: A comprehensive review 
of economic values, research funding and policy actions. 
Food Security, 12(6), 1425–1442. https://doi.org/10.1007/ 
s12571-020-01043-w 

Potter, D. A., & Mach, B. M. (2022). Non-native non-Apis 
bees are more abundant on non-native versus native 
flowering woody landscape plants. Insects, 13(3), 238. 
https://doi.org/10.3390/insects13030238 

Potts, S. G., Imperatriz-Fonseca, V., Ngo, H. T., Aizen, M. 
A., Biesmeijer, J. C., Breeze, T. D., Dicks, L. V., Garibaldi, 
L. A., Hill, R., Settele, J., & Vanbergen, A. J. (2016). 
Safeguarding pollinators and their values to human 
well-being. Nature, 540(7632), 220–229. https://doi.org/ 
10.1038/nature20588 

Rader, R., Cunningham, S. A., Howlett, B. G., & Inouye, D. 
W. (2020). Non-bee insects as visitors and pollinators of 
crops: Biology, ecology, and management. Annual Review 
of Entomology, 65, 391–407. https://doi.org/10.1146/ 
annurev-ento-011019-025055 

Rahimi, E., Barghjelveh, S., & Dong, P. (2022). Amount, 
distance-dependent and structural effects of forest 

patches on bees in agricultural landscapes. Agriculture 
& Food Security, 11(1), 10. https://doi.org/10.1186/ 
s40066-022-00360-x 

Ramírez-Mejía, A. F., Lomáscolo, S., & Blendinger, P. G. 
(2023). Hummingbirds, honeybees, and wild insect polli-
nators affect yield and berry quality of blueberries 
depending on cultivar and farm’s spatial context. 
Agriculture, Ecosystems and Environment, 342, 108229. 
https://doi.org/10.1016/j.agee.2022.108229 

Ratto, F., Breeze, T. D., Cole, L. J., Garratt, M. P. D., Kleijn, 
D., Kunin, B., Michez, D., O’Connor, R., Ollerton, J., 
Paxton, R. J., Poppy, G. M., Potts, S. G., Senapathi, D., 
Shaw, R., Dicks, L. V., & Peh, K.S. -H. (2022). Rapid 
assessment of insect pollination services to inform deci-
sion-making. Conservation Biology, 36(4), e13886. 
https://doi.org/10.1111/cobi.13886 

Rech, A. R., Ollerton, J., Dalsgaard, B., Ré Jorge, L., Sandel, 
B., Svenning, J. -C., Baronio, G. J., & Sazima, M. (2021). 
Population-level plant pollination mode is influenced by 
Quaternary climate and pollinators. Biotropica, 53(2), 
632–642. https://doi.org/10.1111/btp.12905 

Reilly, J. R., Artz, D. R., Biddinger, D., Bobiwash, K., Boyle, 
N. K., Brittain, C., Brokaw, J., Campbell, J. W., Daniels, J., 
Elle, E., Ellis, J. D., Fleischer, S. J., Gibbs, J., Gillespie, R. 
L., Gundersen, K. B., Gut, L., Hoffman, G., Joshi, N., 
Lundin, O. . . . Winfree, R. (2020). Crop production in 
the USA is frequently limited by a lack of pollinators. 
Proceedings of the Royal Society B, 287(1931), 20200922. 
https://doi.org/10.1098/rspb.2020.0922 

Requier, F., Pérez-Méndez, N., Andersson, G. K. S., Blareau, 
E., Merle, I., & Garibaldi, L. A. (2023). Bee and non-bee 
pollinator importance for local food security. Trends in 
Ecology & Evolution, 38(2), 196–205. https://doi.org/10. 
1016/j.tree.2022.10.006 

Richards, A. J. (2001). Does low biodiversity resulting from 
modern agricultural practice affect crop pollination and 
yield? Annals of Botany, 88(2), 165–172. https://doi.org/ 
10.1006/anbo.2001.1463 

Ricketts, T. H., Regetz, J., Steffan Dewenter, I., 
Cunningham, S. A., Kremen, C., Bogdanski, A., 
Gemmill-Herren, B., Greenleaf, S. S., Klein, A. M., 
Mayfield, M. M., Morandin, L. A., Ochieng’, A., & 
Viana, B. F. (2008). Landscape effects on crop pollination 
services: Are there general patterns? Ecological Letters, 11 
(5), 499–515. https://doi.org/10.1111/j.1461-0248.2008. 
01157.x 

Robinson, S. V. J., Cartar, R. V., Pernal, S. F., Waytes, R., & 
Hoover, S. E. (2023). Bee visitation, pollination service, 
and crop yield in commodity and hybrid seed canola. 
Agriculture, Ecosystems and Environment, 347, 108396. 
https://doi.org/10.1016/j.agee.2023.108396 

Robinson, W. S., Nowogrodzki, R., & Morse, R. A. (1989a). 
The value of honey bees as pollinators of U.S. crops. 
American Bee Journal, 129(7), 411–423.

