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Abstract

1. Many insect species provide essential pollination services. However, the amount of

pollen deposited onto a stigma when visiting a flower (‘single visit pollen deposition’,
SVD) can vary greatly among taxa depending on morphological traits of pollinators.
Further, SVD is commonly measured using one of two methods (‘static’: waiting for
an insect to visit a flower present on plant, and ‘active’: removing the flower and

presenting it to a flower visitor) that may also differ in their effectiveness.

. To gain a more comprehensive understanding of how SVD compares among pol-

linators, we conducted a hierarchical meta-analysis using data from 28 studies
identified by a systematic review. These contained SVD data for 94 bee and 33 fly
taxa (hereafter ‘wild pollinators’), across 30 plant species from which we included
127 observations. In the analysis of each study, we used the western honey bee

Apis mellifera as a comparator species.

. Wild pollinators deposited more pollen onto stigmas per single visit than honey-

bees, and those with larger body deposited significantly more pollen than smaller
ones. Of the two methodological approaches to assess SVD, ‘static’ versus ‘active’,
we found no significant difference regarding the amount of deposited pollen.

. Synthesis and applications. Our meta-analysis highlights the breadth of wild pol-

linators that contribute to pollination effectiveness via their delivery of pollen to
many crop and non-crop plant species. However, just 25% of the observations
assessed the amount of pollen deposited by fly species. Our findings point to the
need to further quantify the pollination effectiveness of non-bee pollinators as

studies have largely focused on managed and wild bee species.
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1 | INTRODUCTION

as pollinators within natural and agro-ecosystems (Garibaldi et al.,
2013; Ollerton et al., 2011; Rader et al., 2016). However, effective-

There is an increasing recognition of the contribution to pollination ness of pollinators in pollination differs and the ability to compare

made by wild bees and other insect groups (e.g. flies, beetles, butterflies) this effectiveness can be complicated through the inconsistency of
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methodology used between studies (Ne'eman et al., 2010). Regarding
methodology, studies have used one or a combination of parameters
to assess the effectiveness of various insect species as pollinators
of various plant species. These may include information on visit fre-
quency, duration or amount of pollen grains attached to the body
of pollinators as a proxy of pollination effectiveness of insect spe-
cies (Garibaldi et al., 2013; Howlett et al., 2018). Single visit pollen
deposition (King et al., 2013), the number of developed pollen tubes
within styles (Zhang et al., 2015) and/or fruit or seed set (Garratt
et al., 2014), are other parameters often used in order to gain further
information on pollinator effectiveness. Single visit pollen deposi-
tion (SVD) measures the amount of conspecific pollen deposited on
a stigma per one (single) visit by a pollinator (King et al., 2013). This
variable has often been used as a practical and reliable measure of a
pollinators’ contribution to pollination (Ballantyne et al., 2015); how-
ever, it also has limitations (quantity and quality of pollen, and stigma
receptivity) which have to be taken account. For instance, it may not
be possible to accurately identify pollen to species level. Moreover,
deposited pollen has to be conspecific, compatible and viable on the
receptive target stigma (Ne'eman et al., 2010).

In practice, the measurement of the single visit pollen deposi-
tion resulting from an insect visit necessitates the monitoring of
virgin flowers until an insect completes a visit (King et al., 2013;
Rader et al., 2009). Two approaches are commonly used to moni-
tor the flower visitation, these being known as ‘static’ and ‘active’
approaches (Howlett et al., 2017). In the static approach, a virgin
flower (often initially bagged to prevent unobserved insect visita-
tions) is left attached to the plant and the observer waits until an
insect visits the flower. In the active approach, a flower is removed
from the plant and presented near to the target pollinator species in
a process referred to as ‘interviewing’ (Natalis & Wesselingh, 2012;
Thomson, 1981). In both methods, the stigma is removed from a
flower following the single visit, placed into a drop of melted glyc-
erin jelly with basic fuchsin on a micro slide, pressed with cover slip,
then number of conspecific pollen is assessed or counted under a
compound microscope (Dafni et al., 2005; Kearns & Inouye, 1994).
The static approach is more frequently used (Howlett et al., 2017),
however, it is time-consuming and only practical for very common
flower visitors that have high probability of contacting the observed
flower. In contrast, the active approach may need less time until a
pollinator visits a flower, but the presentation of flower may poten-
tially alter the behaviour of insect resulting in an unrealistic measure
(Howlett et al., 2017). Moreover, the approach is less suitable for
insects that are easily disturbed through the process of presenting a
flower (Howlett et al., 2017). Although several studies have already
measured the SVD for a wide variety of plant-pollinator interactions
(King et al., 2013; Phillips et al., 2018; Rader et al., 2009), the effect
of static and active approaches on SVD were compared just in one
study—this being for onion Allium cepa L. (Howlett et al., 2017).

Flowers of many plant species are visited by a diverse range of
insect visitors that can vary widely in their ability to deposit pollen
(Ballantyne et al., 2015) depending on behavioural and morphological

traits of the visitors (lvey et al., 2003; King et al., 2013). For example,

some flower visitors may be partly or entirely nectar thieves accord-
ing to their behaviour without making contact with the floral repro-
ductive structures, and therefore avoid depositing pollen grains on
stigmas (Maloof & Inouye, 2000; Junker et al., 2010). Otherwise,
pollinators' body size such as body length, or intertegular distance
(hereafter ITD), and/or hairiness may also influence the amount of
deposited pollen (Goulson et al., 2002; Stavert et al., 2016). However,
the number of studies that have been examined the effect of these
parameters on SVD simultaneously on a wide range of plant species
remains limited. Floral traits may also influence the amount of de-
posited pollen by a pollinator, however these are rarely measured in
studies (Solis-Montero & Vallejo-Marin, 2017).

In this study, we conducted a meta-analysis to examine: (a) how
SVD varies with body length and intertegular distance of pollina-
tors; (b) how SVD differs across bee (Apoidea), and fly species from
a broad range of insect (n = 77) and plant species (n = 30) in order to
gain a broader perspective of the comparative SVD; and (c) whether
the two commonly used methodological approaches (static and ac-
tive) provides consistent data on SDV. In our meta-analysis we used
the western honey bee Apis mellifera L. as a comparator (‘control’)
species, to compare to the other flower visiting taxa because it is the
most intensively studied managed pollinator species globally (Hung
et al., 2018; Morse, 1991). Moreover, it was the only consistent spe-

cies across the analysed datasets.

