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Abstract

Many animals provide essential ecosystem services in the form of plant pollination. A
rich literature documents considerable variation in the single visit pollination effectiveness of
different plant visitors, but this literature has yet to be comprehensively synthesized. We
conducted a hierarchical meta-analysis of 193 studies and extracted 1716 single visit
effectiveness (SVE) comparisons for 252 plant species. We paired SVE data with visitation
frequency data for 75 of these studies. Given the global dominance of honeybees in pollinator
communities, we used these data to ask: 1) Do honeybees (4Apis mellifera) and other floral
visitors vary in their SVE?; 2) To what extent do plant and pollinator attributes predict the
difference in SVE between honeybees and other visitors?; and 3) Is there a correlation between
floral visitation frequency and SVE? We found that honeybees were significantly less effective
than the most effective non-honeybee pollinator. Although not significantly different, honeybees
also tended to be less effective than the mean community effectiveness. Honeybees were less
effective as pollinators of crop plants and when compared to birds and other bees. Visitation
frequency and pollination effectiveness were positively correlated, but this trend was largely
driven by data from communities where honeybees were absent, suggesting that honeybees
generally combine high visitation frequency and lower SVE. Our study demonstrates that non-
honeybee floral visitors are highly effective pollinators of many crop and non-crop plants. While
the high visitation frequency typically displayed by honeybees undoubtably makes them
important pollinators, we show that honeybees are slightly less effective than the average
pollinator 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 global crop

production will benefit from conservation of non-honeybee taxa.
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Introduction

Over 70% of plants depend to some degree on animal pollinators to successfully
reproduce (Ollerton et al. 2011). Among the diversity of pollinators, there is large variation in the
ways different taxa contribute to pollination. Biodiversity ecosystem-function theories posit that
diverse communities will optimize niche space, allowing the entire community to be more
productive (Loreau et al. 2001, Cardinale et al. 2012), but a few dominant species can provide
the majority of ecosystem functioning (Lohbeck et al. 2016). For pollination, the functional
contribution of different pollinators is measured by the quality (single visit effectiveness, SVE)
and quantity (frequency) of their visits to plant reproductive success (King et al. 2013).

Pollination effectiveness describes the per-visit contribution of floral visitors to plant
pollination (Inouye et al. 1994). A long history of studies within the botanical and evolutionary
ecology literature documents wide variation in single visit effectiveness (SVE) between 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 SVE (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).
However, evidence for variation in SVE comes from numerous individual studies focused on the
reproduction of single plant species in specific contexts. Meta-analysis could broaden our
understanding of whether and why particular pollinators are more effective than others and help

evaluate persistent hypotheses about the factors that influence pollination.
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In particular, the high visitation frequency typical of honeybees (Apis mellifera) has been
hypothesized to drive their functional contribution as pollinators (Hung et al. 2018), regardless of
their per-visit effectiveness. Indeed, 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) — concluded that pollinators that visit more frequently are generally
more important (Vasquez et al. 2012). This conclusion suggests that numerical dominance
generally outweighs among-species variation in SVE, but it does not indicate that more frequent
visitors are more effective on a per-visit basis.

However, the processes governing pollination effectiveness and visitation frequencies
may not be independent of one another. A few key studies have suggested that a pollinator’s
SVE may be positively correlated with its visitation frequency (e.g., Vasquez et al. 2012,
Ballantyne et al. 2017). Ballantyne et al. (2017) found a positive correlation between a
pollinator’s visit frequency and pollination effectiveness when comparing 23 plant species, likely
because bees were both highly effective and highly frequent visitors compared to other floral
visitors. Positive correlations between pollination effectiveness and visit frequency could also
occur if pollinators who visit frequently do so to the exclusion of other plant species. For
example, high floral constancy could minimize heterospecific pollen transfer resulting in more
effective pollination (Morales and Traveset 2008). On the other hand, high visitation rates may
be the result of many quick and ineffective visits (Ohara et al. 1994) and contribute a negative or
non-significant effect on reproductive success in many contexts (e.g., Saez et al. 2014, reviewed
in Willcox et al. 2017). In the case of honeybees, apiary management and location may drive
high visitation rates relative to other pollinators. As such, correlations between visitation rates

and pollination effectiveness could be obscured by the presence of managed honeybees.
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93 Despite their high visitation frequencies, the effectiveness of honeybees relative to other
94  pollinators remains unclear. Outside of their native range, honeybees lack the evolutionary
95  history with endemic plants that could have selected for increased pollinator effectiveness
96  (Javorek et al. 2002). Because honeybees are floral generalists that visit a high proportion of
97  available plants in ecosystems across the globe (Hung et al. 2018), they may not be particularly
98 effective at pollinating specific flowering species. For example, honeybees sometimes ‘rob’
99  plants (Irwin et al. 2010) and efficiently extract and groom pollen from plants without depositing
100  the pollen they extract (Westerkamp 1991) or collect nectar without contacting reproductive
101  structures (Vicens and Bosch 2000). However, honeybees can be highly effective pollinators
102 even for plants with which they have no shared evolutionary history (Wist and Davis 2013),
103 suggesting that shared evolutionary history is not a prerequisite to effective pollination.
104 Understanding pollinator effectiveness has important practical implications for
105  safeguarding the production of pollinator-dependent crops. Highly effective non-honeybee
106  pollinators are important for ensuring crop pollination in the face of global change (Rader et al.
107 2013) and functionally diverse pollinator communities can increase crop pollination (Woodcock
108  etal. 2019). Furthermore, pollination dynamics may differ in cultivated settings because
109 interspecific plant competition, the spatial arrangement of flowers, and the pollinator taxa that
110  provide pollination may vary across agricultural and natural landscapes (Harrison et al. 2018).
111 We used a meta-analysis of the pollination effectiveness literature to address three key
112 questions. First, how does the SVE of honeybees compare to that of other floral visitors? We
113 hypothesized that honeybees would exhibit lower SVE relative to other pollinators because
114 honeybees are broad generalists and might lack the evolutionary history with specific plants that

115  could tune pollination effectiveness. Second, to what extent do plant and pollinator attributes
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116  predict the comparative SVE of honeybees? Specifically, we evaluated the role of broad

117  taxonomic pollinator groups (e.g., bees, birds, etc.), crop status (crop vs. non-crop plant species),
118  and whether plant species exist within the native range of honeybees. We hypothesized that the
119  SVE of honeybees would be lower compared to other bees in particular, in crop systems, and for
120  plant species outside the native range of honeybees. Third, is there a correlation between floral
121  visitation frequency and SVE? We evaluated this question separately for communities where
122 honeybees were present or absent, hypothesizing a positive correlation between visitation

123 frequency and SVE that would be reduced in contexts where honeybees dominate. Although
124 previous studies have synthesized subsets of the pollination effectiveness literature (notably,
125  Hung et al. 2018, Foldesi et al. 2020), this paper is the first meta-analysis to comprehensively
126  synthetize published results concerning single visit effectiveness.