Robinson, W. S., Nowogrodzki, R., & Morse, R. A. (1989b). 
The value of honey bees as pollinators of U.S. crops. Part 
II of a two-part series. American Bee Journal, 129(7), 477– 
487.

Rodger, J. G., Bennett, J. M., Razanajatovo, M., Knight, T. 
M., van Kleunen, M., Ashman, T. -L., Steets, J. A., Hui, C., 
Arceo-Gómez, G., Burd, M., Burkle, L. A., Burns, J. H., 
Durka, W., Freitas, L., Kemp, J. E., Li, J., Pauw, A., 
Vamosi, J. C., Wolowski, M. . . . Ellis, A. G. (2021). 
Widespread vulnerability of flowering plant seed produc-
tion to pollinator declines. Scientific Advances, 7(42), 
eabd3524. https://doi.org/10.1126/sciadv.abd3524 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 27

https://doi.org/10.1371/journal.pone.0069819
https://doi.org/10.1371/journal.pone.0069819
https://doi.org/10.1038/s41438-021-00673-1
https://doi.org/10.1038/s41438-021-00673-1
https://doi.org/10.3897/natureconservation.18.11523
https://doi.org/10.3897/natureconservation.18.11523
https://doi.org/10.2503/jjshs1.78.300
https://doi.org/10.1093/ee/nvy009
https://doi.org/10.1093/ee/nvy009
https://doi.org/10.1146/annurev-ento-120709-144836
https://doi.org/10.1146/annurev-ento-120709-144836
https://doi.org/10.1017/aae.2021.11
https://doi.org/10.1007/s12571-020-01043-w
https://doi.org/10.1007/s12571-020-01043-w
https://doi.org/10.3390/insects13030238
https://doi.org/10.1038/nature20588
https://doi.org/10.1038/nature20588
https://doi.org/10.1146/annurev-ento-011019-025055
https://doi.org/10.1146/annurev-ento-011019-025055
https://doi.org/10.1186/s40066-022-00360-x
https://doi.org/10.1186/s40066-022-00360-x
https://doi.org/10.1016/j.agee.2022.108229
https://doi.org/10.1111/cobi.13886
https://doi.org/10.1111/btp.12905
https://doi.org/10.1098/rspb.2020.0922
https://doi.org/10.1016/j.tree.2022.10.006
https://doi.org/10.1016/j.tree.2022.10.006
https://doi.org/10.1006/anbo.2001.1463
https://doi.org/10.1006/anbo.2001.1463
https://doi.org/10.1111/j.1461-0248.2008.01157.x
https://doi.org/10.1111/j.1461-0248.2008.01157.x
https://doi.org/10.1016/j.agee.2023.108396
https://doi.org/10.1126/sciadv.abd3524


Rodger, J. G., & Ellis, A. G. (2016). Distinct effects of 
pollinator dependence and self-incompatibility on pollen 
limitation in South African biodiversity hotspots. 
Biological Letters, 12(6), 20160253. https://doi.org/10. 
1098/rsbl.2016.0253 

Rollin, O., Garibaldi, L. A., & Diekötter, T. (2019). Impacts 
of honeybee density on crop yield: A meta-analysis. 
Journal of Applied Ecology, 56(5), 1152–1163. https:// 
doi.org/10.1111/1365-2664.13355 

Rosenheim, J. A., Cluff, E., Lippey, M. K., Cass, B. N., 
Paredes, D., Parsa, S., Karp, D. S., & Chaplin-Kramer, R. 
(2022). Increasing crop field size does not consistently 
exacerbate insect pest problems. Proceedings of the 
National Academy of Science of the United States of 
America, 119(37), e2208813119. https://doi.org/10.1073/ 
pnas.2208813119 

Rosenheim, J. A., Cluff, E., Lippey, M. K., Cass, B. N., 
Paredes, D., Parsa, S., Karp, D. S., & Chaplin-Kramer, R. 
(2023). Reply to Marini et al.: Insect spill-over is a double- 
edged sword in agriculture. Proceedings of the National 
Academy of Science of the United States of America, 120 
(1), e2219197120. https://doi.org/10.1073/pnas. 
2219197120 