2 | MATERIALS AND METHODS
2.1 | Search strategy and inclusion criteria

We searched the Web of Science Core Collection database using the
following terms: TOPIC: bee OR bees OR Hymenoptera OR fly OR
flies OR Diptera AND TOPIC: ‘pollen deposition’ AND ‘single-visit
deposition’ OR ‘single visit deposition’ AND ‘single-visit’ OR ‘single
visit’ OR ‘pollin* effectiveness’ OR ‘pollin* efficiency’. Refined By:
DOCUMENT TYPES: ARTICLE OR PROCEEDINGS ARTICLE AND
Year Published = 1945-2019. The latest search was conducted in
November 2019 and resulted in 637 potential articles.

Each study was vetted by title and abstract according to inclu-
sion/exclusion criteria as described below, then we reviewed the
full text of articles for potential inclusion. We included studies con-
taining the following data: (a) the mean number of deposited pollen
grains per stigma following a single visit by honeybees along with
similar data for other bee (Apoidea) or non-bee pollinators (fly spe-
cies); (b) the standard deviation (SD) or standard error of the mean
(SEM); and (c) sample size (N). To sum up, we used only flower-vis-
iting observations to species (n = 97) or genus level (h = 30; e.g.
‘Lasioglossum spp., ‘Bombus spp.’) in the analysis because ITD would
not have been assessed reliably at higher taxonomical categories
due to size variability of species between genera. An observation
is a bee or fly taxon (species or genus) where the mean number of
deposited pollen grains per stigma following the single visit was re-

corded. Moreover, the standard deviation or standard error of the
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mean, and sample size (number of stigma, where conspecific pollen
was assessed) were also given.

Studies were excluded if (a) the number of deposited pollen
grains was divided or multiplied with other metrics (e.g. seed set,
number of pollen grains of flowers), so that the original value could
not be calculated; (b) multiple genera were grouped into broader cat-
egories (e.g. ‘'small syrphids’, ‘small Muscidae’), or (c) did not contain
the data above. We included only observations, where sample size
(N) of control (honey bee) or experimental group (given wild pollina-
tor species or genus) was equal to or more than three. We did not
include studies with other taxa, for example, butterfly species, be-
cause these studies mostly did not contain honey bee, moreover ITD
data for butterfly species were not available within datasets used.

We checked the references of a qualitative review of Howlett
et al. (2017) in our topic in order to complete the main search with
further potential studies. The study included a list of relevant articles
focusing on SVD by insects and also contained new data on pollen
deposition. Twelve articles were relevant from the list and eight of
them were also available in the Web of Science Core Collection data-
base. Additionally, we completed the meta-analysis with unpublished
data from two studies (see the PRISMA flow diagram Figure S1).

Altogether, we found 28 studies with 16 focusing on crop and 14 on
non-crop plant species (Table S1). Eighteen studies examined the ‘honey
bee + other bees’ group, and 10 studies the ‘honey bee + flies’ or ‘honey
bee + other bees + flies’ group. We found 94 observations on bee and
33 observations on fly taxa in the studies. Twenty-one studies applied
the static approach (with 95 observations) and eight studies the active
approach (with 32 observations; one study used both approaches).
Plant species investigated in studies were either self-incompatible or
anthers were carefully removed to avoid self-pollination. Each flower
was covered by a net to avoid being pollinated before observation.

Single visit pollen deposition values were extracted from text,
bar/box plots or tables within the studies. In two studies (Park
et al., 2016; Phillips et al., 2018) with eight observations median val-
ues were reported instead of mean values, therefore, we applied for-
mulas according to Hozo et al. (2005) to calculate mean values. Mean
values were included in the case of 26 studies with 119 observations.

Body size has often been measured as the body length (distance
from the front of the eyes to the tip of the abdomen) and/or the in-
tertegular distance (the width of pollinator's thorax, hereafter ‘ITD’;
Cane, 1987) of an insect. To compare body size, we applied body length
and intertegular distance in cm for bee and fly species from a dataset of
POLLIMETRY R package (Kendall et al., 2019). This dataset contains body
length (as dried material) and ITD data of almost 400 bee and more
than 100 fly species. If the given dataset contained multiple measure-
ments of body length or ITD (e.g. for some common species such as
Bombus terrestris), we calculated the arithmetic mean of the respective
values. If the exact name of species was not addressed in the study
(e.g. ‘Melissodes spp.’), we used the arithmetic mean of body length and
ITD of species in the genus given in the dataset. Body length and ITD
data of bee and fly species were averaged among sexes. One study
reported the mean values of body length of the examined species, and
here we used these data (Sun et al., 2013).

The difference between body length and ITD values of dif-
ferent species within a genus and also the intraspecific body size
difference—particularly in the case of bumblebee species—can
vary widely. Therefore, we conducted a sensitivity analysis ex-
cluding genus-level observations (n = 30) from the analysis. For
particular bee, bumblebee and fly species from South America
and New Zealand no reliable ITD measurements were available,
therefore, we omitted them from ITD subset analysis. For species
in the given dataset without body length values, body length data
were obtained from the literature (Scheuchl & Willner, 2016; van
Veen, 2004) and online databases (Ratnasingham & Hebert, 2007;
Roskov et al., 2018).

In summary, we obtained body length data to all of the species
and genus observations (n = 127) while ITD data were available for
106 taxa (of 127), therefore, we conducted a subset analysis with
these 106 ITD data to species or genus observations.

We used the honey bee as control species from each study com-
paring the SVD value of honey bee to SVD values of other bee and
fly species. Finally, the body length ratio and ITD ratio between
given pollinator and honey bee was calculated and used in the me-

ta-analysis models (see Section 2.2).

2.2 | Statistical analysis

We calculated effect sizes and their variances per observation (each
species or genus) by using the log response ratio (InR) based on the
mean and standard deviation of stigmatic pollen deposition, and
sample size (number of stigma; Borenstein et al., 2009). Then we
corrected this with a small-sample bias estimator using the Delta
method (Lajeunesse, 2015) to minimize the inaccuracies caused by
small sample size (N) present within studies (see Appendix S1 for
equations).

In the meta-analysis models described below, we weighted the
effect sizes by their inverse variances. To examine the heterogene-
ity of effect sizes, we performed hierarchical meta-analyses using
mixed-effects models with moderators as predictor variables. These
were body length and ITD ratio (between a pollinator and honey
bee), taxonomic order of pollinators (Hymenoptera vs. Diptera), and
approach (active vs. static). Since effect sizes were often taken for
different pollinator species, but the same plant species from the
same study, we used study ID as a nested factor in the models.
Additionally, data within a study were also non-independent since
we used the same comparator (honey bee), thus using study ID as
a nested factor is necessary. Furthermore, often the same plant
and pollinator species were studied in different studies, therefore,
we used plant and pollinator species also as nested factors in a
crossed-nested way. Finally, we assumed that phylogenetic related-
ness might also have an effect on the heterogeneity of effect sizes
as species of pollinators and plants with high taxonomic variability,
but often with related species, were included in the meta-analyses
(Chamberlain et al., 2012). To assess whether different ecological

traits of pollinator species result in taxonomic differences in effect
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sizes, we added taxonomic rank (such as taxonomic order and fam-
ily of pollinators except when taxonomic order was involved as a
moderator in the model) to the meta-analysis as nested random
factors (Chamberlain et al., 2012; Marczak et al., 2007). For model
structure, see Appendix S2. Additionally, we tested the interac-
tion between the taxonomic order of pollinators (Hymenoptera vs.
Diptera) and ITD ratio, as well as between the taxonomic order and
approach (active vs. static) to assess whether pollen deposition of
different pollinators at this broader taxonomic grouping depended
on approach. Finally, all effect sizes and Cl (confidence interval)
values were back-transformed [from InR to R(=response ratio)] for
data visualisation.