127

128  Methods

129 Study Screening - We performed a Web of Science (WoS) search using a multiterm
130  query (Appendix S1: Fig. S1) designed to capture the highly variable terminology describing
131  pollination effectiveness detailed in Ne'eman et al. (2010). In May 2020, this search yielded
132 1,036 results. One of us (MP) screened the abstracts found by WoS to determine whether they
133 potentially contained single visit effectiveness (SVE) data. This yielded 388 papers. We also
134 performed a Google Scholar search of the literature using a similar multi-term query (Appendix
135  S1: Fig. S1), which yielded 116 additional papers. We found 62 papers from the reference

136  sections of previously included papers. After removing duplicates and reading abstracts, we

137  identified 468 papers which seemed appropriate for a more thorough screening.


https://doi.org/10.1101/2021.03.12.432378

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.12.432378; this version posted March 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

138 We followed the PRISMA protocol for collecting and screening data from the literature
139 (Appendix S1: Fig. S1; Moher 2009). To be included in our analysis, the paper had to contain
140  empirical data on the per-visit contribution of at least one free-foraging visitor to plant

141  reproduction. We considered pollen deposition, percent fruit set, fruit weight, and/or seed set as
142  measures of SVE. Most studies were conducted with intact flowers, but we also included data
143 from experiments that used the “interview stick” method (in which a cut flower was presented to
144  potential visitors). We did not include estimates of SVE based on equations or model outputs nor
145  did we include data from trials that manipulated dead bees to deposit pollen. We extracted

146  means, sample sizes, and measures of error (e.g., standard deviation, standard error) directly
147  from the text of the paper or from graphs using WebPlotDigitizer (v. 4.4, Rohatgi 2020). When
148  lower and upper error estimates were not symmetrical, we used the upper error estimate. When
149  possible, we converted measures of error to standard deviation. When a paper did not report
150  sample sizes, error, or other important information, we contacted the study authors. If we were
151 unable to retrieve or estimate information on mean effectiveness and error, we excluded the

152 paper from our analysis. After screening papers, 193 studies remained in our analytical dataset.
153  We also extracted data on study year and location, plant species, plant family, whether the plant
154  species was a crop-plant, pollinator taxon, pollinator group (e.g., bird, fly, bee), and the native
155 range of pollinator and plant species. We determined range status to biogeographical realms by
156  looking up the nativity of each taxon in the scientific literature and using occurrence records on
157  GBIF. If papers reported SVE outcomes from multiple sites or years, we extracted these data as
158  separate outcomes and dealt with their non-independence statistically (see below).

159 We collected information on the visitation rates of pollinators if it was reported for the

160  same plant species for which pollinator effectiveness data were reported. This rate could be
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161  reported as the number of visits to a focal flower or patch of flowers per unit time or the number
162 of flowers visited per unit time and/or per unit area. We did not include data on the relative

163  abundance of different visitors, unless data were collected in a homogeneous landscape (like an
164  orchard) in which most visitors would have been visiting the focal plant species. If a study

165  reported visitation data, we matched that data to the corresponding SVE data from the same

166  study and plant species. Perfect matches required that pollinator taxa were reported to the same
167  taxonomic resolution and that data were collected in the same year and location. When more than
168  one measure of visit frequency was reported we preferentially used data on the number of visits
169  to a focal flower per unit time. When more than one measure of SVE was reported, we

170  preferentially chose whichever measure was better represented in our data, such that pollen

171  deposition data were chosen over seed set data and seed set data were chosen over fruit set data.
172 Meta-analysis — To address questions about the single visit effectiveness of honeybees
173 and non-honeybees, we defined the effect size as the standardized mean difference (SMD, i.e.,
174  Hedges g (Hedges 1981)) of SVE values between honeybee and non-honeybees for each unique
175  study, plant, site, and year combination. We chose to use Hedge’s g over other effect sizes

176  because it is commonly used in the ecology literature for comparing two means (Nakagawa and
177  Santos 2012), and it includes a correction for small sample sizes, which occurred with our data.
178  Following Hung et al. (2018), we calculated effect sizes for two separate comparisons: (1) the
179  difference between honeybees versus the most effective non-honeybee taxon and (2) the average
180  difference between honeybees and non-honeybee taxa (hence, ‘average effectiveness’). The

181  SMD value is > 0 when other pollinators are more effective than honeybees and < 0 if the

182  opposite occurs. We calculated each effect size in R (R Core Development Team 2020) using the

183  escalc function in the ‘metafor’ package (v. 2.1-0, Viechtbauer 2010).
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184 We fit meta-analytic and meta-regression multilevel linear mixed-effects models, using
185  the rma.mv function in the ‘metafor’ package (v. 2.1-0, Viechtbauer 2010). We used three

186  random effects to control for non-independence of effect sizes collected from the same study or
187  plant species: study ID, plant species, and an observation level ID. We used phylogenetic

188  comparative methods (Cornwell and Nakagawa 2017) to account for non-independence that may
189  arise due to shared evolutionary history of focal plants by including a phylogenetic covariance
190  matrix. The phylogeny used to compute a phylogenetic covariance matrix (Zanne et al. 2014)
191  was constructed using the package ‘brrranching’ (v. 0.6.0, Chamberlain 2020), and branch

192  lengths were set following Grafen’s method (Grafen 1989) using the R package ‘ape’ (v. 5.1,
193 Paradis and Schliep 2019)). Despite slightly higher AIC values and larger P values (Appendix
194  S2: Table S1), we present results from models including phylogenetic controls to fully account
195  for non-independence due to shared ancestry (Chamberlain et al. 2012). With this mixed-effects
196  structure, we specified four models, which include an intercept only model (i.e., overall meta-
197  analytic model), and three meta-regression models for different fixed effects/moderators: (1)
198  pollinator taxonomic group, (2) whether the plant was a crop plant (crop status), and (3) for

199  native plants, whether it was in the honeybee’s native range (range status). We follow Hung et al.
200  (2018) and define the West Palearctic as the honeybees’ native range (Ruttner 1988).

201 To test whether there was a relationship between a pollinator taxon’s single visit

202  effectiveness and visit frequency, we calculated Pearson’s correlation coefficients (r) for the
203  relationship between visit frequency and pollinator effectiveness for each unique study, plant,
204  site, and year combination in which there were at least five pollinator taxa represented. After
205  calculating correlation coefficients, we used the escalc function in the metafor package to

206  calculate Fisher’s r-to-Z transformed correlations and corresponding sampling variances. Using
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207  the same multilevel linear mixed-effects model structure and phylogenetic controls as described
208  above we generated three models. The first model was an intercept-only model to test for the
209  overall relationship between a pollinator’s visit frequency and single visit effectiveness. The
210  second model compared three categories against one another: studies where honeybees were
211  present, studies where honeybees were absent, and studies where we artificially removed all
212 points corresponding to honeybees (re-calculating effect sizes as detailed above). We generated
213 this third category to determine whether the patterns we observed were solely driven by

214  honeybees themselves or whether there might also be indirect effects of honeybee presence on
215  the relationship between visit frequency and single visit effectiveness. The third model tested
216  whether there was an interaction between crop status and honeybee presence.

217 Tests for publication bias - Publication bias was assessed based on visual inspection of
218  funnel plots for each model (Appendix S1: Fig. S4, S5) and via a modified Egger’s test (Egger et
219  al. 1997, Sterne and Egger 2005) on meta-analytic residuals in which effect size precision

220  (sqrt(1/variance)) is included as a moderator (Nakagawa and Santos 2012). A significant slope
221  for precision would indicate statistically significant funnel asymmetry after controlling for all
222 other variables in the model. We considered analyses to be biased if the intercept differed from
223 zero at P=0.10 (as in Egger et al. 1997).