Roswell, M., Dushoff, J., & Winfree, R. (2021). A conceptual 
guide to measuring species diversity. Oikos, 130(3), 321– 
338. https://doi.org/10.1111/oik.07202 

Rydhmer, K., Prangsma, J., Brydegaard, M., Smith, H. G., 
Kirkeby, C., Kappel Schmidt, I., & Boelt, B. (2022). 
Scheimpflug lidar range profiling of bee activity patterns 
and spatial distributions. Animal Biotelemetry, 10(1), 14. 
https://doi.org/10.1186/s40317-022-00285-z 

Ryniewicz, J., Roguz, K., Mirski, P., Brzosko, E., Sklodowski, 
M., Wróblewska, A., Ostrowiecka, B., Talalaj, I., 
Jermakowicz, E., & Zych, M. (2022). Spatiotemporal var-
iations in seed set and pollen limitation in populations of 
the rare generalist species Polemonium caeruleum in 
Poland. Frontiers in Plant Science, 12, 755830. https:// 
doi.org/10.3389/fpls.2021.755830 

Sáez, A., Aguilar, R., Ashworth, L., Gleiser, G., Morales, C. 
L., Traveset, A., & Aizen, M. A. (2022). Managed honey-
bees decrease pollination limitation in self-compatible 
but not in self-incompatible crops. Proceedings of the 
Royal Society B, 289(1972), 20220086. https://doi.org/10. 
1098/rspb.2022.0086 

Sáez, A., Morales, J. M., Morales, C. L., Harder, L. D., & 
Aizen, M. A. (2018). The costs and benefits of pollinator 
dependence: Empirically based simulations predict rasp-
berry fruit quality. Ecological Applications, 28(5), 1215– 
1222. https://doi.org/10.1002/eap.1720 

Samtani, J. B., Rom, C. R., Friedrich, H., Fennimore, S. A., 
Finn, C. E., Petran, A., Wallace, R. W., Pritts, M. P., 
Fernandez, G., Chase, C. A., Kubota, C., & Bergefurd, B. 
(2019). The status and future of the strawberry industry 
in the United States. HortTechnology, 29(1), 11–24. 
https://doi.org/10.21273/HORTTECH04135-18 

Sapir, G., Baras, Z., Azmon, G., Goldway, M., Shafir, S., 
Allouche, A., Stern, E., & Stern, R. A. (2017). Synergistic 
effects between bumblebees and honey bees in apple 
orchards increase cross pollination, seed number and 
fruit size. Scientia Horticulturae, 219, 107–117. https:// 
doi.org/10.1016/j.scienta.2017.03.010 

Sardiñas, H. S., & Kremen, C. (2015). Pollination services 
from field-scale agricultural diversification may be con-
text-dependent. Agriculture, Ecosystems and 
Environment, 207, 17–25. https://doi.org/10.1016/j.agee. 
2015.03.020 

Saridaş, M. A., Karabiyik, Ş., Eti, S., & Kargi, S. P. (2021). 
Boron applications and bee pollinators increase straw-
berry yields. International Journal of Fruit Science, 21 
(1), 481–491. https://doi.org/10.1080/15538362.2021. 
1907010 

Schattman, R. E., Smart, A., Birkel, S., Jean, H., Barai, K., & 
Zhang, Y. -J. (2022). Strawberry growth under current 
and future rainfall scenarios. Water, 14(3), 313. https:// 
doi.org/10.3390/w14030313 

Schmidlin, F. G., Sullivan, J. J., Bowie, M. H., Read, S. F. J., & 
Howlett, B. G. (2021). Small numbers of bee and non-bee 
pollinators detected moving between on-farm native 
plantings and neighbouring grass cropland. Journal of 
Asia-Pacific Entomology, 24(3), 819–823. https://doi.org/ 
10.1016/j.aspen.2021.07.005 

Schoch, K., Tschumi, M., Lutter, S., Ramseier, H., & Zingg, 
S. (2022). Competition and facilitation effects of semi- 
natural habitats drive total insect and pollinator abun-
dance in flower strips. Frontiers in Ecology and Evolution, 
10, 854058. https://doi.org/10.3389/fevo.2022.854058 

Sciligo, A. R., M’Gonigle, L. K., & Kremen, C. (2022). Local 
diversification enhances pollinator visitation to straw-
berry and may improve pollination and marketability. 
Frontiers in Sustainability and Food Systems, 6, 941840. 
https://doi.org/10.3389/fsufs.2022.941840 

