Received: 27 April 2021

W) Check for updates

Accepted: 23 August 2021

DOI: 10.1002/ajb2.1764

RESEARCH ARTICLE

Botany iy

A meta-analysis of single visit pollination effectiveness comparing
honeybees and other floral visitors

Maureen L. Page' |

Anna T. Britzman' |
Uta Miiller’ |
Li Wang' |

lDepartment of Entomology and Nematology,
University of California, Davis, Davis,
California 95616, USA

2Graduate Group in Ecology, University of
California, Davis, Davis, California 95616, USA

*Department of Fish, Wildlife, and Conservation
Biology, University of California, Davis, Davis,
California 95616, USA

“Chengdu Institute of Biology, Chinese Academy
of Sciences, Chengdu, Sichuan 610041, China

Correspondence

Maureen L. Page, Department of Entomology and
Nematology, University of California, Davis,
Davis, California 95616, USA.

Email: mpage@ucdavis.edu

Charlie C. Nicholson' |

Jessica Greer™ |
Youhong Peng*
Louie H. Yang'

Ross M. Brennan'? |
| Hanna Kahl' |

Clara Stuligross"> |

Jeremy Hemberger'
| Nick M. Rosenberger'? |
| Neal M. Williams'

Abstract

Premise: Many animals provide ecosystem services in the form of pollination in-
cluding honeybees, which have become globally dominant floral visitors. A rich
literature documents considerable variation in single visit pollination effectiveness,
but this literature has yet to be extensively synthesized to address whether honey-
bees are effective pollinators.

Methods: We conducted a hierarchical meta-analysis of 168 studies and extracted
1564 single visit effectiveness (SVE) measures for 240 plant species. We paired SVE
data with visitation frequency data for 69 of these studies. We used these data to ask
three questions: (1) Do honeybees (Apis mellifera) and other floral visitors differ in
their SVE? (2) To what extent do plant and pollinator attributes predict differences
in SVE between honeybees and other visitors? (3) Is there a correlation between
visitation frequency and SVE?

Results: Honeybees were significantly less effective than the most effective non-
honeybee pollinators but were as effective as the average pollinator. The type of
pollinator moderated these effects. Honeybees were less effective compared to the
most effective and average bird and bee pollinators but were as effective as other taxa.
Visitation frequency and SVE were positively correlated, but this trend was largely
driven by data from communities where honeybees were absent.

Conclusions: Although high visitation frequencies make honeybees important pol-
linators, they were less effective than the average bee and rarely the most effective
pollinator of the plants they visit. As such, honeybees may be imperfect substitutes
for the loss of wild pollinators, and safeguarding pollination will benefit from
conservation of non-honeybee taxa.

KEYWORDS

Apis mellifera, bee, crop pollination, honeybee, pollen deposition, pollination efficiency, pollinator
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Over 70% of plants depend to some degree on animal
pollinators to successfully reproduce (Ollerton et al., 2011).
Among the diversity of pollinators, taxa vary in their
contributions to pollination in multiple intricate dimen-
sions, some quantitative (e.g., numbers of visits, numbers
of pollen grains transferred: Herrera, 1987; King
et al., 2013), others qualitative (e.g., proportion selfed vs.

outcrossed pollen, diversity of mates, spatial distances of
mating: Valverde et al., 2019; Richardson et al., 2021). At
its core, the functional contributions of different pollinator
taxa can be measured by the quantity (frequency) and
quality (effectiveness) of visits to plant reproductive suc-
cess (Inouye et al., 1994; King et al., 2013). From a quan-
titative perspective, although biodiverse pollinator assemblages
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increase pollination (Albrecht et al., 2012; Winfree et al., 2015;
Winfree et al., 2018), a few dominant species often provide the
majority of floral visits (Kleijn et al., 2015). For example, the
numerical dominance of honeybees (Apis mellifera) as floral
visitors has been hypothesized to drive their functional im-
portance as pollinators (Hung et al, 2018). However, high
visit frequencies can impair pollination in some contexts
(Aizen et al,, 2014), and we know little about whether strongly
dominant visitors, such as honeybees, effectively pollinate the
plants they visit.

Pollination effectiveness is defined as the per-visit con-
tribution of floral visitors to pollination (Inouye et al., 1994).
Many studies within the botanical and evolutionary ecology
literature document variation in SVE among plant visitors
(e.g., Herrera, 1987; King et al., 2013; Page et al., 2019). To
some extent, variation in pollination effectiveness reflects the
wide range of methods used to measure it (Ne'eman
et al., 2010), such as 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 (Vicens
and Bosch, 2000). Regardless, evidence for variation in SVE
comes from numerous individual studies and this literature
has yet to be synthesized in a way that would address whether
and why particular taxa are more effective than others and
whether dominant visitors are more effective pollinators of
the plants they visit. Meta-analysis is a particularly valuable
way to investigate such questions.