224

225  Results

226 We built a dataset of 1716 SVE records (i.e., average effectiveness values for pollinators
227  visiting plants) drawn from 193 peer-reviewed and published studies (Appendix S1: Table S1).
228  Research was conducted on every ice-free continent, with most work occurring in the Nearctic

229 (N = 68) or West Palearctic (N = 42) over a period of 39 years, from 1981 to 2020 (Fig. 1).

10
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230  Many studies (34) investigated pollination of more than one plant species (range: 2-23), with a
231  total of 252 plant species assessed belonging to 67 families. Across plants and studies, relative
232 effectiveness values were normally distributed (Appendix S1: Fig. S3a), but most pollinators
233 (53%) were less effective than the mean effectiveness of all visitors, compared to 44% who were
234 more effective than the mean. For studies that reported visit frequency data (N = 75), the

235  distribution of relative visit frequency values was skewed to the right (Appendix S1: Fig. S3b),
236  such that only 27% of visitors visited more frequently than the mean visit frequency. Within

237  studies that reported paired effectiveness and visit frequency data, honeybees were the most

238  frequent visitor 28% of the time but the most effective pollinator only 9% of the time.

239

240 How does the SVE of honeybees compare with other floral visitors? - A total of 84

241  studies reported comparisons between A. mellifera and at least one other taxon. These studies
242 focused on 96 plant species and include crops (N = 32) and non-native plant species (N = 22)
243 (Appendix S1: Fig. S2). From these comparative studies, 621 individual effect sizes were

244  obtained and summarized for each combination of plant and pollinator group within a study. This
245  yielded 186 effect sizes comparing the most effective non-honeybee pollinator and honeybees
246  (Most Effective Pollinator (MEP) comparisons) and 186 effect sizes comparing the average

247  effectiveness of all non-honeybee pollinators and honeybees (Average Effective Pollinator

248  (AEP) comparisons). When comparing overall study-level effect sizes, we found that non-

249  honeybee pollinators were more effective than honeybees. This outcome was statistically

250  significant for Most Effective Pollinator comparisons (Appendix S2: Table S1; overall

251  standardized mean difference (SMD): 0.497, [0.211, 0.783 95% CI]; P = 0.001), but not Average

252  Effective Pollinator comparisons (SMD: 0.207, [-0.094, 0.508]; P = 0.177). The data showed

11
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253 little evidence of publication bias in terms of funnel plot asymmetry of meta-analytical residuals
254  asrevealed by plot inspection (Appendix S1: Fig. S4). Results from Egger’s tests suggested little
255  tono degree of asymmetry for our overall meta-analytic model (MEP: P = 0.06; AEP: P > 0.10).
256

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

258  honeybees? - Computing effects separately for each pollinator group revealed that the type of
259  pollinator moderated the comparative SVE of honeybees (Fig. 2). The most effective bees and
260  birds were significantly more effective than honeybees (Fig. 2a; bee SMD: 0.665, [0.463, 0.868];
261 P <0.001 & bird SMD: 2.269, [1.457, 3.082]; P <0.001). For average effectiveness

262  comparisons, only birds were significantly more effective than honeybees (Fig. 2b; SMD: 1.344,
263  [0.667,2.020]; P <0.001). Although the average non-A4pis bee tended to be more effective than
264  honeybees, this difference was not statistically significant (SMD: 0.247, [-0.094, 0.588]; P =

265 0.156). However, significant differences were detected in models without phylogenetic controls
266  (Appendix S2: Table S1; SMD: 0.322, [0.137, 0.506]; P = 0.001), suggesting that additional data
267  might confirm this trend. At the study level, 61% of effect sizes compared other bees and

268  honeybees; we therefore focus subsequent analyses on bees.

269 The most-effective bees were more effective pollinators of crops than honeybees (Fig. 3a;
270  SMD: 0.786, [0.328, 1.244]; P =0.001); this was true for average effectiveness comparisons as
271  well (Fig. 3b; SMD: 0.511, [0.137, 0.886]; P = 0.007). For non-crop plants, honeybees were

272  marginally less effective than the most effective other bees (Fig. 3a; SMD: 0.413, [-0.033,

273 0.859]; P =0.069), but were not significantly different than the average bee pollinator. The most-
274  effective bees were better pollinators of native plants than honeybees (Fig. 4a); this was true for

275  plants occurring within (SMD: 0.608, [0.021, 1.195]; P = 0.042) and outside (SMD: 0.683,

12
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276  [0.105, 1.261]; P = 0.021) Apis mellifera’s native region (West Palearctic). Honeybees were
277  comparable to the average SVE of bees (Fig. 4b), inside and outside their native range.

278

279 Is there a correlation between floral visitation frequency and SVE? - Overall, there is a
280  positive relationship between visit frequency and single visit effectiveness (Estimate: 0.600

281  [0.127,1.074 95% CI]; P = 0.013). However, data from systems in which honeybees are absent
282  drive this positive result. When honeybees are present, there is no relationship between visit
283  frequency and effectiveness (Fig. 5; Estimate: 0.390 [-0.131, 0.911]; P > 0.05) and this lack of a
284  significant relationship persisted when we artificially removed data corresponding to honeybee
285  visits. We observed a positive association between visit frequency and SVE only when A4pis
286  mellifera was actually absent (Fig. 5; Estimate: 0.758 [0.242, 1.273]; P = 0.004). There was no
287  interaction between honeybee presence and crop status (Appendix S1: Fig. S6). An Egger’s test
288  confirmed minimal publication bias (P > 0.10). There were a few outliers to the right of funnel
289  plots (Appendix S1: Fig. S5). Removing these data did not influence our findings.

290

291  Discussion

292 Our meta-analysis supports the hypothesis that honeybees are frequently not the most
293  effective pollinator of plants globally. Across six continents and hundreds of plant species,

294  honeybees showed significantly lower single visit effectiveness than the most effective pollinator
295  in a community (Fig. 2). Although not statistically different, honeybees also tended to be less
296  effective than the community mean. This general pattern is likely driven by comparison of

297  honeybees against birds and other bees. The most effective bird and bee pollinators were

298  significantly more effective than honeybees, as were the average bird pollinators. Although not

13
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299  statistically different, honeybees were also less effective than the average non-Apis bee.

300  The finding that birds are more effective than honeybees is based on only six studies that were
301 likely focused on flowers frequently pollinated by birds. Nevertheless, it supports the idea that
302  plants adapted to bird pollination have traits that enhance pollination by birds at the expense of
303  pollination by bees (Castellanos et al. 2006). Although data for non-bee taxa were relatively

304  sparce, honeybees were equally as effective as the average and most effective ant, beetle,

305  butterfly, fly, moth, and wasp pollinators, confirming that non-bee insects can be important

306  pollinators (Rader et al. 2020). Our results bolster initial work summarizing honeybee pollination
307  effectiveness (Hung et al. 2018) and demonstrate that honeybees are less effective than many
308  other visitors and at best average.