Senapathi, D., Fründ, J., Albrecht, M., Garratt, M. P. D., 
Kleijn, D., Pickles, B. J., Potts, S. G., An, J., Andersson, G. 
K. S., Bänsch, S., Basu, P., Benjamin, F., Bezerra, A. D. M., 
Bhattacharya, R., Biesmeijer, J. C., Blaauw, B., Blitzer, E. 
J., Brittain, C. A., Carvalheiro, L. G. . . . Klein, A. -M. 
(2021). Wild insect diversity increases inter-annual stabi-
lity in global crop pollinator communities. Proceedings of 
the Royal Society B, 288(1947), 20210212. https://doi.org/ 
10.1098/rspb.2021.0212 

Sentil, A., Lhomme, P., Michez, D., Reverté, S., Rasmont, P., 
& Christmann, S. (2022). “Farming with alternative pol-
linators” approach increases pollinator abundance and 
diversity in faba bean fields. Journal of Insect 
Conservation, 26(3), 401–414. https://doi.org/10.1007/ 
s10841-021-00351-6 

Shackelford, G., Steward, P. R., Benton, T. G., Kunin, W. E., 
Potts, S. G., Biesmeijer, J. C., & Sait, S. M. (2013). 
Comparison of pollinators and natural enemies: A 
meta-analysis of landscape and local effects on abundance 
and richness in crops. Biological Reviews, 88(4), 1002– 
1021. https://doi.org/10.1111/brv.12040 

Simpson, D. T., Weinman, L. R., Genung, M. A., Roswell, 
M., MacLeod, M., & Winfree, R. (2022). Many bee spe-
cies, including rare species, are important for function of 
entire plant–pollinator networks. Proceedings of the Royal 
Society B, 289(1972), 20212689. https://doi.org/10.1098/ 
rspb.2021.2689 

Smith, M. R., Mueller, N. D., Springmann, M., Sulser, T. B., 
Garibaldi, L. A., Gerber, J., Wiebe, K., & Myers, S. S. 
(2022). Pollination deficits, food consumption, and con-
sequences for human health: A modeling study. 
Environmental Health Perspectives, 130(12), 127003. 
https://doi.org/10.1289/EHP10947 

Smith, T. J., & Saunders, M. E. (2016). Honey bees: The 
queens of mass media, despite minority rule among insect 
pollinators. Insect Conservation and Diversity, 9(5), 384– 
390. https://doi.org/10.1111/icad.12178 

Southwick, E. E., & Southwick, L., Jr. (1992). Estimating the 
economic value of honey bees (Hymenoptera: Apidae) as 
agricultural pollinators in the United States. Journal of 
Economic Entomology, 85(3), 621–633. https://doi.org/10. 
1093/jee/85.3.621 

28 C. M. MENZEL

https://doi.org/10.1098/rsbl.2016.0253
https://doi.org/10.1098/rsbl.2016.0253
https://doi.org/10.1111/1365-2664.13355
https://doi.org/10.1111/1365-2664.13355
https://doi.org/10.1073/pnas.2208813119
https://doi.org/10.1073/pnas.2208813119
https://doi.org/10.1073/pnas.2219197120
https://doi.org/10.1073/pnas.2219197120
https://doi.org/10.1111/oik.07202
https://doi.org/10.1186/s40317-022-00285-z
https://doi.org/10.3389/fpls.2021.755830
https://doi.org/10.3389/fpls.2021.755830
https://doi.org/10.1098/rspb.2022.0086
https://doi.org/10.1098/rspb.2022.0086
https://doi.org/10.1002/eap.1720
https://doi.org/10.21273/HORTTECH04135-18
https://doi.org/10.1016/j.scienta.2017.03.010
https://doi.org/10.1016/j.scienta.2017.03.010
https://doi.org/10.1016/j.agee.2015.03.020
https://doi.org/10.1016/j.agee.2015.03.020
https://doi.org/10.1080/15538362.2021.1907010
https://doi.org/10.1080/15538362.2021.1907010
https://doi.org/10.3390/w14030313
https://doi.org/10.3390/w14030313
https://doi.org/10.1016/j.aspen.2021.07.005
https://doi.org/10.1016/j.aspen.2021.07.005
https://doi.org/10.3389/fevo.2022.854058
https://doi.org/10.3389/fsufs.2022.941840
https://doi.org/10.1098/rspb.2021.0212
https://doi.org/10.1098/rspb.2021.0212
https://doi.org/10.1007/s10841-021-00351-6
https://doi.org/10.1007/s10841-021-00351-6
https://doi.org/10.1111/brv.12040
https://doi.org/10.1098/rspb.2021.2689
https://doi.org/10.1098/rspb.2021.2689
https://doi.org/10.1289/EHP10947
https://doi.org/10.1111/icad.12178
https://doi.org/10.1093/jee/85.3.621
https://doi.org/10.1093/jee/85.3.621