2.3 | Analysis of publication bias

Publication bias may result from an overrepresentation of published
studies with significant and novel findings whereas studies with non-
significant findings could potentially remain in the grey literature,
and therefore difficult to identify and access (Lortie et al., 2007).
To test for this potential bias we checked funnel plots (a graphical
test) and performed a regression test (a statistical test) in which a
significant p value may indicate publication bias. We calculated
Rosenthal's fail-safe number to estimate the number of unpublished
studies, which would erase the significant effect measured by the
meta-analysis (Rosenberg, 2005).

All statistical analyses and graphical presentations were carried
out in r (R Development Core Team, 2020) by using r-packages META-
For (Viechtbauer, 2010), cepLot2 (Wickham, 2016) and POLLIMETRY
(Kendall et al., 2019).

3 | RESULTS
3.1 | SVD, body length and ITD

Altogether, we included 127 observations from 28 studies in our hi-
erarchical meta-analyses. Based on the summary meta-analysis of all
observations we found that the SVD made by wild pollinators (bee
and fly species together) was significantly higher compared to the
SVD of honey bees (Table 1; Figure 1).

We found that body length and also ITD ratio had a significantly
positive effect on the amount of pollen deposited, that is, a larger
pollinator had a larger SVD on stigmas (Table 1; Figure 2; Figure S2).
Furthermore, body length had basically a similar, but a slightly stron-
ger effect on SVD than ITD (Table 1; Figure 1). Performing sensitivity
analysis by excluding genus-level observations and using only SVD
of species level the results remained the same (Table 1). According to
the interaction model there was no significant interaction between
taxonomic order and body length or the ITD ratio of pollinators,
indicating that an increasing body size corresponded with increas-
ing SVD independently of whether bees or flies were tested in the

meta-analysis.

TABLE 1 Summary table of meta-analyses showing total
heterogeneity (‘All’ is single visit pollen deposition of all of
pollinators compared to the honey bee without moderators),

and heterogeneities explained by moderators [body length and
ITD ratio in cm, taxonomic order (Diptera vs. Hymenoptera),

and approaches (active vs. static)] with corresponding residual
heterogeneities for all models with intercept. Results of three
interaction models are also shown (body length ratio x taxonomic
order of pollinators, ITD ratio x taxonomic order of pollinators, and
taxonomic order of pollinators x approach)

df Q p
All 126 376.93 <0.000
Body length ratio 1 8.73 0.003
Residual 125 359.01 <0.000
Body length ratio 1 6.86 0.008
without genera obs.
Residual 95 266.19 <0.000
ITD ratio 1 4.04 0.044
Residual 105 319.28 <0.000
ITD ratio without 1 4.95 0.026
genera obs.
Residual 78 227.21 <0.000
Pollinator order 1 27.02 <0.000
Residual 125 310.06 <0.000
Approach 1 0.002 0.965
Residual 125 376.5 <0.000
Body length ratio x 3 35.38 <0.000
Pollinator order
Residual 123 304.11 <0.000
ITD ratio x Pollinator 3 28.66 <0.000
order
Residual 103 254.4 <0.000
Pollinator order x 3 26.8 <0.000
Approach
Residual 123 303.38 <0.000

3.2 | Taxonomical order

When taxonomic order of pollinators was used as a moderator,
we found that non-honey bee Hymenoptera species (94 bee taxa
of Apoidea) deposited significantly more pollen onto stigmas than
honey bees whereas Diptera species (33 fly taxa) deposited fewer
pollen grains onto stigmas than honeybees (Figure 1). When compar-
ing Hymenoptera with Diptera (test of between-group heterogene-
ity), we found that bees transfer significantly more pollen to a stigma

than flies (Figure 1).
3.3 | Methodological approaches
The between-group heterogeneity in the case of survey methods

(i.e. comparing the active approach with static) was not significant

(Table 1). The interaction model between pollinator taxonomic order
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FIGURE 1 The effect size related to single visit pollen
deposition (SVD) depending on body length ratio and intertegular
distance (ITD) ratio to honey bee, taxonomic order of pollinators
(Diptera vs. Hymenoptera), and approach (active vs. static).
Horizontal dashed line means that SVD of wild pollinator species
is the same as for honey bee. Symbols are above dashed line mean
higher SVD than honey bee. 95% Cls (confidence intervals) are
shown. If they do not contain the dashed line, the significance
level at p = 0.05. Numbers in parentheses next to symbols show
sample sizes. The horizontal arrow indicates a significant difference
between groups. **p < 0.01

. o Diptera
. » Hymenoptera

Effect size (response ratio)

Body length ratio to honey bee

FIGURE 2 Effect of body length ratio on single visit pollen
deposition. The x-axis shows the ratio between the body length
of wild pollinators and of honey bee. Vertical long-dashed line
means that wild pollinators have the same body length as honey
bee, whereas the horizontal long-dashed line indicates that wild
pollinators deposited the same amount of pollen as honey bee.
Black solid line shows the regression values

and the methodological approach did not reveal evidence for a sig-
nificant difference in SVD showing that both survey methods can be

used effectively for both groups.

3.4 | Publication bias

The funnel plot of effect size versus standard error of mean was not
strongly skewed (Figure S4), indicating no evidence of publication bias
in our dataset. The fail-safe number of 999 using the Rosenthal's ap-

proach was also robust. This number shows the number of studies

which would need to erase the significant effect measured by the meta-
analysis (for the N = 127 observations that were included, the bench-
mark value of Rosenthal is 5N + 10 = 645, and this was smaller than the
fail-safe number of 999). However, the regression test showed a signifi-
cant difference from a symmetric funnel (z = -2.68, p = 0.0072), which
among others can be caused by a potential publication bias (Sterne
etal., 2011). Therefore, we applied the trim and fill method as a form of
sensitivity analysis (Peters et al., 2007). This is an iterative nonparamet-
ric method to correct the asymmetry by removing the most extreme
small studies from the positive side, and recalculating the estimated
mean effect size at each iteration until symmetry is reached (trimming).
Although this trimming yields an adjusted mean effect size, it reduces
variances of effect sizes, therefore an algorithm adds the original stud-
ies back and imputes a mirror image for each one (filling). The trim and
fill method did not change the outcome of the summary meta-analysis
(Table 1; Figure 1), and showed that no studies were missing on the left
side of the plot (Figure S3). Thus based on all these diagnostic methods,
we think that publication bias did not affect our results.