An extensive literature on pollinator importance—the
product of per-visit effectiveness and relative visitation rates
of different pollinators (King et al, 2013; Ballantyne
et al,, 2015)—has concluded that pollinators that visit more
frequently are generally more important (Vazquez
et al, 2012). This conclusion suggests that numerical dom-
inance outweighs among-species variation in SVE, but it is
also possible that pollination effectiveness and visitation fre-
quencies are correlated. First, frequent pollinators could be
inherently more effective because of deep phylogenetic sig-
nals. For example, Ballantyne et al. (2017) found a positive
correlation between a pollinator's visit frequency and polli-
nation effectiveness when comparing 23 plant species, likely
because bees were both highly effective and highly frequent
visitors compared to other floral visitors. Second, positive
correlations between pollination effectiveness and visit fre-
quency could occur if pollinators that visit frequently do so to
the exclusion of other plant species. Temporary fidelity (e.g.,
floral constancy: Free, 1970) and long-term fidelity could
operate to minimize heterospecific pollen transfer, resulting
in more effective pollination (Morales and Traveset, 2008).
Conversely, high visitation rates may be the result of many
quick and ineffective visits (Ohara et al.,, 1994) and have a
negative or non-significant effect on reproductive success in
many contexts (e.g., Sdez et al.,, 2014; reviewed in Willcox
et al,, 2017).

Despite their high visitation frequencies, the effective-
ness of honeybees relative to other pollinators remains
unclear. Bees are often the most effective pollinators of
flowers (Ballantyne et al., 2017) and Apis mellifera is the

most common flower-visiting bee species. However, there
are several reasons to suspect that honeybees might be less
effective than other bees. First, outside of their native range,
honeybees lack the evolutionary history with endemic plants
that could have selected for increased pollinator effective-
ness (Javorek et al, 2002). Furthermore, honeybees are
floral generalists that visit a high proportion of available
plants in ecosystems across the globe (Hung et al., 2018),
and thus may not be particularly effective at pollinating
specific flowering species. Second, honeybees sometimes
“rob” plants (Irwin et al, 2010), efficiently extract and
groom pollen from plants without depositing the pollen
they extract (Westerkamp, 1991; Koch et al., 2017), or col-
lect nectar without contacting reproductive structures
(Vicens and Bosch, 2000; Thomson and Goodell, 2001).
However, honeybees can be highly effective pollinators,
even for plants with which they have no shared evolutionary
history (e.g., Wist and Davis, 2013), suggesting that hon-
eybees are highly adaptable and capable pollinators.

Understanding pollinator effectiveness has important
practical implications for safeguarding the production of
pollinator-dependent crops. Highly effective non-honeybee
pollinators are important for ensuring crop pollination in the
face of global change (Rader et al, 2013) and functionally
diverse pollinator communities can increase crop pollination
(Woodcock et al.,, 2019). Furthermore, pollination may differ
in cultivated settings because interspecific plant competition,
the spatial arrangement of flowers, and the pollinator taxa
that provide pollination may vary between agricultural and
natural landscapes (Harrison et al., 2018).

We used a meta-analysis of the pollination effectiveness
literature to address three key questions. First, how does the
SVE of honeybees compare to that of other floral visitors?
We hypothesized that honeybees would exhibit lower SVE
relative to other pollinators because honeybees are broad
generalists and might efficiently extract nectar and pollen
without effectively pollinating plants. Second, to what extent
do plant and pollinator attributes predict the comparative
SVE of honeybees? Specifically, we evaluated the extent to
which three factors predict differences in comparative SVE:
(1) pollinator taxonomic group (e.g., bees, birds, etc.), (2)
crop status (crop vs. non-crop plant species), and (3) if plant
species exist within the native range of honeybees. We hy-
pothesized that the SVE of honeybees would be lower
compared to other bees in crop systems, and for plant
species outside the native range of honeybees because pre-
vious studies have suggested such trends (Ballantyne
et al,, 2017; Hung et al,, 2018). Third, is there a correlation
between floral visitation frequency and SVE? We evaluated
this question separately for communities where honeybees
were present or absent. We expected to find a positive
correlation between visitation frequency and SVE that
would be reduced when honeybees were present because
honeybees are often highly frequent visitors and might
be less consistently effective. Although previous studies
have synthesized subsets of the pollination effectiveness
literature (notably, Hung et al., 2018; Foldesi et al., 2020),