Spivak, M., Mader, E., Vaughan, M., & Euliss, N. H., Jr. 
(2011). The plight of the bees. Environmental Science & 
Technology, 45(1), 34–38. https://doi.org/10.1021/ 
es101468w 

Splitt, A., Schulz, M., & Skórka, P. (2022). Current state of 
knowledge on the biology and breeding of the solitary bee 
– Osmia bicornis. Journal of Apicultural Research, 61(2), 
163–179. https://doi.org/10.1080/00218839.2021.1957610 

Stanley, D. A., Gunning, D., & Stout, J. C. (2013). Pollinators 
and pollination of oilseed rape crops (Brassica napus L.) 
in Ireland: Ecological and economic incentives for polli-
nator conservation. Journal of Insect Conservation, 17(6), 
1181–1189. https://doi.org/10.1007/s10841-013-9599-z 

St. Claire, A. L., Zhang, G., Dolezal, A. G., O’Neal, M. E., & 
Toth, A. L. (2022). Agroecosystem landscape diversity 
shapes wild bee communities independent of managed 
honey bee presence. Agriculture, Ecosystems and 
Environment, 327, 107826. https://doi.org/10.1016/j. 
agee.2021.107826 

Stoner, K. A. (2020). Pollination is sufficient, even with low 
bee diversity, in pumpkin and winter squash fields. 
Agronomy ,  10(8), 1141. https://doi.org/10.3390/ 
agronomy10081141 

Szitár, K., Deák, B., Halassy, M., Steffen, C., & Batáry, P. 
(2022). Combination of organic farming and flower strips 
in agricultural landscapes – a feasible method to max-
imise functional diversity of plant traits related to polli-
nation. Global Ecology and Conservation, 38, e02229. 
https://doi.org/10.1016/j.gecco.2022.e02229 

Tan, S. -L., Chen, X. -H., Liao, H. -H., Huang, L., Xiao, H. 
-W., Luo, H. -L., Xiong, D. -J., Yang, B. -Y., & Ren, Z. -X. 
(2023). Swallowtail butterflies and hawkmoths contribute 
equally to the pollination of Habenaria dentata 
(Orchidaceae). Flora, 300, 152230. https://doi.org/10. 
1016/j.flora.2023.152230 

Thakur, M. (2012). Bees as pollinators – biodiversity and 
conservation. International Research Journal of 
Agriculture Science and Soil Science, 2(1), 1–7.

Thompson, A., Frenzel, M., Schweiger, O., Musche, M., 
Groth, T., Roberts, S. P. M., Kuhlmann, M., & Knight, 
T. M. (2021). Pollinator sampling methods influence 
community patterns assessments by capturing species 
with different traits and at different abundances. 
Ecological Indicators, 132, 108284. https://doi.org/10. 
1016/j.ecolind.2021.108284 

Thompson, P. A. (1971). Environmental effects of pollina-
tion and receptacle development in the strawberry. 
Journal of Horticultural Science, 46(1), 1–12. https://doi. 
org/10.1080/00221589.1971.11514376 

Thomson, J. D. (2001). Using pollination deficits to infer 
pollinator declines: Can theory guide us? Conservation 
Ecology, 5(1), 6. https://doi.org/10.5751/ES-00270- 
050106 

Toivonen, M., Herzon, I., Toikkanen, J., & Kuussari, M. 
(2021). Linking pollinator occurrence in field margins 
to pollinator visitation to a mass-flower crop. Journal of 
Pollination Ecology, 28, 153–166. https://doi.org/10. 
26786/1920-7603(2021)623 

Torchio, P. F. (1990). Diversification of pollination strate-
gies for U.S. crops. Environmental Entomology, 19(6), 
1649–1656. https://doi.org/10.1093/ee/19.6.1649 

Toukem, N. K., Dubois, T., Mohamed, S. A., Lattorff, H. M. 
G., Jordaens, K., & Yusuf, A. A. (2023). The effect of 
annual flower strips on pollinator visitation and fruit set 
of avocado (Persea americana Mill.) in Kenya. Arthropod- 
Plant Interactions, 17(1), 19–29. https://doi.org/10.1007/ 
s11829-022-09939-4 

Tschanz, P., Vogel, S., Walter, A., Keller, T., & Albrecht, M. 
(2023). Nesting of ground-nesting bees in arable fields is 
not associated with tillage system per se, but with distance 
to field edge, crop cover, soil and landscape context. 
Journal of Applied Ecology, 60(1), 158–169. https://doi. 
org/10.1111/1365-2664.14317 