309 Analysis of crop plants also revealed important differences between honeybees and non-
310  Apis pollinators. Despite their abundance in commercial cropping systems, honeybees are less
311  effective crop pollinators than the most effective bee pollinators and the average non-honeybee
312 bees (Fig. 3). This finding supports the idea that the importance of honeybees as crop pollinators
313 derives largely from their numerical dominance as crop visitors (Hung et al. 2018). Our analysis
314  adds robust evidence to a growing consensus that wild bees have the potential to contribute

315  greatly to agricultural pollination. Indeed, wild bee species richness, functional diversity, and
316  wisit rates increase crop yield (Blitzer et al. 2016, Woodcock et al. 2019), and the use of managed
317  honeybee hives might not compensate for losses in wild bee species richness and abundance

318  (Mallinger and Gratton 2015, Pérez-Méndez et al. 2020). As such, managed honeybees alone
319  may be insufficient to meet the increased pollination demands of global agricultural production
320  (Aizen and Harder 2009) and our results validate the importance of actions to promote resilient

321  native bee communities within agricultural lands (Isaacs et al. 2017).
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322 Honeybees were consistently less effective compared to other bees when pollinating

323  native plants both inside and outside the honeybee’s native range (Fig. 4). This result is not

324 entirely surprising based on what we know about the co-evolution of plants and pollinators. The
325 non-honeybee bee community may contain specialists sympatric with their host plants.

326  Meanwhile, if honeybees are broad generalists, selective pressure might be less consistent, even
327  within the native range of honeybees. Furthermore, if the morphological features relevant to

328  pollination are relatively consistent across plants within the same genus or family, insects may be
329  capable of pollinating novel plant species. For example, Prunus spp. occur in Europe and North
330  America and Osmia spp. are highly effective pollinators of Prunus tree crops in both regions
331  (Vicens and Bosch 2000, Bosch et al. 2006), despite the fact that North American Osmia spp. do
332 not have shared evolutionary history with the Prunus species introduced as tree crops.

333 We found an overall positive relationship between visit frequency and single visit

334  pollinator effectiveness, but this relationship was largely driven by data from systems in which
335  honeybees were absent (Fig. 5). The overall positive correlation suggests that more frequent

336  visitors are also more effective, but this result should not be interpreted to indicate that visitation
337  frequency is an adequate proxy for overall pollination importance (Vasquez et al. 2012,

338  Ballantyne et al. 2017). This positive correlation may suggest that pollinators which visit

339  frequently do so to the exclusion of other plant species, such that they display high floral

340  constancy. High floral constancy may indicate that visitors gather and transport more conspecific
341  pollen (Brosi and Briggs 2013). Although the pollen loads of visitors do not always adequately
342  predict effective pollination (Adler and Irwin 2006), high conspecific pollen transport likely

343  predisposes visitors to higher pollination effectiveness on average.
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344 The finding that honeybees erode this otherwise positive correlation suggests that this
345  hyper-generalist species is often a numerically dominant visitor with modest effectiveness and
346  may modify the pollination context for plant communities. Interestingly, when comparing

347  systems with and without honeybees, visit frequency and pollination effectiveness do not

348  positively correlate even when we artificially remove the data on honeybees and re-calculate

349  correlation coefficients. This result suggests that honeybee presence may indirectly influence the
350 relationship between visitation frequency and pollination effectiveness by altering the visitation
351  patterns and effectiveness of other plant visitors. High honeybee visitation frequencies may

352 indicate that honeybees efficiently extract nectar and pollen without also efficiently depositing
353  the pollen they extract (Westerkamp 1991, Wilson and Thomson 1991, Goodell and Thomson
354 1997). If honeybees deplete floral nectar, this could make plants less attractive to other common
355  wisitors (Hansen et al. 2002) and alter their visit behavior and effectiveness (Thomson 1986). If
356 they extract large amounts of pollen (Cane and Tepedino 2017), this could reduce the amount
357 available for collection and deposition by other pollinators (Harder and Barrett 1995).

358 There are several potential limitations of our study and possibilities for future work. First,
359  we only included measures of female reproductive success in assessing pollination effectiveness
360  (e.g., pollen deposition, seed set). The proportion of extracted pollen that is successfully

361 transferred to stigmas may be a better assessment of the overall reproductive contribution of

362  different taxa (Parker et al. 2016), because pollen that is removed but not successfully transferred
363  represents a loss to male fitness (Harder and Thomson 1989, Minnaar et al. 2019). Unfortunately,
364  data on such transfer dynamics are much rarer in the literature. Second, there are likely other

365  factors about plant and pollinator taxa that moderate the effects we observe but which we do not

366  test in this study, for example, functional traits such as plant and pollinator specialism. We hope
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367  our study will motivate other researchers to pair our data with trait databases and information on
368  single visit pollen removal to further investigate the factors that influence effective pollination.
369 As honeybees become increasingly dominant globally, the abundance and species

370  richness of other pollinators visiting plants is expected to decrease (Valido et al. 2019). If

371  honeybees replace visits from other pollinators, whether through competitive displacement or
372 otherwise (Herrera 2020), these changes in community composition may have cascading effects
373  on plant pollination, reproduction, and persistence (Gémez et al. 2010). Species loss and

374  fluctuations in the abundance of important pollinators can imperil ecosystem service delivery
375  (Cardinale et al. 2012, Winfree et al. 2015). Even rare species are important to ecosystem

376  functioning (Winfree et al. 2018) and functionally diverse pollinator assemblages enhance plant
377  community diversity (Fontaine et al. 2005). If honeybees are not particularly effective, it will be
378  key to understand whether and how honeybees influence the visitation frequencies and

379  effectiveness of other pollinators. Another key question is whether honeybees can compensate
380 for the inferior quality of their visits with increased visit frequency, which can occur (Sun et al.
381  2013). Ultimately, some plants will thrive as their visitor community becomes increasingly

382  dominated by honeybees, while others may experience declines. Given increasing honeybee
383  dominance, it will be important to identify and protect diverse and effective pollinator

384  communities especially when confronted with ineffective substitutes.
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589  Figure Legends

590

591  Figure 1. The research into single visit effectiveness (SVE) is geographically widespread and
592  has progressed consistently over time. (A) Map of study locations depicting whether research
593  recorded SVE measures for honeybees and other taxa (squares) or if honeybees were the sole
594  taxon or absent (circles). (B) Trends in SVE research show the cumulative number of studies per
595  region (lines) and the annual number of studies (rug). (C) Some studies have more than one SVE
596  observation (e.g., multiple pollinators visiting multiple plants); observation totals varied across
597  regions and based on whether plants were native (dark colors) or non-native (lighter colors).
598

599  Figure 2. Meta-regression results for single visit effectiveness differences between honeybees
600 and different pollinator taxa. Effect sizes (Standard mean difference, SMD) were calculated (A)
601  between honeybees and the most effective non-honeybee taxon within each group and (B)

602  between the average effectiveness across all non-honeybee taxa within each group for a given
603  plant-study. Meta-analytic means are represented as point estimates with their 95% CI (thick
604 lines) and prediction intervals (thin lines). Point estimates from meta-regressions are depicted
605  with their 95% CI (thick lines) and prediction intervals (thin lines). Individual effect sizes are
606  scaled by their precision (1/SE). Positive SMD values (points to the right of zero) indicate that
607  other pollinators were more effective than honeybees.