85UB01 7 SUOWILLOD BAIERID 8 (qed|(dde 8y} Aq peueoh a1e sajole YO ‘8sn Jo S8In1 10} AreiqIT8UIIUO AB]I UO (SUOI|PUOD-pUR-SLLBY WD A3 1M Ale1q 1 [Bu|UO//SAIY) SUORIPUOD Pue SWLB | 8U3 885 *[€202/2T/2T] Uo AriqiTauliuO A8|IM ‘¥9.T 2q/e/200T 0T/I0p/wod A3|im Are.q 1 eul|uo sqndesa/sdny wouy papeojumoq ‘TT ‘TZ0Z 'Z6TZLEST



2198 |

POLLINATION EFFECTIVENESS

this paper is, at present, the most extensive meta-analysis
to synthetize published results concerning single visit
effectiveness (SVE).

MATERIALS AND METHODS
Study screening

We performed a “Web of Science” (WoS) search using a
multiterm query (Appendix S1) designed to capture the
highly variable terminology describing pollination effec-
tiveness detailed in Ne'eman et al. (2010). In May 2020,
this search yielded 1036 results. We screened the abstracts
found by WoS to determine whether they potentially con-
tained SVE data, and this yielded 388 papers. We also
performed a Google Scholar search of the literature using a
similar multiterm query (Appendix S1), which yielded 116
additional papers. We found 62 papers from the reference
sections of previously included papers. After removing du-
plicates and reading abstracts, we identified 468 papers
which seemed appropriate for a more thorough screening.

We followed the PRISMA protocol for collecting and
screening data from the literature (Appendix S1; Moher
etal,, 2009). To be included in our analysis, the paper had to
contain empirical data on the per-visit contribution of at
least one free-foraging visitor to plant reproduction. We
considered pollen deposition, percent fruit set, fruit weight,
and/or seed set as measures of SVE. Most studies were
conducted with intact flowers, but we also included data
from experiments that used the “interview stick” method (in
which a cut flower was presented to potential visitors). We
did not include estimates of SVE based on equations or
model outputs, nor did we include data from trials that
manipulated dead bees to deposit pollen. We extracted
means, sample sizes, and measures of error (e.g., standard
deviation, standard error) directly from the text of the paper
or from graphs wusing WebPlotDigitizer (v. 4.4,
Rohatgi, 2020). When lower and upper error estimates were
not symmetrical, we used the upper error estimate. When
possible, we converted measures of error to standard de-
viation. When a paper did not report sample sizes, error, or
other important information, we contacted the study au-
thors. If we were unable to retrieve or estimate information
on mean effectiveness and error, we excluded the paper
from our analysis. We also excluded papers if we could not
convert other measures of error to standard deviation (e.g.,
when studies did not report sample sizes). After screening
the papers, 168 studies remained in our analytical data set.
We also extracted data on study year and location, plant
species, plant family, and whether the plant species was a
crop plant, pollinator taxon, or pollinator group (e.g., bird,
fly, bee), as well as the native range of pollinator and plant
species. We determined range status to biogeographical
realms by looking up the nativity of each taxon in the sci-
entific literature and using occurrence records on the Global
Biodiversity Information Facility (GBIF) website (https://

www.gbif.org). If papers reported SVE outcomes from
multiple sites or years, we extracted these data as separate
outcomes and dealt with their non-independence statisti-
cally (see below).

We collected information on the visitation rates of
pollinators if it was reported for the same plant species for
which pollinator effectiveness data were reported. This rate
could be reported as the number of visits to a focal flower or
patch of flowers per unit time, or the number of flowers
visited per unit time and/or per unit area. We did not in-
clude data on the relative abundance of different visitors,
unless data were collected in a homogeneous landscape (like
an orchard) in which most visitors would have been visiting
the focal plant species. If a study reported visitation data, we
matched those data to the corresponding SVE data from the
same study and plant species. Perfect matches required that
pollinator taxa were reported to the same taxonomic re-
solution and that data were collected in the same year and
location. When more than one measure of visit frequency
was reported, we preferentially used data on the number of
visits to a focal flower per unit time. When more than
one measure of SVE was reported, we preferentially chose
whichever measure was better represented in our data, such
that pollen deposition data were chosen over seed set data,
and seed set data were chosen over fruit set data.