4 | DISCUSSION
4.1 | Effect of body length and ITD on SVD

This study demonstrates that larger pollinators tended to deposit
more pollen on stigmas than smaller as both pollinator body length
and also intertegular distance of the different pollinator species
had a positive effect on SVD across a broad range of plant species
(n = 30). This result is in accordance with previous studies which
have also shown that larger pollinator species can deposit more pol-
len onto stigmas than smaller pollinators hence they were found
to be more likely to contact the sexual organs of flowers (Ramalho
et al., 1998; Willmer & Finlayson, 2014).

The interpretation of the relationship between pollen deposition
and body size can depend on the influence of other morphological
traits of pollinators such as hairiness (Phillips et al., 2018; Stavert
et al., 2016) and proboscis length (Sun et al., 2013), particularly in
circumstances where a specific floral morphology is better suited
for pollination by a specific flower-visiting taxon (Stout, 2000).
Moreover, this relationship may not be apparent due to a limited
breadth of available data (e.g. low numbers of flower-visiting spe-
cies assessed and low sample size). For instance, there are just a few
studies that use consistent methodology to compare SVD in relation
to other morphological parameters such as hairiness or proboscis
length. Therefore, we used the more straightforward measures of
body size and ITD and their relationship with SVD.

4.2 | SVD of wild pollinators

In this meta-analysis, we included observations on wild pollina-
tors from almost all continents across a wide range of plant species

from different ecosystems such as agricultural fields or urban areas.
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Despite heterogeneity of the data origin, findings showed that wild
pollinators, especially wild bee species, deposited significantly more
pollen grains on a stigma per single visit to a flower than did honey
bee. The number of observations on bumblebee species was high
(n = 45), as they were a focus of many studies (e.g. King et al., 2013;
Potts et al., 2001). Bumblebees often collect significantly more pol-
len from anthers, and deposit more pollen on stigmas than honey
bees (Thomson & Goodell, 2001; Willmer & Finlayson, 2014). This
is not only because of body size, but also the hairiness of body
and their adaptation to morphological traits of flowers they visit
(Goulson et al., 2002). From studies involved in the analysis just a
few non-Apidae bee families (e.g. Halictidae and Megachilidae)
could be incorporated in our dataset. This reflects a general taxo-
nomic bias in pollination studies towards particular bees (De Palma
etal., 2016). Alike we strongly advocate the need for studies towards
understanding these relationships across broader taxonomic groups
for both bee and non-bee pollinators.

We found that flies produced a smaller SVD than honey bees
(within-group analysis) and wild bees (between-group analy-
sis), a finding that agrees with Willmer et al. (2017) who found
bee species deposited more pollen than fly species. However,
we found fewer assessments of fly species than of bee species,
and further data are required to be confident that this pattern is
broadly consistent across many plant species. On the other hand,
some studies have demonstrated that flies can be more effec-
tive pollinators of certain crop species than honey bees (Orford
et al., 2015; Rader et al., 2016, 2020; Smith & Saunders, 2016).
Currently hoverflies (Syrphidae) have received the greatest at-
tention (Jauker et al., 2012; Rader et al., 2020), however the
effectiveness of other fly groups as pollinators can be also im-
portant, for example, Calliphoridae species in carrot pollination
(Howlett, 2012), or Anthomyiidae in pollination of Brassica rapa
L. (Stavert et al., 2018). Yet, knowledge on the efficiency of most
fly species has been largely ignored (Orford et al., 2015; Ssymank
et al., 2008). It is possible that a bias against the study of par-
ticular fly species as pollinators may reflect negative knowledge
or perceptions by researchers or the community. For example,
the fly families Sarcophagidae and Calliphoridae contain many
species with larvae that consume decaying organic matter, in-
cluding excrement, fluids from animal bodies, and are associated
with human diseases or myiasis (Pape, 1996), livestock fly strike
(Heath & Bishop, 1995) and contamination of drying stockfish (Aak
et al., 2011). Despite such species are often flower visitors (Grass
et al., 2016) and verified pollinators (Rader et al., 2012, 2016),
their importance in the pollination of a broad range of crops has
largely been overlooked (Inouye et al., 2015; Larson et al., 2001;
Woodcock et al., 2014).

4.3 | Effect of approaches on SVD

From a methodological point of view, we found no significant dif-

ference between obtained values of SVD using either the active

approach of interviewing pollinators using detached flowers or
the static approach of waiting for pollinators to visit flowers still
attached to the plant. Both approaches were found to be equally
suitable to measure SVD even though the number of observations
using the static approach was three times that of the number of
observations carried out by the active approach. Analysing the in-
teraction between the orders and approaches, we found no inter-
action, that is, both survey methods were effective for both bees
and flies. Howlett et al. (2017) also reported no differences in SVD
of different flower visitors using both static and active approaches,
however, only one plant species was studied (Allium cepa L.).
Additionally, we do not assume that we can generalise that both
approaches are equally applicable irrespective of plant and/or insect
species, but in our analysis no differences were detected between
them. However, we propose that both approaches should be ideally
applied within studies, if possible, and additional plant and/or insect

species should be studied for future comparisons.

5 | CONCLUSIONS

In summary, our results show that body length and ITD had posi-
tive effects on SVD, indicating that larger pollinators deposit more
pollen per single visit. Notwithstanding, other morphological and
behavioural traits of pollinators may also play a role in pollen dep-
osition which should be taken account. We also found that bees
deposited more pollen than fly species moreover, that SVD of wild
pollinators is often higher than SVD of honeybee. Wild pollinator
species are therefore likely to play a key role in providing com-
plimentary pollination services to managed honeybees (Stavert
et al., 2018; Woodcock et al., 2019). This corresponds to Rader
et al. (2016) who demonstrated that many fly and wild bee species
not only contribute to the pollination of a wide range of crops but
also non-crop plant species.

Interestingly, we found no significant difference in the effective-
ness of the active approach (presenting a detached virgin flower to
a flower visiting insect) and the static approach (waiting for a flower
visiting insect to visit a virgin flower on a plant) as related to subse-
quent SVD, despite the methodological differences between these
approaches.

Our meta-analysis shows that despite the increasing awareness
of the importance of pollinator diversity for increasing crop yields
(Garibaldi et al., 2016), the stigmatic pollen deposition of non-bee
species remains understudied, calling for further research to bridge
this knowledge gap.