608

609  Figure 3. Meta-regression results for crop single visit effectiveness differences between

610  honeybees and non-honeybee bees. Effect sizes (Standard mean difference, SMD) were

611  calculated (A) between honeybees and the most effective non-honeybee bee and (B) between the
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612  average effectiveness across all non-honeybee bees for a given plant-study. Effect sizes were

613  compared for non-crop (gray circles) and crop species (green circles). Meta-analytic means are
614  represented as point estimates with their 95% CI (thick lines) and prediction intervals (thin

615 lines). Individual effect sizes are scaled by their precision (1/SE). Positive SMD values (points to
616  the right of zero) indicate that other bees were more effective than honeybees.

617

618  Figure 4. Meta-regression results for native plant single visit effectiveness differences between
619  honeybees and non-honeybee bees. Effect sizes (Standard mean difference; SMD) were

620  calculated (A) between honeybees and the most effective non-honeybee bee and (B) between the
621  average effectiveness across all non-honeybee bees for a given plant-study. Effect sizes were
622  compared outside (gray circles) and inside (orange circles) the honeybee native range. Meta-

623  analytic means are represented as point estimates with their 95% CI (thick lines) and prediction
624  intervals (thin lines). Individual effect sizes are scaled by their precision (1/SE). Positive SMD
625  values (points to the right of zero) indicate that other bees were more effective than honeybees.
626

627  Figure 5. Meta-regression results for the relationship between a pollinator’s visit frequency and
628  single visit effectiveness for studies with and without honeybees present. Effect sizes (Fisher’s
629  Z-transformed correlation coefficients) were compared for systems where honeybees were absent
630  (gray circles), systems where honeybees were present (yellow circles, also indicated by honeybee
631  icons), and systems where honeybees were present when data were collected, but we artificially
632  removed data corresponding to their visits and re-calculated correlation coefficients (orange

633  circles, also indicated by crossed-out honeybee icons). Estimates are shown with their 95% CI

634  (thick lines) and prediction intervals (thin lines). Effect sizes are scaled by their precision (1/SE).
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683  Appendix S1
684