Ultimately, our data set contained 1564 SVE records
(i.e., average effectiveness values for pollinators visiting
plants) drawn from 168 peer-reviewed and published stu-
dies (Appendix S2). Research was conducted on every ice-
free continent, with most work occurring in the Nearctic
(N=52) or West Palearctic (N=39) over a period of
39 years, from 1981-2020 (Figure 1). Many studies (30)
investigated pollination of more than one plant species
(range: 2-23), with a total of 240 plant species assessed
belonging to 67 families. Among the 168 studies that re-
ported SVE values, 69 also included data on the visitation
rates of different pollinators. Of the plant species included
in our analysis of the comparative effectiveness of honey-
bees (Appendix S3), only 13 out of 95 were studied more
than once.

Meta-analysis

To address questions about the single visit effectiveness of
honeybees and non-honeybees, we defined the effect size as
the standardized mean difference (SMD, ie., Hedges' g
[Hedges, 1981]) of SVE values between honeybees and non-
honeybees for each unique study, plant, site, and year com-
bination. We chose to use Hedges’ g over other effect sizes
because it is commonly used in the ecology literature for
comparing two means (Nakagawa and Santos, 2012), and it
includes a correction for small sample sizes, which occurred
with our data. Following Hung et al. (2018), we calculated
effect sizes for two separate comparisons: (1) the difference
between honeybees vs. the most effective non-honeybee
taxon, and (2) the average difference between honeybees
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FIGURE 1 The research into single visit effectiveness (SVE) is geographically widespread and has progressed consistently over time. (A) Map of study
locations depicting whether research recorded SVE measures for honeybees and other taxa (squares) or if honeybees were the sole taxon or absent (circles).
(B) Trends in SVE research show the cumulative number of studies per region (lines) and the annual number of studies (stacked bars). (C) Some studies
have more than one SVE observation (e.g., multiple pollinators visiting multiple plants); observation totals varied across regions and based on whether

plants were native (dark colors) or non-native (lighter colors)

and non-honeybee taxa (hence, “average effectiveness”).
The SMD value is >0 when other pollinators are more ef-
fective than honeybees and <0 if the opposite occurs. We
calculated each effect size in R (R Core Development
Team, 2020) using the escalc function in the ‘metafor’ pack-
age (v. 2.1-0, Viechtbauer, 2010).

We fit meta-analytic and meta-regression multilevel
linear mixed-effects models, using the rma.mv function
in the ‘metafor’ package (v. 2.1-0, Viechtbauer, 2010).
We used three random effects to control for non-
independence of effect sizes collected from the same study
or plant species: study identity, plant species, and an
observation-level ID for individual SVE measures. We
used phylogenetic comparative methods (Cornwell and
Nakagawa, 2017) to account for non-independence that
may arise because of shared evolutionary history of focal
plants by including a phylogenetic covariance matrix. The
phylogeny and branch lengths (Appendix S4) used to
compute a phylogenetic covariance matrix came from a
recently published, dated megaphylogeny contained in the
package ‘V.Phylomaker (Jin and Qian, 2019), which
combines the seed plant phylogeny from Smith and
Brown (2018) with the pteridophyte phylogeny from Zanne
et al. (2014). Despite slightly higher Akaike information
criterion (AIC) values and larger P values (Appendix S5),

we present results from models including phylogenetic
controls to fully account for non-independence because of
shared ancestry (Chamberlain et al., 2012). Both analyses
produced qualitatively similar results and neither the
magnitude nor the sign of SMD estimates changed when
phylogenetic controls were included (Appendices S5, S6).
However, uncertainty around SMD estimates was con-
sistently smaller in models without phylogenetic controls
such that marginally significant effects became significant
when phylogenetic controls were removed. Thus, inclusion
of phylogenetic controls renders our analysis more
conservative.

With this mixed-effects structure, we specified four
models, which include an intercept-only model (i.e., overall
meta-analytic model), and three meta-regression models for
different moderators: (1) pollinator taxonomic group, (2) if
the plant was a crop plant (crop status), and (3) for native
plants, if it was in the honeybee's native range (range status).
We follow Hung et al. (2018) and define the West Palearctic
as the honeybee's native range (Ruttner, 1988). For the
analysis comparing honeybee comparative effectiveness
inside and outside of the honeybee's native range, we
excluded non-native plants from the analysis.