ACKNOWLEDGEMENTS

We thank two anonymous referees for thoughtful feedback and
useful comments on earlier versions of this manuscript. P.B. was
supported by Hungarian National Research, Development and
Innovation Office (NKFIH KKP 133839). B.G.H. through the
Ministry of Business, Innovation and Employment, New Zealand
C11X1309.



FOLDESI €T AL.

Journal of Applied Ecology 705

AUTHORS' CONTRIBUTIONS

R.F. and P.B. conceived the ideas and designed methodology with
support from B.G.H. and I.G.; R.F. collected the data; R.F. and P.B.
analysed the data with the support from I.G.; R.F., P.B., B.G.H. and
I.G. led the writing of the manuscript. All authors contributed criti-

cally to the drafts and gave final approval for publication.

DATA AVAILABILITY STATEMENT
Data available via Dryad Digital Repository https://doi.org/10.5061/
dryad.05qfttfin (Foldesi et al., 2020).

ORCID

Rita Foldesi https://orcid.org/0000-0002-3500-981X

Brad G. Howlett https://orcid.org/0000-0002-0694-135X

https://orcid.org/0000-0001-7788-1940
https://orcid.org/0000-0002-1017-6996

Ingo Grass

Péter Batdry

REFERENCES

Aak, A, Birkemoe, T., & Knudsen, G. K. (2011). Efficient mass trapping:
Catching the pest, Calliphora vicina, (Diptera, Calliphoridae), of
Norwegian stockfish production. Journal of Chemical Ecology, 37(9),
924-931. https://doi.org/10.1007/s10886-011-9997-1.

Ballantyne, G., Baldock, K. C. R., & Willmer, P. G. (2015). Constructing more
informative plant-pollinator networks: Visitation and pollen deposition
networks in a heathland plant community. Proceedings of the Royal Society
of B: Biological Sciences, 282. https://doi.org/10.1098/rspb.2015.1130.

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009).
Introduction to meta-analysis. John Wiley & Sons Ltd.

Cane, J. H. (1987). Estimation of bee size using intertegular span
(Apoidea). Journal of Kansas Entomological Society, 60, 145-147.

Chamberlain, S. A., Hovick, S. M., Dibble, C. J., Rasmussen, N. L., Van
Allen, B. G., Maitner, B. S., Ahern, J. R, Bell-Dereske, L. P., Roy, C. L.,
Meza-Lopez, M., Carrillo, J., Siemann, E., Lajeunesse, M. J., & Whitney,
K. D. (2012). Does phylogeny matter? Assessing the impact of phy-
logenetic information in ecological meta-analysis. Ecology Letters, 15,
627-636. https://doi.org/10.1111/j.1461-0248.2012.01776.x.

Dafni, A., Kevan, P. G., & Husband, B. C. (2005). Practical pollination biol-
ogy. Enviroquest Ltd.

De Palma, A., Abrahamczyk, S., Aizen, M. A., Albrecht, M., Basset, Y.,
Bates, A., Blake, R. J,, Boutin, C., Bugter, R., Connop, S., Cruz-Lépez,
L., Cunningham, S. A., Darvill, B., Diekétter, T., Dorn, S., Downing, N.,
Entling, M. H., Farwig, N., Felicioli, A., ... Purvis, A. (2016). Predicting
bee community responses to land-use changes: Effects of geo-
graphic and taxonomic biases. Scientific Reports, 6, 31153. https://
doi.org/10.1038/srep31153.

Foldesi, R., Howlett, B. G., Grass, |., & Batary, P. (2020). Data from:
Larger pollinators deposit more pollen on stigmas across multiple
plant species—A meta-analysis. Dryad Digital Repository, https://doi.
org/10.5061/dryad.05qfttf1n

Garibaldi, L. A., Carvalheiro, L. G., Vaissiere, B. E., Gemmill-Herren, B.,
Hipolito, J., Freitas, B. M., Ngo, H. T., Azzu, N., Saez, A., Astrom, J.,
An, J., Blochtein, B., Buchori, D., Garcia, 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 out-
comes in small and large farms. Science, 351, 388-391. https://doi.
org/10.1126/science.aac7287.

Garibaldi, L. A., Steffan-Dewenter, |., Winfree, R., Aizen, M. A., Bommarco,
R., Cunningham, S. A., Kremen, C., Carvalheiro, L. G., Harder, L. D,
Afik, O., Bartomeus, |., Benjamin, F., Boreux, V., Cariveau, D., Chacoff,
N. P.,, Dudenhoffer, J. H., Freitas, B. M., Ghazoul, J., Greenleaf,
S., ... Klein, A. M. (2013). Wild Pollinators Enhance Fruit Set of

Crops Regardless of Honey Bee Abundance. Science, 339(6127),
1608-1611. https://doi.org/10.1126/science.1230200

Garratt, M. P. D., Breeze, T. D., Jenner, N., Polce, C., Biesmeijer, J. C.,
& Potts, S. G. (2014). Avoiding a bad apple: Insect pollination en-
hances fruit quality and economic value. Agriculture, Ecosystems
and Environment, 184, 34-40. https://doi.org/10.1016/j.agee.
2013.10.032.

Goulson, D., Peat, J., Stout, J. C., Tucker, J., Darvill, B., Derwent, L. C.,
& Hughes, W. O. H. (2002). Can alloethism in workers of the bum-
blebee, Bombus terrestris, be explained in terms of foraging effi-
ciency? Animal Behaviour, 64(1), 123-130. https://doi.org/10.1006/
anbe.2002.3041.

Grass, |., Albrecht, J., Jauker, F., Diekotter, T., Warzecha, D., Wolters,
V., & Farwig, N. (2016). Much more than bees - Wild flower plant-
ings support highly diverse flower-visitor communities from com-
plex to structurally simple agricultural landscapes. Agriculture,
Ecosystems and Environment, 225, 45-53. https://doi.org/10.1016/
j.agee.2016.04.001.

Heath, A.C.G., &Bishop, D. (1995). Flystrike in New Zealand. Surveillance,
22,11-13.