685  Table S1. Studies included in the meta-analysis

Crop or Apis
Citation Plant species Non-Crop present?
Adler and Irwin (2006) Gelsemium sempervirens Non-Crop yes
Akram et al. (2019) Grewia asiatica Crop no
Albano et al. (2009) Fragaria x ananassa Crop yes
Alietal. (2011) Brassica napus Crop no
Alietal. (2014) Cucurbita pepo Crop no
Arizmendi et al. (1996) Salvia mexicana Non-Crop no
Arizmendi et al. (1996) Fuchsia microphylla Non-Crop no
Artz and Nault (2011) Cucurbita pepo Crop no
Ashman and Stanton (1991) Sidalcea oregana Non-Crop yes
Ballantyne et al. (2015) Calluna vulgaris Non-Crop no
Ballantyne et al. (2015) Erica cinerea Non-Crop yes
Ballantyne et al. (2015) Erica tetralix Non-Crop yes
Ballantyne et al. (2015) Ulex europaeus Non-Crop yes
Ballantyne et al. (2015) Ulex minor Non-Crop yes
Ballantyne et al. (2017) Allium trifoliatum Non-Crop yes
Ballantyne et al. (2017) Asphodelus aestivus Non-Crop yes
Ballantyne et al. (2017) Bellevalia flexuosa Non-Crop yes
Ballantyne et al. (2017) Centaurea cyanoides Non-Crop yes
Ballantyne et al. (2017) Cistus creticus Non-Crop yes
Ballantyne et al. (2017) Cistus salviifolius Non-Crop yes
Ballantyne et al. (2017) Convolvulus coelesyriacus Non-Crop yes
Ballantyne et al. (2017) Cynoglossum creticum Non-Crop yes
Ballantyne et al. (2017) Echium judaeum Non-Crop yes
Ballantyne et al. (2017) Hirschfeldia incana Non-Crop yes
Ballantyne et al. (2017) Linum pubescens Non-Crop yes
Ballantyne et al. (2017) Lomelosia prolifera Non-Crop yes
Ballantyne et al. (2017) Moraea sisyrinchium Non-Crop yes
Ballantyne et al. (2017) Nonea obtusifolia Non-Crop yes
Ballantyne et al. (2017) Ochthodium aegyptiacum Non-Crop yes
Ballantyne et al. (2017) Ornithogalum narbonense Non-Crop yes
Ballantyne et al. (2017) Phlomis viscosa Non-Crop yes
Ballantyne et al. (2017) Prasium majus Non-Crop yes
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Ballantyne et al. (2017) Ruta chalepensis Non-Crop yes
Ballantyne et al. (2017) Salvia fruticosa Non-Crop yes
Ballantyne et al. (2017) Scandix verna Non-Crop yes
Ballantyne et al. (2017) Stachys neurocalycina Non-Crop yes
Ballantyne et al. (2017) Tordylium carmeli Non-Crop yes
Bertin (1982) Campsis radicans Non-Crop yes
Bischoff et al. (2013) Ourisia glandulosa Non-Crop yes
Bischoff et al. (2013) Wahlenbergia albomarginata | Non-Crop no
Bloch et al. (2006) Dianthus carthusianorum Non-Crop no
Bruckman and Campbell (2014) Phacelia parryi Non-Crop no
Campbell et al. (2018) Citrullus lanatus Crop yes
Cane and Schifthauer (2001) Vaccinium macrocarpon Crop yes
Cane and Schifthauer (2003) Vaccinium macrocarpon Crop yes
Cane et al. (2011) Cucurbita pepo Crop no
Canto-Aguilar and Parra-Tabla (2000) Cucurbita moschata Crop no
Caro et al. (2017) Bixa orellana Crop yes
Castro et al. (2013) Polygala vayredae Non-Crop yes
Chacoff et al. (2008) Citrus paradisi Crop yes
Chatterjee et al. (2020) Brassica rapa Crop yes
Chatterjee et al. (2020) Solanum melongena Crop no
Connelly et al. (2015) Fragaria x ananassa Crop no
Cordeiro et al. (2017) Campomanesia phaea Crop no
Cuautle and Thompson (2010) Lithophragma heterophyllum | Non-Crop yes
Cuautle and Thompson (2010) Lithophragma parviflorum Non-Crop yes
Cunnold (2018) Buddleja davidii Non-Crop no
Cunnold (2018) Calendula officinalis Non-Crop no
Cunnold (2018) Calystegia silvatica Non-Crop yes
Cunnold (2018) Campanula persicifolia Non-Crop yes
Cunnold (2018) Cistus salviifolius Non-Crop yes
Cunnold (2018) Cotoneaster horizontalis Non-Crop yes
Cunnold (2018) Crataegus monogyna Non-Crop yes
Cunnold (2018) Deutzia x hybrida Non-Crop yes
Cunnold (2018) Digitalis purpurea Non-Crop yes
Cunnold (2018) Echinops ritro Non-Crop yes
Cunnold (2018) Echium vulgare Non-Crop yes
Cunnold (2018) Eupatorium cannabinum Non-Crop yes
Cunnold (2018) Geranium x johnsonii Non-Crop yes
Cunnold (2018) Leucanthemum x superbum Non-Crop yes
Cunnold (2018) Nepeta cataria Non-Crop yes
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Cunnold (2018) Pentaglottis sempervirens Non-Crop yes
Cunnold (2018) Phacelia tanacetifolia Non-Crop yes
Cunnold (2018) Philadelphus coronarius Non-Crop yes
Cunnold (2018) Polygonatum hybridum Non-Crop yes
Cunnold (2018) Pulmonaria officinalis Non-Crop yes
Cunnold (2018) Rosa xanthina Non-Crop yes
Cunnold (2018) Rubus fruticosus Crop yes
Cunnold (2018) Salvia nemorosa Non-Crop yes
de Castro et al. (2017) Navaea phoenicea Non-Crop yes
de Jager et al. (2011) Oxalis pes-caprae Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea alba Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea ampullacea Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea bracteata Non-Crop no
de Santiago-Hernandez et al. (2019) Ipomoea chamelana Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea coccinea Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea hederifolia Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea meyeri Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea neei Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea quamoclit Non-Crop yes
de Santiago-Hernandez et al. (2019) Ipomoea trifida Non-Crop yes
Dieringer (1992) Agalinis strictifolia Non-Crop yes
Dieringer and Cabrera (2002) Penstemon digitalis Non-Crop yes
Diller et al. (2019) Aloe ferox Non-Crop yes
Dohzono et al. (2004) Clematis stans Non-Crop yes
Eckhart et al. (2006) Clarkia xantiana Non-Crop no
Esterio et al. (2013) Mimulus luteus Non-Crop yes
Fagua and Ackerman (2011) Melocactus intortus Non-Crop no
Fan et al. (2015) Zingiber densissimum Non-Crop no
Fishbein and Venable (1996) Asclepias tuberosa Non-Crop no
Fleming and Etcheverry (2017) Crotalaria pumila Crop no
Fleming and Etcheverry (2017) Crotalaria stipularia Crop no
Fleming and Etcheverry (2017) Desmodium incanum Crop yes
Fleming and Etcheverry (2017) Desmodium subsericeum Crop no
Freitas and Paxton (1998) Anacardium occidentale Crop no
Frick et al. (2013) Pachycereus pringlei Non-Crop no
Frier et al. (2016) Lonicera caerulea Crop no
Fumero-Caban and Meléndez-Ackerman (2007) | Pitcairnia angustifolia Non-Crop no
Galen and Newport (1987) Polemonium viscosum Non-Crop yes
Gallagher and Campbell (2020) Mertensia ciliata Non-Crop yes
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Garantonakis et al. (2016) Citrullus lanatus Crop no
Gomez and Zamora (1999) Hormathophylla spinosa Non-Crop no
Goodell and Thomson (2007) Brassica rapa Crop no
Goodell and Thomson (2007) Cucumis melo Crop no
Greenleaf and Kremen (2006) Helianthus annuus Crop yes
Gross and Mackay (1998) Melastoma affine Non-Crop no
Gyan and Woodell (1987) Prunus spinosa Non-Crop yes
Gyan and Woodell (1987) Rosa canina Non-Crop yes
Gyan and Woodell (1987) Rubus fruticosus Crop yes
Henselek et al. (2018) Prunus dulcis Crop yes
Herrera (1987) Lavandula latifolia Non-Crop yes
Hiei and Suzuki (2001) Melampyrum roseum Non-Crop yes
Hollens et al. (2017) Diascia cardiosepala Non-Crop yes
Hollens et al. (2017) Diascia floribunda Non-Crop yes
Howlett et al. (2017) Allium cepa Crop yes
Ida and Kudo (2010) Weigela middendorffiana Non-Crop no
Ivey et al. (2003) Asclepias incarnata Non-Crop no
Jacquemart et al. (2006) Pyrus communis Crop no
Janeckova et al. (2019) Gentianella praecox Non-Crop yes
Javorek et al. (2002) Vaccinium angustifolium Crop no
Jennersten et al. (1988) Silene viscaria Non-Crop yes
Jin et al. (2017) Mazus miquelii Non-Crop yes
Junker et al. (2010) Metrosideros polymorpha Non-Crop no
Kamke et al. (2011) Aechmea caudata Non-Crop no
Kandori (2002) Geranium thunbergii Non-Crop no
Kawai and Kudo (2009) Pedicularis chamissonis Non-Crop yes
Kearns and Inouye (1994) Linum lewisii Non-Crop no
Keys et al. (1995) Prosopis velutina Non-Crop no
King et al. (2013) Agrimonia eupatoria Non-Crop no
King et al. (2013) Byrsonima crassifolia Non-Crop no
King et al. (2013) Centaurea nigra Non-Crop yes
King et al. (2013) Cirsium arvense Non-Crop yes
King et al. (2013) Digitalis purpurea Non-Crop yes
King et al. (2013) Geranium pratense Non-Crop yes
King et al. (2013) Helicteres guazumifolia Non-Crop yes
King et al. (2013) Heracleum sphondylium Non-Crop yes
King et al. (2013) Ipomoea trifida Non-Crop yes
King et al. (2013) Knautia arvensis Non-Crop yes
King et al. (2013) Malvaviscus arboreus Non-Crop yes

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.12.432378; this version posted March 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

37


https://doi.org/10.1101/2021.03.12.432378

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.12.432378; this version posted March 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