Urbanowicz, C., Virginia, R. A., & Irwin, R. E. (2018). Pollen 
limitation and reproduction of three plant species across 
a temperature gradient in western Greenland. Arctic, 
Antarctic, and Alpine Research, 50(1), e1414485. https:// 
doi.org/10.1080/15230430.2017.1414485 

Vaidya, C., Fitch, G., Martinez, G. H. D., Oana, A. M., & 
Vandermeer, J. (2023). Management practices and sea-
sonality affect stingless bee colony growth, foraging activ-
ity, and pollen diet in coffee agroecosystems. Agriculture, 
Ecosystems and Environment, 353, 108552. https://doi. 
org/10.1016/j.agee.2023.108552 

Van Oystaeyen, A., Tuyttens, E., Boonen, S., De Smedt, L., 
Bellinkx, S., Wäckers, F., & Pekas, A. (2022). Dual pur-
pose: Predatory hoverflies pollinate strawberry crops and 
protect them against the strawberry aphid, Chaetospihon 
fragaefolii. Pest Management Science, 78(7), 3051–3060. 
https://doi.org/10.1002/ps.6931 

Vansynghel, J., Ocampo-Ariza, C., Maas, B., Martin, E. A., 
Thomas, E., Hanf-Dressler, T., Schumacher, N. -C., 
Ulloque-Samatelo, C., Tscharntke, T., & Steffan 
Dewenter, I. (2022a). Cacao flower visitation: Low pollen 
deposition, low fruit set and dominance of herbivores. 
Ecological Solutions and Evidence, 3(2), e12140. https:// 
doi.org/10.1002/2688-8319.12140 

Vansynghel, J., Ocampo-Ariza, C., Maas, B., Martin, E. A., 
Thomas, E., Hanf-Dressler, T., Schumacher, N. -C., 
Ulloque-Samatelo, C., Yovera, F. F., Tscharntke, T., & 
Steffan Dewenter, I. (2022b). Quantifying services and 
disservices provided by insects and vertebrates in cacao 
agroforestry landscapes. Proceedings of the Royal Society 
B, 289(1982), 20221309. https://doi.org/10.1098/rspb. 
2022.1309 

Vergara, P. M., Fierro, A., Carvajal, M. A., Alaniz, A. J., 
Zorondo-Rodríquez, F., Cifuentes, M. C., & Castro, S. A. 
(2023). Environmental and biotic filters interact to shape 
the coexistence of native and introduced bees in northern 
Patagonian forests. Agriculture, Ecosystems and 
Environment, 349, 108465. https://doi.org/10.1016/j. 
agee.2023.108465 

Webb, R. A., Purves, J. V., & White, B. A. (1974). The 
components of fruit size in strawberry. Scientia 
Horticulturae, 2(2), 165–174. https://doi.org/10.1016/ 
0304-4238(74)90006-5 

Webb, R. A., Terblanche, J. H., Purves, J. V., & Beech, M. G. 
(1978). Size factors in strawberry fruit. Scientia 
Horticulturae, 9(4), 347–356. https://doi.org/10.1016/ 
0304-4238(78)90044-4 

Webber, S. M., Garratt, M. P. D., Lukac, M., Bailey, A. P., 
Huxley, T., & Potts, S. G. (2020). Quantifying crop polli-
nation-dependence and pollination deficits: The effects of 
experimental scale on yield and quality assessments. 
Agriculture, Ecosystems and Environment, 304, 107106. 
https://doi.org/10.1016/j.agee.2020.107106 

Weekers, T., Marshall, L., Leclercq, N., Wood, T. J., Cejas, D., 
Drepper, B., Garratt, M., Hutchinson, L., Roberts, S., 
Bosch, J., Roquer Beni, L., Lhomme, P., Michez, D., 
Molenberg, J. -M., Smagghe, G., Vandamme, P., & 
Vereecken, N. J. (2022a). Ecological, environmental, and 
management data indicate apple production is driven by 
wild bee diversity and management practices. Ecological 