Howlett, B. G. (2012). Hybrid carrot seed crop pollination by the
fly Calliphora vicina (Diptera: Calliphoridae). Journal of Applied
Entomology, 136(6), 421-430. https://doi.org/10.1111/j.1439-0418.
2011.01665.x

Howlett, B. G., Evans, L. J., Pattemore, D. E., & Nelson, W. R. (2017).
Stigmatic pollen delivery by flies and bees: Methods comparing mul-
tiple species within a pollinator community. Basic and Applied Ecology,
19, 19-25. https://doi.org/10.1016/j.baae.2016.12.002

Howlett, B. G., Lankin-Vega, G. O., & Jesson, L. K. (2018). Bombus terres-
tris: A more efficient but less effective pollinator than Apis mellifera
across surveyed white clover seed fields than Apis mellifera across
surveyed white clover seed fields. New Zealand Journal of Crop and
Horticultural Science, 47, 32-47. https://doi.org/10.1080/01140671.
2018.1466341

Hozo, S. P., Djulbegovic, B., & Hozo, I. (2005). Estimating the mean and
variance from the median, range, and the size of a sample. BMC
Medical Research Methodology, 5, 1-10. https://doi.org/10.1186/
1471-2288-5-13

Hung, K. 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 of B: Biological
Sciences, 285, 20172140. https://doi.org/10.1098/rspb.2017.2140.

Inouye, D. W., Larson, B. M. H., Ssymank, A., & Kevan, P. G. (2015).
Flies and flowers Ill: Ecology of foraging and pollination. Journal of
Pollination Ecology, 16, 115-133. https://doi.org/10.26786/1920-
7603%282015%2915

Ivey, C. T., Martinez, P., & Wyatt, R. (2003). Variation in pollinator ef-
fectiveness in swamp milkweed, Asclepias incarnate (Apocynaceae).
American Journal of Botany, 90(2), 214-225. https://doi.org/10.3732/
ajb.90.2.214

Jauker, F., Bondarenko, B., Becker, H. C., & Steffan-Dewenter, I. (2012).
Pollination efficiency of wild bees and hoverflies provided to oilseed
rape. Agricultural and Forest Entomology, 14(1), 81-87. https://doi.
org/10.1111/j.1461-9563.2011.00541.x

Junker, R. R, Bleil, R., Daehler, C. C., & Bliithgen, N. (2010). Intra-floral
resource partitioning between endemic and invasive flower visitors:
Consequences for pollinator effectiveness. Ecological Entomology,
35(6), 760-767. https://doi.org/10.1111/j.1365-2311.2010.01237.x

Kearns, C. A., & Inouye, D. W. (1994). Fly pollination of Linum lewisii
(Linaceae). American Journal of Botany, 81, 1091-1095. https://doi.
org/10.1002/j.1537-2197.1994.tb15602.x

Kendall, L. K., Albrecht, M., Holzschuh, A., Pereira, J. S., Molina, F. P., &
Morten, J. M. (2019). Pollinator size and its consequences: Robust
estimates of body size in pollinating insects. Ecology and Evolution, 9,
1-13. https://doi.org/10.1002/ece3.4835


https://doi.org/10.5061/dryad.05qfttf1n
https://doi.org/10.5061/dryad.05qfttf1n
https://orcid.org/0000-0002-3500-981X
https://orcid.org/0000-0002-3500-981X
https://orcid.org/0000-0002-0694-135X
https://orcid.org/0000-0002-0694-135X
https://orcid.org/0000-0001-7788-1940
https://orcid.org/0000-0001-7788-1940
https://orcid.org/0000-0002-1017-6996
https://orcid.org/0000-0002-1017-6996
https://doi.org/10.1007/s10886-011-9997-1
https://doi.org/10.1098/rspb.2015.1130
https://doi.org/10.1111/j.1461-0248.2012.01776.x
https://doi.org/10.1038/srep31153
https://doi.org/10.1038/srep31153
https://doi.org/10.5061/dryad.05qfttf1n
https://doi.org/10.5061/dryad.05qfttf1n
https://doi.org/10.1126/science.aac7287
https://doi.org/10.1126/science.aac7287
https://doi.org/10.1126/science.1230200
https://doi.org/10.1016/j.agee.2013.10.032
https://doi.org/10.1016/j.agee.2013.10.032
https://doi.org/10.1006/anbe.2002.3041
https://doi.org/10.1006/anbe.2002.3041
https://doi.org/10.1016/j.agee.2016.04.001
https://doi.org/10.1016/j.agee.2016.04.001
https://doi.org/10.1111/j.1439-0418.2011.01665.x
https://doi.org/10.1111/j.1439-0418.2011.01665.x
https://doi.org/10.1016/j.baae.2016.12.002
https://doi.org/10.1080/01140671.2018.1466341
https://doi.org/10.1080/01140671.2018.1466341
https://doi.org/10.1186/1471-2288-5-13
https://doi.org/10.1186/1471-2288-5-13
https://doi.org/10.1098/rspb.2017.2140
https://doi.org/10.26786/1920-7603%282015%2915
https://doi.org/10.26786/1920-7603%282015%2915
https://doi.org/10.3732/ajb.90.2.214
https://doi.org/10.3732/ajb.90.2.214
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1111/j.1365-2311.2010.01237.x
https://doi.org/10.1002/j.1537-2197.1994.tb15602.x
https://doi.org/10.1002/j.1537-2197.1994.tb15602.x
https://doi.org/10.1002/ece3.4835

706 Journal of Applied Ecology

FOLDESI €T AL.

King, C., Ballantyne, G., & Willmer, P. G. (2013). Why flower visita-
tion is a poor proxy for pollination: Measuring single-visit pollen
deposition, with implications for pollination networks and conser-
vation. Methods in Ecology and Evolution, 4, 811-818. https://doi.
org/10.1111/2041-210X.12074

Lajeunesse, M. J. (2015). Bias and correction for the log response ratio
in ecological meta-analysis. Ecology, 96, 2056-2063. https://doi.
org/10.1890/14-2402.1

Larson, B., Kevan, P., & Inouye, D. (2001). Flies and flowers: Taxonomic
diversity of anthophiles and pollinators. The Canadian Entomologist,
133(4), 439-465. https://doi.org/10.4039/Ent133439-4

Lortie, C. J., Aarssen, L. W., Budden, A. E., Koricheva, J. K., Leimu, R., &
Tregenza, T. (2007). Publication bias and merit in ecology. Oikos, 116,
1247-1253. https://doi.org/10.1111/j.2007.0030-1299.15686.x

Maloof, J., & Inouye, D. (2000). Are nectar robbers cheaters or mutual-
ists? Ecology, 81, 2651-2661. https://doi.org/10.2307/177331

Marczak, L. B., Thompson, R. M., & Richardson, J. S. (2007). Meta-
analysis: Trophic level, habitat, and productivity shape the food
web effects of resource subsidies. Ecology, 88, 140-148. https://doi.
org/10.1890/0012-9658(2007)88[140:mtlhap]2.0.co;2

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

Natalis, L. C., & Wesselingh, R. A. (2012). Shared pollinators and pollen
transfer dynamics in two hybridizing species, Rhinanthus minor and
R. angustifolius. Oecologia, 170, 709-721. https://doi.org/10.1007/
s00442-012-2346-4

Ne'eman, G., Jirgens, A., Newstrom-Lloyd, L., Potts, S. G., & Dafni,
A. (2010). A framework for comparing pollinator performance:
Effectiveness and efficiency. Biological Reviews of the Cambridge
Philosophical Society, 85, 435-451. https://doi.org/10.1111/j.1469-
185X.2009.00108.x

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering
plants are pollinated by animals? Oikos, 120, 321-326. https://doi.
org/10.1111/j.1600-0706.2010.18644.x

Orford, K. A., Vaughan, I. P., & Memmott, J. (2015). The forgotten flies:
The importance of non-syrphid Diptera as pollinators. Proceedings of
the Royal Society of B: Biological Sciences, 282, 20142934. https://doi.
org/10.1098/rspb.2014.2934

Pape, T. (1996). Catalogue of the Sarcophagidae of the world (Insecta:
Diptera). Memoirs on entomology. Associated Publishers.