King et al. (2013) Rubus fruticosus Crop yes
King et al. (2013) Trifolium pratense Crop yes
Kishore et al. (2012) Amomum subulatum Crop yes
Kishore et al. (2012) Annona squamosa Crop yes
Koski et al. (2018) Campanula americana Non-Crop yes
Larsson (2005) Knautia arvensis Non-Crop no
Lietal (2014) Epimedium mikinorii Non-Crop no
Ma et al. (2019) Incarvillea sinensis Non-Crop no
Macias-Macias et al. (2009) Capsicum chinense Crop no
Macias-Macias et al. (2009) Solanum lycopersicum Crop yes
Madjidian et al. (2008) Alstroemeria aurea Non-Crop no
Maldonado et al. (2013) Opuntia sulphurea Non-Crop no
Mallinger et al. (2019) Helianthus annuus Crop no
Mayfield et al. (2001) Ipomopsis aggregata Non-Crop no
Mazzeo et al. (2020) Erythranthe lutea Non-Crop no
Medel et al. (2018) Erythranthe lutea Non-Crop no
Minarro and Twizell (2015) Actinidia deliciosa Crop no
Missagia and Alves (2018) Costus spiralis Non-Crop no
Miyake and Yahara (1998) Lonicera japonica Non-Crop no
Monzon et al. (2004) Pyrus communis Crop no
Mogquet et al. (2017) Calluna vulgaris Non-Crop yes
Mogquet et al. (2017) Erica tetralix Non-Crop no
Mogquet et al. (2017) Vaccinium myrtillus Crop no
Mogquet et al. (2017) Vaccinium vitis-idaea Crop yes
Motten (1983) Erythronium umbilicatum Non-Crop yes
Munyuli (2014) Coffea canephora Crop yes
Natalis and Wesselingh (2012) Rhinanthus angustifolius Non-Crop yes
Natalis and Wesselingh (2012) Rhinanthus minor Non-Crop yes
Navarro et al. (2008) Disterigma stereophyllum Non-Crop yes
Olsen (1996) Heterotheca subaxillaris Non-Crop yes
Ono et al. (2008) Rhododendron semibarbatum | Non-Crop no
Osorio-Beristain et al. (1997) Kallstroemia grandiflora Non-Crop no
Padysakova et al. (2013) Hypoestes aristata Non-Crop no
Page et al. (2019) Echinacea angustifolia Non-Crop no
Palma et al. (2008) Capsicum chinense Crop no
Parker et al. (2016) Claytonia virginica Non-Crop yes
Patchett et al. (2017) Brassica rapa Crop yes
Paudel et al. (2015) Roscoea purpurea Non-Crop no
Paudel et al. (2017) Roscoea alpina Non-Crop no
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Paudel et al. (2019) Roscoea auriculata Non-Crop no
Paudel et al. (2019) Roscoea capitata Non-Crop no
Paudel et al. (2019) Roscoea tumjensis Non-Crop no
Perez-Balam et al. (2012) Persea americana Crop no
Pettersson (1991) Silene vulgaris Non-Crop no
Pfister et al. (2017) Cucurbita maxima Crop no
Philipp and Hansen (2000) Geranium sanguineum Non-Crop no
Potts et al. (2001) Satureja thymbra Non-Crop no
Quinet and Jacquemart (2017) Pyrus communis Crop no
Rader et al. (2009) Brassica rapa Crop no
Rafferty and Ives (2012) Asclepias incarnata Non-Crop yes
Rafferty and Ives (2012) Tradescantia ohiensis Non-Crop no
Revanasidda and Belavadi (2019) Cucumis melo Crop yes
Reynolds and Fenster (2008) Silene caroliniana Non-Crop no
Richardson (2004) Chilopsis linearis Non-Crop yes
Robertson et al. (2005) Peraxilla colensoi Non-Crop yes
Robertson et al. (2005) Peraxilla tetrapetala Non-Crop yes
Rodet et al. (1998) Trifolium repens Crop yes
Rodriguez-Rodriguez et al. (2013) Isoplexis canariensis Non-Crop yes
Rogers et al. (2013) Vaccinium corymbosum Crop no
Romero and Quezada-Euén (2013) Jatropha curcas Crop no
Saeed et al. (2012) Momordica charantia Crop yes
Sahli and Conner (2007) Raphanus raphanistrum Non-Crop no
Sakamoto and Morinaga (2013) Clerodendrum trichotomum Non-Crop no
Sampson et al. (2004) Vaccinium ashei Crop no
Sanchez-Lafuente et al. (2012) Linaria lilacina Non-Crop no
Spears (1983) Ipomoea trichocarpa Non-Crop no
Stanghellini et al. (2002) Citrullus lanatus Crop yes
Stanghellini et al. (2002) Cucumis sativus Crop no
Stanley et al. (2016) Desmodium setigerum Non-Crop yes
Stoepler et al. (2012) Asclepias exaltata Non-Crop no
Stoepler et al. (2012) Asclepias syriaca Non-Crop yes
Stoepler et al. (2012) Asclepias syriaca x exaltata Non-Crop yes
Stone (1996) Psychotria suerrensis Non-Crop no
Stubbs and Drummond (1996) Vaccinium angustifolium Crop yes
Stubbs and Drummond (1996) Vaccinium corymbosum Crop yes
Stubbs and Drummond (1996) Vaccinium macrocarpon Crop yes
Stubbs and Drummond (1999) Vaccinium angustifolium Crop yes
Sun et al. (2013) Pedicularis densispica Non-Crop yes
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Suzuki et al. (2002) Hosta sieboldiana Non-Crop yes
Suzuki et al. (2007) Isodon umbrosus Non-Crop no
Tang et al. (2019) Epimedium pubescens Non-Crop yes
Tepedino (1981) Cucurbita pepo Crop yes
Theiss et al. (2007) Asclepias incarnata Non-Crop yes
Theiss et al. (2007) Asclepias syriaca Non-Crop no
Theiss et al. (2007) Asclepias verticillata Non-Crop yes
Thompson and Merg (2008) Heuchera grossulariifolia Non-Crop no
Thompson and Pellmyr (1992) Lithophragma parviflorum Non-Crop no
Thostesen and Olesen (1996) Aconitum septentrionale Non-Crop no
Vaissiere et al. (1996) Actinidia deliciosa Crop yes
Vicens and Bosch (2000) Malus domestica Crop yes
Wang et al. (2017) Cyananthus delavayi Non-Crop yes
Wang et al. (2019) Dipsacus asper Non-Crop yes
Wang et al. (2019) Dipsacus chinensis Non-Crop no
Watts et al. (2013) Iris atropurpurea Non-Crop no
Wester and Johnson (2017) Syncolostemon densiflorus Non-Crop no
Willcox et al. (2019) Macadamia integrifolia Crop yes
Willcox et al. (2019) Mangifera indica Crop yes
Willcox et al. (2019) Persea americana Crop no
Willmer and Finlayson (2014) Echium vulgare Non-Crop no
Willmer and Finlayson (2014) Geranium sanguineum Non-Crop no
Willmer et al. (1994) Rubus idaeus Crop no
Wilson (1995) Impatiens capensis Non-Crop no
Wilson (1995) Impatiens pallida Non-Crop yes
Wilson and Thomson (1991) Impatiens capensis Non-Crop yes
Wist and Davis (2013) Echinacea angustifolia Non-Crop yes
Witter et al. (2015) Brassica napus Crop yes
Wolin et al. (1984) Oenothera speciosa Non-Crop yes
Wousla et al. (2020) Vigna unguiculata Crop yes
Xiao et al. (2016) Eomecon chionantha Non-Crop yes
Xiao et al. (2017) Parnassia wightiana Non-Crop yes
Yang et al. (2017) Schima superba Non-Crop no
Young (1988) Dieffenbachia longispatha Non-Crop no
Young et al. (2007) Impatiens capensis Non-Crop yes
Yuetal. (2012) Pedicularis lachnoglossa Non-Crop yes
Zhang et al. (2007) Glechoma longituba Non-Crop yes
Zhang et al. (2015) Prunus persica Crop no
Zychetal. (2013) Fritillaria meleagris Non-Crop no

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.12.432378; this version posted March 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

40


https://doi.org/10.1101/2021.03.12.432378

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.12.432378; this version posted March 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

686
687
688
689
690
691
692
c
2 1,036 studies 178 additional studies
S identified identified through
= through Web of Google Scholar search
S Science search and ”snowballing”
7 A /
£ 1,116 records
= a%ter 715 papers
S . » excluded based on
A duplicates abstract
removed
E v 285 papers
;u§° 468 papers read » excluded as a result
= of insufficient data
v
° . -
g 193 papers with sufficient
= data on single visit pollination
(%]
£ effectiveness, of which 75 also
had data on visit frequency
693