To test whether there was a relationship between a polli-
nator taxon's SVE and visit frequency, we calculated Pearson's
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correlation coeflicients (r) for the relationship between visit
frequency and pollinator effectiveness for each unique study,
plant, site, and year combination in which there were at least
five pollinator taxa represented. We filtered data because
sample variances cannot be confidently estimated when fewer
than five observations are used to calculate correlation coeffi-
cients. In total, 26 studies of 50 plant species had visit fre-
quency and effectiveness data for at least five taxa, and 62% of
studies were fully excluded. After calculating correlation
coefficients, we used the escalc function in the ‘metafor
package to calculate Fisher's r-to-Z transformed correlation
coefficients and corresponding sampling variances. Using the
same multilevel linear mixed-effects model structure and
phylogenetic controls as described above, we generated three
models. The first model was an intercept-only model to test for
the overall relationship between a pollinator's visit frequency
and SVE. The second model compared three categories against
one another: studies where honeybees were present, studies
where honeybees were absent, and studies where we artificially
removed all points corresponding to honeybees (recalculating
effect sizes as detailed above). We generated this third category
to determine whether the patterns we observed were solely
driven by honeybees themselves or whether there might also
be indirect effects of honeybee presence on the relationship
between visit frequency and SVE. The third model tested
whether there was an interaction between crop status and
honeybee presence.

Tests for publication bias

Publication bias was assessed by visual inspection of funnel plots
for each model (Appendices S7, S8) and via a modified Egger's
test (Egger et al., 1997; Sterne and Egger, 2005) on meta-analytic
residuals in which effect size precision (sqrt[1/variance]) is in-
cluded as a moderator (Nakagawa and Santos, 2012). A sig-
nificant slope for precision would indicate statistically significant
funnel asymmetry after controlling for all other variables in the
model. We considered analyses to be biased if the intercept
differed from zero at P=0.10 (as in Egger et al., 1997).

RESULTS

Across plant species and studies, relative effectiveness values
were normally distributed; most pollinators (54%), however,
were less effective than the mean effectiveness of all visitors,
compared to 43% that were more effective than the mean
and 3% that were as effective as the mean (Appendix S9).
For studies that reported visit frequency data (N =69), the
distribution of relative visit frequency values was skewed
to the right (Appendix S9), such that only 27% of visitors
visited more frequently than the mean visit frequency.
Within studies that reported paired effectiveness and visit
frequency data for at least five taxa (N = 26), honeybees were
the most frequent visitor 23% of the time but the most
effective pollinator only 9% of the time.

How does the SVE of honeybees compare with
other floral visitors?

A total of 72 studies reported comparisons between
A. mellifera and at least one other taxon. These studies
focused on 95 plant species and include crops (N=32)
and non-native plant species (N=22) (Appendix S$4).
From these comparative studies, 577 individual effect si-
zes were obtained and summarized for each combination
of plant and pollinator group within a study. This yielded
185 effect sizes comparing the most effective non-
honeybee pollinator and honeybees (most effective pol-
linator [MEP] comparisons) and 185 effect sizes com-
paring the average effectiveness of all non-honeybee
pollinators and honeybees (average effective pollinator
[AEP] comparisons). When comparing overall study-
level effect sizes, we found that non-honeybee pollinators
were more effective than honeybees. This outcome was
statistically significant for MEP comparisons (Appen-
dix S5; overall SMD: 0.512 [0.233, 0.792]; 95% CIL;
P <0.001). For AEP comparisons, honeybees were less
effective than the average pollinator at the 10% sig-
nificance level but were equally effective at the 5% sig-
nificance level (SMD: 0.241 [-0.013, 0.495]; P=0.063).
The data showed little evidence of publication bias in
terms of funnel plot asymmetry of meta-analytic residuals
as revealed by plot inspection (Appendix S7). Results
from Egger's tests suggested little-to-no degree of asym-
metry for our overall meta-analytic model (MEP: P> 0.10;
AEP: P> 0.10).

To what extent do plant and pollinator
attributes predict the comparative SVE of
honeybees?

Computing effects separately for each pollinator group
revealed that the type of pollinator moderated the com-
parative SVE of honeybees (Figure 2). The most effective
bees and birds were significantly more effective than hon-
eybees (Figure 2A; bee SMD: 0.663 [0.442, 0.885]; P < 0.001,
and bird SMD: 2.275 [1.461, 3.089]; P <0.001). For average
effectiveness comparisons, only other bees and birds were
significantly more effective than honeybees (Figure 2B; bee
SMD: 0.316 [0.094, 0.538]; P=0.005; bird SMD: 1.313
[0.675, 1.952]; P < 0.001). Honeybees were as effective as the
most effective and average pollinators from all other groups
(Appendix S5; P>0.05). At the study level, 61% of effect
sizes compared other bees and honeybees; we therefore
focus subsequent analyses on bees.