Park, M. G., Raguso, R. A., Losey, J. E., & Danforth, B. N. (2016). Per-
visit pollinator performance and regional importance of wild Bombus
and Andrena (Melandrena) compared to the managed honey bee in
New York apple orchards. Apidologie, 47(2), 145-160. https://doi.
org/10.1007/s13592-015-0383-9

Peters, J. L., Sutton, A. J,, Jones, D. R, Abrams, K. R., & Rushton, L. (2007).
Performance of the trim and fill method in the presence of publica-
tion bias and between-study heterogeneity. Statistics in Medicine, 26,
4544-4562. https://doi.org/10.1002/sim.2889

Phillips, B. B., Williams, A., Osborne, J. L., & Shaw, R. F. (2018). Shared
traits make flies and bees effective pollinators of oilseed rape
(Brassica napus L.). Basic and Applied Ecology, 32, 66-76. https://doi.
org/10.1016/j.baae.2018.06.004

Potts, S. G., Dafni, A., & Ne, G. (2001). Pollination of a core flowering
shrub species in Mediterranean phrygana: Variation in pollinator di-
versity, abundance and effectiveness in response to fire. Oikos, 92,
71-80. https://doi.org/10.1034/j.1600-0706.2001.920109.x

R Development Core Team. (2018). R: A language and environment for
statistical computing. Version 3.4.4. R Foundation for Statistical
Computing. http://www.R-project.org

Rader, R., Bartomeus, |., Garibaldi, L. A., Garratt, M. P. D., Howlett, B.
G., Winfree, R., Cunningham, S. A., Mayfield, M. M., Arthur, A. D.,
Andersson, G. K. S., Bommarco, R., Brittain, C., Carvalheiro, L. G.,
Chacoff, N. P., Entling, M. H., Foully, B., Freitas, B. M., Gemmill-
Herren, B., Ghazoul, J., ... Woyciechowski, M. (2016). Non-bee insects

are important contributors to global crop pollination. Proceedings of
the National Academy of Sciences of the United States of America, 113,
146-151. https://doi.org/10.1073/pnas.1517092112

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

Rader, R., Howlett, B. G., Cunningham, S. A., Westcott, D. A., & Edwards,
W. (2012). Spatial and temporal variation in pollinator effective-
ness: Do unmanaged insects provide consistent pollination services
to mass flowering crops? Journal of Applied Ecology, 49, 126-134.
https://doi.org/10.1111/j.1365-2664.2011.02066.x

Rader, R., Howlett, B. G., Cunningham, S. A, Westcott, D. A., Newstrom-
Lloyd, L. E., Walker, M. K., Teulon, D. A. J., & Edwards, W. (2009).
Alternative pollinator taxa are equally efficient but not as effective as
thehoneybeeinamassflowering crop. Journal of Applied Ecology, 46(5),
1080-1087. https://doi.org/10.1111/j.1365-2664.2009.01700.x

Ramalho, M., Imperatriz-Fonseca, V. L., & Giannini, T. C. (1998). Within-
colony size variation of foragers and pollen load capacity in the
stingless bee Melipona quadrifasciata anthidioides Lepeletier (Apidae,
Hymenoptera). Apidologie, 29(3), 221-228. https://doi.org/10.1051/
apido:19980302.

Ratnasingham, S., & Hebert, P. D. N. (2007). Bold: The barcode of life
data system (http://www.barcodinglife.org). Molecular Ecology Notes,
7, 355-364. https://doi.org/10.1111/j.1471-8286.2007.01678.x

Roskov, Y., Abucay, L., Orrell, T., Nicolson, D., Bailly, N., Kirk, P. M.,
Bourgoin, T., De Walt, R. E., Decock, W., De Wever, A., van
Nieukerken, E., Zarucchi, J., & Peney, L. (Eds.) (2018). Species 2000 &
ITIS Catalogue of Life, 2018 Annual Checklist. Digital resource at www.
catalogueoflife.org/annualchecklist/2018. Species 2000: Naturalis.
ISSN 2405-884X.

Rosenberg, M. S. (2005). The file-drawer problem revisited: A general
weighted method for calculating fail-safe numbers in meta-analyses.
Evolution, 59, 464-468.

Scheuchl, E., & Willner, W. (2016). Taschenlexikon der Wildbienen
Mitteleuropas. Quelle & Meyer Verlag.

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

Solis-Montero, L., & Vallejo-Marin, M. (2017). Does the morphological
fit between flowers and pollinators affect pollen deposition? An
experimental test in a buzz-pollinated species with anther dimor-
phism. Ecology and Evolution, 7,2706-2715. https://doi.org/10.1002/
ece3.2897

Ssymank, A., Kearns, C. A., Pape, T., & Thompson, F. C. (2008). Pollinating
Flies (Diptera): A major contribution to plant diversity and agricultural
production. Biodiversity, 9, 86-89. https://doi.org/10.1080/14888
386.2008.9712892

Stavert, J. R, Lindn-Cembrano, G., Beggs, J. R., Howlett, B. G., Pattemore,
D. E., & Bartomeus, |. (2016). Hairiness: The missing link between polli-
nators and pollination (pp. 1-18). https://doi.org/10.7717/peerj.2779

Stavert, J. R., Pattemore, D. E., Bartomeus, |., Gaskett, A. C., & Beggs, J.
R. (2018). Exotic flies maintain pollination services as native pollina-
tors decline with agricultural expansion. Journal of Applied Ecology,
55,1737-1746. https://doi.org/10.1111/1365-2664.13103

Sterne, J. A. C,, Sutton, A. J., loannidis, J. P. A, Terrin, N., Jones, D.R,, Lau,
J., Carpenter, J., Rucker, G., Harbord, R. M., Schmid, C. H., Tetzlaff, J.,
Deeks, J. J., Peters, J., Macaskill, P., Schwarzer, G., Duval, S., Altman,
D. G., Moher, D., & Higgins, J. P. T. (2011). Recommendations for ex-
amining and interpreting funnel plot asymmetry in meta-analyses of
randomised controlled trials. BMJ, 343. https://doi.org/10.1136/bmj.
d4002