THE JOURNAL OF HORTICULTURAL SCIENCE AND BIOTECHNOLOGY 29

https://doi.org/10.1021/es101468w
https://doi.org/10.1021/es101468w
https://doi.org/10.1080/00218839.2021.1957610
https://doi.org/10.1007/s10841-013-9599-z
https://doi.org/10.1016/j.agee.2021.107826
https://doi.org/10.1016/j.agee.2021.107826
https://doi.org/10.3390/agronomy10081141
https://doi.org/10.3390/agronomy10081141
https://doi.org/10.1016/j.gecco.2022.e02229
https://doi.org/10.1016/j.flora.2023.152230
https://doi.org/10.1016/j.flora.2023.152230
https://doi.org/10.1016/j.ecolind.2021.108284
https://doi.org/10.1016/j.ecolind.2021.108284
https://doi.org/10.1080/00221589.1971.11514376
https://doi.org/10.1080/00221589.1971.11514376
https://doi.org/10.5751/ES-00270-050106
https://doi.org/10.5751/ES-00270-050106
https://doi.org/10.26786/1920-7603(2021)623
https://doi.org/10.26786/1920-7603(2021)623
https://doi.org/10.1093/ee/19.6.1649
https://doi.org/10.1007/s11829-022-09939-4
https://doi.org/10.1007/s11829-022-09939-4
https://doi.org/10.1111/1365-2664.14317
https://doi.org/10.1111/1365-2664.14317
https://doi.org/10.1080/15230430.2017.1414485
https://doi.org/10.1080/15230430.2017.1414485
https://doi.org/10.1016/j.agee.2023.108552
https://doi.org/10.1016/j.agee.2023.108552
https://doi.org/10.1002/ps.6931
https://doi.org/10.1002/2688-8319.12140
https://doi.org/10.1002/2688-8319.12140
https://doi.org/10.1098/rspb.2022.1309
https://doi.org/10.1098/rspb.2022.1309
https://doi.org/10.1016/j.agee.2023.108465
https://doi.org/10.1016/j.agee.2023.108465
https://doi.org/10.1016/0304-4238(74)90006-5
https://doi.org/10.1016/0304-4238(74)90006-5
https://doi.org/10.1016/0304-4238(78)90044-4
https://doi.org/10.1016/0304-4238(78)90044-4
https://doi.org/10.1016/j.agee.2020.107106


Indicators, 139, 108880. https://doi.org/10.1016/j.ecolind. 
2022.108880 

Weekers, T., Marshall, L., Leclercq, N., Wood, T. J., Cejas, 
D., Drepper, B., Hutchinson, L., Michez, D., Molenberg, J. 
-M., Smagghe, G., Vandamme, P., & Vereecken, N. J. 
(2022b). Dominance of honey bees is negatively asso-
ciated with wild bee diversity in commercial apple orch-
ards regardless of management practices. Agriculture, 
Ecosystems and Environment, 323, 107697. https://doi. 
org/10.1016/j.agee.2021.107697 

Wei, N., Russell, A. L., Jarrett, A. R., & Ashman, T. -L. 
(2021). Pollinators mediate floral microbial diversity 
and microbial network under agrochemical disturbance. 
Molecular Ecology, 30(10), 2235–2247. https://doi.org/10. 
1111/mec.15890 

Wietzke, A., Westphal, C., Gras, P., Kraft, M., Pfohl, K., 
Karlovsky, P., Pawelzik, E., Tscharntke, T., & Smit, I. 
(2018). Insect pollination as a key factor for strawberry 
physiology and marketable fruit quality. Agriculture, 
Ecosystems and Environment, 258, 197–204. https://doi. 
org/10.1016/j.agee.2018.01.036 

Witter, S., Radin, B., Lisboa, B. B., Teixeira, J. S. G., 
Blochtein, B., & Imperatriz-Fonseca, V. L. (2012). 
Desempenho de cultivares de morango submetidas a 
diferentes tipos de polinização em cultivo protegido. 
Pesquisa Agropecuária Brasileira, 47(1), 58–65. https:// 
doi.org/10.1590/S0100-204X2012000100009 

Woodcock, B. A., Garratt, M. P. D., Powney, G. D., Shaw, R. 
F., Osborne, J. L., Soroka, J., Lindström, S. A. M., Stanley, 
D., Ouvrard, P., Edwards, M. E., Jauker, F., McCracken, 
M. E., Zou, Y., Potts, S. G., Rundlöf, M., Noriega, J. A., 
Greenop, A., Smith, H. G., Bommarco, R. . . . Pywell, R. F. 
(2019). Meta-analysis reveals that pollination functional 
diversity and abundance enhance crop pollination and 
yield. Nature Communications, 10(1), 1481. https://doi. 
org/10.1038/s41467-019-09393-6 

Wu, P., Dai, P., Wang, M., Feng, S., Olhnuud, A., Xu, 
H., Li, X., & Liu, Y. (2021). Improving habitat quality 
at the local and landscape scales increases wild bee 
assemblages and associated pollination services in 
apple orchards in China. Frontiers in Ecology and 
Evolution, 9, 621469. https://doi.org/10.3389/fevo. 
2021.621469 