The most effective bees were more effective pollina-
tors of crops than honeybees (Figure 3A; SMD: 0.870
[0.534, 1.205]; P<0.001); this was true for average ef-
fectiveness comparisons as well (Figure 3B; SMD: 0.606
[0.352, 0.861]; P < 0.001). For non-crop plants, honeybees
were less effective than the most effective other bees
(Figure 3A; SMD: 0.465 [0.145, 0.786]; P=0.004), but
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FIGURE 2 Meta-regression results for single visit effectiveness
differences (A) between honeybees and the most effective non-
honeybee taxon within each group, and (B) between the average
effectiveness across all non-honeybee taxa within each group for a
given plant-study. We used standardized mean differences (SMD) to
calculate effect sizes. Meta-analytic means are represented as point
estimates with their 95% CI (thick lines) and prediction intervals
(thin lines). In each panel, the overall standardized mean difference
across all pollinator groups is represented by the solid vertical line with
its 95% CI represented by the gray vertical bar. Individual effect sizes
are scaled by their precision (1/SE). Positive SMD values (points to the
right of zero) indicate that other pollinators were more effective than
honeybees
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FIGURE 3 Meta-regression results for crop single visit effectiveness
differences (A) between honeybees and the most effective non-honeybee bee
and (B) between the average effectiveness across all non-honeybee bees for a
given plant-study. Effect sizes (standardized mean difference [SMD]) were
compared for non-crop (gray circles) and crop species (green circles). Meta-
analytic means are represented as point estimates with their 95% CI (thick lines)
and prediction intervals (thin lines). Individual effect sizes are scaled by their
precision (1/SE). Positive SMD values (points to the right of zero) indicate that
other bees were more effective than honeybees

were not significantly different than the average bee
pollinator. The most effective bees were better pollinators
of native plants than honeybees (Figure 4A); this was true
for plants occurring within (SMD: 0.644 [0.196, 1.093];
P=0.005) and outside (SMD: 0.758 [0.331, 1.186];
P <0.001) Apis mellifera's native region (West Palearctic).
Honeybees were comparable to the average SVE of bees
(Figure 4B) inside their native range (P =0.117), and were
less effective at the 10% significance level but equally ef-
fective at the 5% significance level outside their native
range (P =0.067).
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FIGURE 4 Meta-regression results for native plant single visit
effectiveness differences (A) between honeybees and the most effective
non-honeybee bee, and (B) between the average effectiveness across all
non-honeybee bees for a given plant-study. Effect sizes (SMD) were
compared outside (gray circles) and inside (orange circles) the honeybee
native range. Meta-analytic means are represented as point estimates with
their 95% CI (thick lines) and prediction intervals (thin lines). Individual
effect sizes are scaled by their precision (1/SE). Positive SMD values (points
to the right of zero) indicate that other bees were more effective than
honeybees

Is there a correlation between floral visitation
frequency and SVE?

Overall, there is a positive relationship between visit fre-
quency and SVE (Estimate: 0.407 [0.149, 0.665] 95% CI;
P =0.002). However, data from systems in which honeybees
are absent drive this positive result. When honeybees are
present, there is no relationship between visit frequency and
effectiveness (Figure 5; Estimate: 0.309 [-0.085, 0.703];
P >0.05) and this lack of a significant relationship persisted

when we artificially removed data corresponding to hon-
eybee visits. We observed a positive association between
visit frequency and SVE only when A. mellifera was actually
absent (Figure 5; Estimate: 0.627 [0.210, 1.044]; P=0.003).
There was also a slight interaction between honeybee pre-
sence and crop status, such that the positive relationship
between visit frequency and effectiveness was statistically
significant only in non-crop systems where honeybees were
absent (Appendix S10; Estimate: 0.576 [0.074, 1.079];
P=0.025). In crop systems where honeybees were absent,
there was a significant relationship at the 10% significance
level but not at the 5% significance level (Estimate: 0.629
[-0.042,1.299]; P=0.066). For both crop and non-crop
systems where honeybees were present there was no re-
lationship. An Egger's test suggested there was minimal
publication bias (P> 0.10). Although there was one obvious
outlier to the right of funnel plots (Appendix S8), removing
this outlier did not change our findings.