694  Figure S1. PRISMA diagram demonstrating the path through which papers were filtered for

695 inclusion in the meta-analysis. We performed a Web of Science (WoS) search using the query:
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["pollinat* effectiveness" OR "pollinat* efficacy”" OR "pollinat* effectiveness" OR "pollinat™*
intensity" OR "pollinat* importance" OR "pollinat* level" OR "stigmatic fertilization success"
"pollen transfer effect*" OR ("per visit" AND poll*) OR ("per-visit" AND poll*) OR ("per visit"
AND seed) OR ("per-visit" AND seed) OR ("per visit" AND fruit) OR ("per-visit" AND fruit)
OR ("single visit" AND fruit) OR ("single visit" AND seed) OR ("single visit" AND poll*)]. We
performed a Google Scholar search using the keywords: (“single visit deposition”), (“per-visit”

AND pollen), (pollinat* AND SVD), and (“pollen receipt” AND “per-visit”).
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704  Figure S2. Studies with honeybee visitors explored single visit effectiveness in 252 plant species
705  belonging to 67 families. Both crops (green text) and non-crops (black text) were examined

706  outside (gray fill) and inside (orange fill) honeybees’ native range. These plant species were both
707  native (triangles) and non-native (inverted triangles) to the regions in which they were studied. A
708  few plant species were also investigated both inside and outside of their native range (diamonds).

709  We included a phylogenetic covariance matrix based on this phylogeny as a random effect in all

710  models.
711
160 T
A) : 50| B)
:
:
'
120 .
'
i 1000
:
Q . Q
o 1 o
‘
‘
‘ 500
l
w |
1
'
0
) -0.5 070 0.5 -0.5 0?0 0.5 1.0
7 1 2 Relative effectiveness Relative visit frequency

713 Figure S3 Histograms of (a) relative effectiveness values for all pollinators included in our meta-
714 analysis and (b) the relative visit frequencies for all pollinators included in the subset of studies
715  that reported paired data on visit frequencies and single visit effectiveness values. The relative
716  effectiveness value is calculated as: (effectiveness value - mean effectiveness for unique study
717  and plant)/maximum effectiveness for unique study and plant) such that positive values represent
718  pollinators who were more effective that average and negative values represent pollinators who

719  are less effective than average. Similarly, relative visit frequencies are calculated as: (visit value
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720 - visit value mean for unique study and plant)/maximum visit value for unique study and plant)
721  such that positive values represent pollinators who visit more frequently than average and

722 negative values represent pollinators who visit less frequently than average. Dividing by the
723  maximum values for each unique study and plant ensures that the relativized effectiveness and
724  visitation values are between -1 and 1 despite highly variable measures of visit frequency and

725  effectiveness between studies.
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727  Figure S4. Funnel plots A) with most effective values and B) with most average values
728
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735  Figure SS. Funnel plot for the meta-regression comparing pollinator’s visit frequencies and
736  single visit effectiveness.
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Figure S6. Meta-regression results for 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. Effect sizes (Fisher’s Z-transformed correlation coefficients) were compared for non-
crop (gray circles) and crop species (green circles) in studies where honeybees was present (as
indicated by the honeybee icons) and systems where they were absent. 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).
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748  Appendix S2

749

750 Table S1. Model outputs for most effective (MEP) and average effectiveness (AEP)

751  effect size calculations graphed in Fig. 2, 3, and 4. When phylogenetic covariance applied is ‘1’
752 this indicates that models included phylogenetic covariance matrices as random effects. When
753  phylogenetic covariance applied is ‘0’ no such control was not included. All models had study
754 1D, site, year, and plant species as random effects. Despite slightly higher AIC values and larger
755 P values we present results from models including phylogenetic controls to fully account for

756  non-independence due to shared ancestry.

757
Effectiveness Phylogenetic Modifier SMD Cllow CI P AIC
calculation covariance high
group applied
Overall
meta-
analytic
models
MEP
0 0.504 0.299 0.710 <0.001 617.441
0.497 0.211 0.783 0.001 617.922
AFEP
0 0.255 0.069 0.441 0.007 495.639
0.207 -0.094  0.508 0.177 496.161
Pollinator
group
models
MEP
0 ant 0.279 -1.037  1.595 0.678 568.730
0 bee 0.660 0.462 0.858 <0.001 568.730
0 beetle -0.615 -1.348 0.119 0.101 568.730
0 bird 2.252 1.452 3.052 <0.001 568.730
0 butterfly 0.162 -0.412  0.737 0.580 568.730
0 fly -0.226  -0.601 0.149 0.237 568.730
0 moth -0.228 -2.162 1.705 0.817 568.730
0 wasp -0.367 -0.973  0.239 0.235 568.730
1 ant 0.362 -0.965 1.688 0.593 570.780
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1 bee 0.665  0.463  0.868  <0.001 570.780
1 beetle -0.574 -1.331 0.183  0.137 570.780
1 bird 2.269 1.457  3.082 <0.001 570.780
1 butterfly 0.087  -0.498 0.672  0.771 570.780
1 fly -0.239  -0.627 0.150  0.228 570.780
1 moth -0.058 -2.045 1.930  0.955 570.780
1 wasp -0.324  -0.935 0.288  0.299 570.780
AEP
0 ant 0.298  -0.661 1.257  0.543 465.572
0 bee 0.322  0.137 0506  0.001 465.572
0 beetle -0.438 -1.034 0.158  0.150 465.572
0 bird 1.306  0.695 1.918  <0.001 465.572
0 butterfly 0.189  -0.251 0.628  0.400 465.572
0 fly -0.262  -0.575 0.051 0.101 465.572
0 moth -0.412  -1.819 0.996  0.567 465.572
0 wasp -0.311  -0.773  0.150  0.186 465.572
1 ant 0.353 -0.657 1.364  0.493 466.435
1 bee 0.247  -0.094 0.588  0.156 466.435
1 beetle -0.482  -1.157 0.194  0.162 466.435
1 bird 1.344  0.667 2.020 <0.001 466.435
1 butterfly 0.084  -0.453 0.621 0.759 466.435
1 fly -0.344  -0.761 0.072  0.105 466.435
1 moth -0.369 -1.879 1.142  0.632 466.435
1 wasp -0.351 -0.904 0.201 0.212 466.435
Crop status
models
MEP
0 crop 0.902  0.634 1.170  <0.001  328.658
0 non-crop  0.477 0238  0.715 <0.001 328.658
1 crop 0.786  0.328 1.244  0.001 328.611
1 non-crop  0.413 -0.033  0.859  0.069 328.611
AEP
0 crop 0.629  0.415 0.843  <0.001 252.348
0 non-crop  0.109  -0.100 0317  0.306 252.348
1 crop 0.511 0.137  0.886  0.007 251.522
1 non-crop  0.083 -0.292 0.458  0.665 251.522
Range status
models
MEP

native 0.690  0.307 1.073  <0.001 277914
non-native 0.718  0.402 1.034  <0.001 277914
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1 native 0.608  0.021 1.195  0.042 277.724

1 non-native 0.683  0.105 1.261 0.021 277.724
AEP

0 native 0.425  0.051 0.799  0.026 221.240

0 non-native 0.294  0.024  0.564  0.033 221.240

1 native 0299  -0.240 0.839  0.277 220.002

1 non-native 0.272  -0.232  0.777  0.290 220.002
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