Yao, J. -L., Kang, C., Gu, C., & Gleave, A. P. (2022). The 
roles of floral organ genes in regulating Rosaceae fruit 
development. Frontiers in Plant Science, 12, 644424. 
https://doi.org/10.3389/fpls.2021.644424 

Yoshida, Y., Goto, T., Chujo, T., & Fujime, Y. (1991a). 
Changes in the anatomy and receptivity of pistils after 
anthesis in strawberry. Journal of the Japanese Society for 
Horticultural Science, 60(2), 345–351. https://doi.org/10. 
2503/jjshs.60.345 

Yoshida, Y., Suzuta, M., Fujime, Y., Chujo, T., (1991b). 
Differences in flower and fruit characteristics in some 
strawberry cultivars. Journal of the Japanese Society for 
Horticultural Science 60, 35–359.

Zamorano, J., Bartomeus, I., Grez, A. A., & Garibaldi, L. A. 
(2020). Field margin floral enhancements increase polli-
nator diversity at the field edge but show no consistent 
spillover into the crop field: A meta-analysis. Insect 
Conservation and Diversity, 13(6), 519–531. https://doi. 
org/10.1111/icad.12454 

Żebrowska, J. (1998). Influence of pollination modes on 
yield components in strawberry (Fragaria × ananassa 
Duch.). Plant Breeding, 117(3), 255–260. https://doi.org/ 
10.1111/j.1439-0523.1998.tb01935.x 

Zhang, T., Domke, G. M., Russell, M. B., & Lichstein, J. W. 
(2021). An index for measuring functional extension and 
evenness in trait space. Ecology and Evolution, 11(12), 
7461–7473. https://doi.org/10.1002/ece3.7577 

Zini, L. M., Galati, B. G., & Carrera, C. S. (2023). High 
temperatures during late floral bud stages decrease ferti-
lization in strawberry (Fragaria × ananassa): Pollen-pistil 
interaction and anatomical evidences. Plant Biosystems, 
157(2), 367–378. https://doi.org/10.1080/11263504.2023. 
2165566 

Zurbuchen, A., Landert, L., Klaiber, J., Müller, A., Hein, 
S., & Dorn, S. (2010). Maximum foraging ranges in 
solitary bees: Only a few individuals have the capabil-
ity to cover long foraging distances. Biological 
Conservation, 143(3), 669–676. https://doi.org/10. 
1016/j.biocon.2009.12.003 

Zych, M., & Jakubiec, A. (2006). How much is a bee worth? 
Economic aspects of pollination of selected crops in 
Poland. Acta Agrobotanica, 59(1), 289–299. https://doi. 
org/10.5586/aa.2006.030

30 C. M. MENZEL

https://doi.org/10.1016/j.ecolind.2022.108880
https://doi.org/10.1016/j.ecolind.2022.108880
https://doi.org/10.1016/j.agee.2021.107697
https://doi.org/10.1016/j.agee.2021.107697
https://doi.org/10.1111/mec.15890
https://doi.org/10.1111/mec.15890
https://doi.org/10.1016/j.agee.2018.01.036
https://doi.org/10.1016/j.agee.2018.01.036
https://doi.org/10.1590/S0100-204X2012000100009
https://doi.org/10.1590/S0100-204X2012000100009
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.3389/fevo.2021.621469
https://doi.org/10.3389/fevo.2021.621469
https://doi.org/10.3389/fpls.2021.644424
https://doi.org/10.2503/jjshs.60.345
https://doi.org/10.2503/jjshs.60.345
https://doi.org/10.1111/icad.12454
https://doi.org/10.1111/icad.12454
https://doi.org/10.1111/j.1439-0523.1998.tb01935.x
https://doi.org/10.1111/j.1439-0523.1998.tb01935.x
https://doi.org/10.1002/ece3.7577
https://doi.org/10.1080/11263504.2023.2165566
https://doi.org/10.1080/11263504.2023.2165566
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.5586/aa.2006.030
https://doi.org/10.5586/aa.2006.030

	Abstract
	Introduction
	Economics of pollination
	Description of the flowers and fruit
	The physiology of pollination and fertilisation
	Relationship between fertility and the stamens
	Relationship between fruit growth and achene production
	Insects associated with pollination
	Methods used to study pollination
	Classical pollination experiments
	Pollinator dependence
	Cross-pollination
	Pollen limitation
	Relationship between fertility and the pollinator community
	Managing the pollinator community
	Effect of pollinators on yield
	Conclusion
	Acknowledgements
	Disclosure statement
	Funding
	Data availability statement
	References