DISCUSSION

Our meta-analysis supports the hypothesis that honeybees
are frequently not the most effective pollinator of plants
globally. Across six continents and hundreds of plant spe-
cies, honeybees showed significantly lower SVE than the
most effective pollinator (Figure 2). This general pattern is
likely driven by comparison of honeybees against birds and
other bees. The most effective bird and bee pollinators were
significantly more effective than honeybees, as were the
average bird and bee pollinators. The finding that birds are
more effective than honeybees is based on only six studies
that were likely focused on flowers frequently pollinated by
birds. Nevertheless, it supports the idea that plants adapted
to bird pollination have traits that enhance pollination by
birds at the expense of pollination by bees (Castellanos
et al., 2006). Although data for non-bee taxa were relatively
sparse, honeybees were as effective as the average ant, beetle,
butterfly, fly, moth, and wasp pollinators, confirming that
non-bee insects can be important pollinators (Orford
et al., 2015; Rader et al., 2020). Our results bolster initial
work summarizing honeybee pollination effectiveness
(Hung et al., 2018) and demonstrate that honeybees are less
effective than many other visitors and are at best average.
Analysis of crop plants also revealed important differ-
ences between honeybees and non-Apis pollinators. Despite
their abundance in commercial cropping systems, honey-
bees are less effective crop pollinators than the most effec-
tive bee pollinators and the average non-honeybee bees
(Figure 3). This finding supports the idea that the im-
portance of honeybees as crop pollinators derives largely
from their numerical dominance as crop visitors (Hung
et al,, 2018). Our analysis adds robust evidence to a growing
consensus that wild bees have the potential to contribute
greatly to agricultural pollination. Indeed, wild bee species
richness, functional diversity, and visit rates increase crop
yield (Blitzer et al., 2016; Woodcock et al., 2019), and the
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FIGURE 5 Meta-regression results for the relationship between a pollinator's visit frequency and single visit effectiveness for studies with and without
honeybees present. Effect sizes (Fisher's Z-transformed correlation coefficients) were compared for systems where honeybees were absent (gray circles),
systems where honeybees were present (yellow circles, also indicated by honeybee icons), and systems where honeybees were present when data were
collected, but we artificially removed data corresponding to their visits and recalculated correlation coefficients (orange circles, also indicated by crossed-out
honeybee icons). Estimates are shown with their 95% CI (thick lines) and prediction intervals (thin lines). Effect sizes are scaled by their precision (1/SE)

use of managed honeybee hives might not compensate
for losses in wild bee species richness and abundance
(Mallinger and Gratton, 2015; Pérez-Méndez et al., 2020).
For example, increases in honeybee visitation only occa-
sionally increase crop pollination, whereas wild insect visi-
tation universally increases fruit set (Garibaldi et al., 2013).
As such, managed honeybees alone may be insufficient to
meet the increased pollination demands of global agri-
cultural production (Aizen and Harder, 2009) and our
results validate the importance of actions to promote
resilient native bee communities within agricultural lands
(Isaacs et al., 2017).

Honeybees were equally effective as pollinators of plants
inside and outside of their native range and were less effective
compared to the most effective other bees in both regions
(Figure 4). This result is not entirely surprising based on what
we know about the co-evolution of plants and pollinators. The
non-honeybee bee community may contain specialists sym-
patric with their host plants. Meanwhile, if honeybees are
broad generalists, selective pressure might be less consistent,
even within the native range of honeybees. Furthermore, if the
morphological features relevant to pollination are relatively
consistent across plants within the same genus or family, in-
sects may be capable of pollinating novel plant species. For
example, Prunus spp. occur in Europe and North America and
Osmia spp. are highly effective pollinators of Prunus tree crops
in both regions (Vicens and Bosch, 2000; Bosch et al., 2006),
despite the fact that North American Osmia spp. do not have
shared evolutionary history with the Prunus species introduced
as tree crops.

We found an overall positive relationship between visit
frequency and single visit pollinator effectiveness, but this
relationship was largely driven by data from systems in
which honeybees were absent (Figure 5). The overall posi-
tive correlation suggests that more frequent visitors are also
more effective, but this result should not be interpreted to
indicate that visitation frequency is an adequate proxy for
overall pollinator importance (Vazquez et al., 2012;
Ballantyne et al., 2017). This positive correlation may

suggest that pollinators that visit frequently do so to the
exclusion of other plant species, such that they display high
floral constancy. High floral constancy may indicate that
visitors gather and transport more conspecific pollen (Brosi
and Briggs, 2013). Although the pollen loads of visitors do
not always adequately predict effective pollination (Adler
and Irwin, 2006), high conspecific pollen transport likely
predisposes visitors to higher pollination effectiveness on
average. Another possible explanation is that, for pollen-
collecting visitors, more frequent visitors could be more
efficient at extracting large quantities of pollen (e.g., Parker
et al, 2016) and might therefore transfer more pollen
depending on how well pollen is groomed. Addressing
whether more frequent visitors transport more conspecific
pollen or deliver fewer heterospecific pollen grains are ripe
questions for further study.