Stout, J. C. (2000). Does size matter? Bumblebee behaviour and the pol-
lination of Cytisus scoparius L. (Fabaceae). Apidologie, 31, 129-139.
https://doi.org/10.1051/apido:2000111


https://doi.org/10.1111/2041-210X.12074
https://doi.org/10.1111/2041-210X.12074
https://doi.org/10.1890/14-2402.1
https://doi.org/10.1890/14-2402.1
https://doi.org/10.4039/Ent133439-4
https://doi.org/10.1111/j.2007.0030-1299.15686.x
https://doi.org/10.2307/177331
https://doi.org/10.1890/0012-9658(2007)88%5B140:mtlhap%5C2.0.co;2
https://doi.org/10.1890/0012-9658(2007)88%5B140:mtlhap%5C2.0.co;2
https://doi.org/10.1016/0169-5347(91)90043-W
https://doi.org/10.1007/s00442-012-2346-4
https://doi.org/10.1007/s00442-012-2346-4
https://doi.org/10.1111/j.1469-185X.2009.00108.x
https://doi.org/10.1111/j.1469-185X.2009.00108.x
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/10.1098/rspb.2014.2934
https://doi.org/10.1098/rspb.2014.2934
https://doi.org/10.1007/s13592-015-0383-9
https://doi.org/10.1007/s13592-015-0383-9
https://doi.org/10.1002/sim.2889
https://doi.org/10.1016/j.baae.2018.06.004
https://doi.org/10.1016/j.baae.2018.06.004
https://doi.org/10.1034/j.1600-0706.2001.920109.x
http://www.R-project.org
https://doi.org/10.1073/pnas.1517092112
https://doi.org/10.1146/annurev-ento-011019-025055
https://doi.org/10.1146/annurev-ento-011019-025055
https://doi.org/10.1111/j.1365-2664.2011.02066.x
https://doi.org/10.1111/j.1365-2664.2009.01700.x
https://doi.org/10.1051/apido:19980302
https://doi.org/10.1051/apido:19980302
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1111/icad.12178
https://doi.org/10.1002/ece3.2897
https://doi.org/10.1002/ece3.2897
https://doi.org/10.1080/14888386.2008.9712892
https://doi.org/10.1080/14888386.2008.9712892
https://doi.org/10.7717/peerj.2779
https://doi.org/10.1111/1365-2664.13103
https://doi.org/10.1136/bmj.d4002
https://doi.org/10.1136/bmj.d4002
https://doi.org/10.1051/apido:2000111

FOLDESI €T AL.

Journal of Applied Ecology 707

Sun, S., Huang, S.-Q., & Guo, Y.-H. (2013). Pollinator shift to managed
honeybees enhances reproductive output in a bumblebee-pollinated
plant. Plant Systematics and Evolution, 299, 139-150. https://doi.
org/10.1007/s00606-012-0711-8

Thomson, J. D. (1981). Field measures of flower constancy in bumble-
bees. The American Midland Naturalist, 105, 377-380. https://doi.
org/10.2307/2424756

Thomson, J. D., & Goodell, K. (2001). Pollen removal and deposition
by honeybee and bumblebee visitors to apple and almond flow-
ers. Journal of Applied Ecology, 38, 1032-1044. https://doi.org/
10.1046/j.1365-2664.2001.00657.x

Van Veen, M. P. (2004). Hoverflies of northwest Europe. KNNV Publishing.

Viechtbauer, W. (2010). Conducting meta-analyses in R with the met-
aphor package. Journal of Statistical Software, 36, 1-48. https://doi.
org/10.18637/jss.v036.i103

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.

Willmer, P. G., Cunnold, H., & Ballantyne, G. (2017). Insights from mea-
suring pollen deposition: Quantifying the pre-eminence of bees as
flower visitors and effective pollinators. Arthropod-Plant Interactions,
11(3), 411-425. https://doi.org/10.1007/s11829-017-9528-2

Willmer, P. G., & Finlayson, K. (2014). Big bees do a better job:
Intraspecific size variation influences pollination effectiveness.
Journal of Pollination Ecology, 14, 244-254. https://doi.org/10.26786/
1920-7603(2014)22

Woodcock, B. A., Garratt, M. P. D., Powney, G. D., Shaw, R. F., Osborne,
J. L., Soroka, J,, Lindstrém, S. A. M., Stanley, D., Ouvrard, P., Edwards,
M. E., Jauker, F., McCracken, M. E., Zou, Y., Potts, S. G., Rundléf, M.,

Noriega, J. A., Greenop, A., Smith, H. G., Bommarco, R., ... Pywell,
R. F. (2019). Meta-analysis reveals that pollinator functional di-
versity and abundance enhance crop pollination and yield. Nature
Communications, 10(1), 1-10. https://doi.org/10.1038/s41467-019-
09393-6

Woodcock, T. S., Larson, B. M. H., Kevan, P. G., Inouye, D. W., & Lunau,
K. (2014). Flies and flowers Il: Floral attractants and rewards.
Journal of Pollination Ecology, 12, 63-94. https://doi.org/10.26786/
1920-7603(2014)5

Zhang, H., Huang, J., Williams, P. H., Vaissiere, B. E., Zhou, Z., Gai, Q.,
Dong, J., & An, J. (2015). Managed bumblebees outperform honey-
bees in increasing peach fruit set in China: Different limiting pro-
cesses with different pollinators. PLoS ONE, 10(3), €0121143. https://
doi.org/10.1371/journal.pone.0121143

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Foldesi R, Howlett BG, Grass |, Batary
P. Larger pollinators deposit more pollen on stigmas across
multiple plant species—A meta-analysis. J Appl Ecol.
2021;58:699-707. https://doi.org/10.1111/1365-2664.13798



https://doi.org/10.1007/s00606-012-0711-8
https://doi.org/10.1007/s00606-012-0711-8
https://doi.org/10.2307/2424756
https://doi.org/10.2307/2424756
https://doi.org/10.1046/j.1365-2664.2001.00657.x
https://doi.org/10.1046/j.1365-2664.2001.00657.x
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1007/s11829-017-9528-2
https://doi.org/10.26786/1920-7603(2014)22
https://doi.org/10.26786/1920-7603(2014)22
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.26786/1920-7603(2014)5
https://doi.org/10.26786/1920-7603(2014)5
https://doi.org/10.1371/journal.pone.0121143
https://doi.org/10.1371/journal.pone.0121143
https://doi.org/10.1111/1365-2664.13798