The finding that honeybees erode this otherwise positive
correlation suggests that this hypergeneralist species is often a
numerically dominant visitor with modest effectiveness and
may modify the pollination context for plant communities.
Interestingly, when comparing systems with and without
honeybees, visit frequency and pollination effectiveness do not
positively correlate even when we artificially remove the data
on honeybees and recalculate correlation coefficients. This
result suggests that honeybee presence may indirectly influ-
ence the relationship between visitation frequency and polli-
nation effectiveness by altering the visitation patterns and
effectiveness of other plant visitors. High honeybee visitation
frequencies may indicate that honeybees efficiently extract
nectar and pollen without also efficiently depositing the pollen
they extract (Westerkamp, 1991; Wilson and Thomson, 1991;
Goodell and Thomson, 1997). If honeybees deplete floral
nectar, this could make plants less attractive to other common
visitors (Hansen et al., 2002) and alter other visitors’ behavior
and effectiveness (Thomson, 1986). If honeybees extract large
amounts of pollen (Cane and Tepedino, 2017), this could re-
duce the amount available for collection and deposition by
other pollinators (Harder and Barrett, 1995). Indeed, honey-
bees can outcompete and reduce visits from other pollinators,
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reducing wild pollinator abundance and the diversity of plant
species visited by non-Apis species (Valido et al, 2019).
Honeybee competition can also decrease interaction diversity
by causing pollinators to become more specialized (Magrach
et al, 2017). Such changes in plant-pollinator interaction
patterns can ultimately change the pollination context for plant
communities where honeybees are dominant visitors.

There are several potential limitations of our study and
possibilities for future work. First, we only included measures
of female reproductive success in assessing pollination ef-
fectiveness (e.g., pollen deposition, seed set). The proportion
of extracted pollen that is successfully transferred to stigmas
may be a better assessment of the overall reproductive con-
tribution of different taxa (Parker et al., 2016), because pollen
that is removed—but not successfully transferred—represents
a loss to male fitness (Harder and Thomson, 1989; Minnaar
et al,, 2019). Unfortunately, data on such transfer dynamics
are much rarer in the literature. In addition, there are likely
other factors about plant and pollinator taxa that moderate
the effects we observe but which we do not test in this study,
for example, functional traits such as plant and pollinator
specialism. We hope our study will motivate other re-
searchers to pair our data with trait databases and informa-
tion on single-visit pollen removal to further investigate the
factors that influence effective pollination.

CONCLUSIONS

As honeybees become increasingly dominant globally, the
abundance and species richness of other pollinators visit-
ing plants is expected to decrease (Valido et al., 2019). If
honeybees replace visits from other pollinators, whether
through competitive displacement or otherwise (Herrera,
2020), these changes in community composition may have
cascading effects on plant pollination, reproduction, and
persistence (Gémez et al., 2010). Species loss and fluctua-
tions in the abundance of important pollinators can im-
peril ecosystem service delivery (Cardinale et al., 2012;
Winfree et al., 2015). Even rare species are important to
ecosystem functioning (Winfree et al., 2018) and func-
tionally diverse pollinator assemblages enhance plant
community diversity (Fontaine et al., 2005). If honeybees
are not particularly effective, it will be crucial to under-
stand whether and how honeybees influence the visitation
frequencies and effectiveness of other pollinators. Another
key question is how consistently honeybees can compen-
sate for the inferior quality of their visits with increased
visit frequency, which can occur (Sun et al., 2013). Ulti-
mately, some plants will thrive as their visitor community
becomes increasingly dominated by honeybees, while
others may experience declines. Given increasing honeybee
dominance, it will be important to identify and protect
diverse and effective pollinator communities especially
when confronted with ineffective substitutes.
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Appendix S6. Results with and without phylogenetic controls.

Appendix S7. Funnel plots (A) with most effective polli-
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and (B) the relative visit frequencies for all pollinators
included in the subset of studies that reported paired
data on visit frequencies and single visit effectiveness
values.

Appendix S10. Results for the meta-regression assessing the
relationship between a pollinator's visit frequency and single
visit effectiveness for crop and non-crop plants in studies
with and without honeybees present.
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