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Abstract

1.

There is increasing recognition that pollination deficits are limiting crop yields
world-wide. However, management strategies for optimal insect pollination are
still unclear for most crops. Current management focuses on providing high densi-
ties of honeybees, but recommended densities are highly variable, even within

single crops and cultivars.

. We performed an extensive literature search to record honeybee densities (col-

ony density and/or flower visitation rates) and crop productivity (fruit set, seed
set, fruit weight and/or yield). Effect sizes were represented as the difference in

crop productivity between the two most extreme levels of honeybee densities.

. Out of 795 reviewed studies, only 22 analysed the effect of at least two levels of

honeybee densities on crop productivity (reporting 60 resulting effect sizes in
total). Moreover, few recommendations for crop pollination management are
based on results from controlled experimental designs, and with comparable
methodology.

. We found that both colony density and visitation rates increased all the productiv-

ity variables. However, effects were nonlinear for visitation rates, suggesting that
there is an optimum (mean of 8-10 visits per flower) beyond which more honey-

bees are not beneficial (and can even be detrimental) for crop productivity.

. Effect sizes for visitation rates were greater than that for colony densities, sug-

gesting that visitation rates are a more direct measure of the pollination process.
Data on the relation between colony density and visitation rates are lacking.
Interestingly, effect sizes for visitation rates were greater for crops with separate
sexes than those with hermaphroditic flowers; therefore, the benefits of honey-

bee pollination vary according to the crop biology.

. Synthesis and applications. Current practices for crop pollination assume that more

honeybees are always better for crop yield, even if the effect of this management
on crop production still unclear. In contrast, our analyses suggest that there is an
optimum for honeybee densities. Despite the importance of honeybees and polli-
nator-dependent crops world-wide, there is a lack of studies designed for finding
such an optimal level of crop pollination. Our analyses further suggest that visita-
tion rates could be used as a proxy to guide management recommendations such

as colony density and spatial arrangement.
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1 | INTRODUCTION

The European honeybee (Apis mellifera L.) is the foremost spe-
cies used for crop pollination world-wide, both in open pollination
(fields, orchards) and enclosed systems (Garibaldi, Requier, Rollin, &
Andersson, 2017). Honeybees have a large area of native distribu-
tion, generalist feeding behaviour (visit a large range of plants), high
adaptability to a broad range of climatic conditions and high toler-
ance to human management (Delaplane & Mayer, 2000; Michener,
2007). To maximize crop productivity, the goal is usually to saturate
crop flowers with honeybee foragers provided by large numbers of
colonies brought at the onset of flowering of the target crop (James
& Pitts-Singer, 2008).

Currently, there is no consensus on the optimal colony density to
maximize crop yield, and recommendations are highly variable, even
within the same crops and cultivars. Reference books on the topic
(Delaplane & Mayer, 2000; Free, 1993) and certain other references
(Cunningham, Fournier, Neave, & Le Feuvre, 2016; Department of
Agriculture and Food, 2006; Gaines-Day, 2013; Howlett, Nelson,
Pattemore, & Gee, 2015; Isaacs & Kirk, 2010; Le duc & Turcotte,
2004; Sheffield, Ngo, & Azzu, 2016) list a very large range of colony
densities for various crops (Figure 1). For example, recommended
honeybee densities for strawberries range from 2 to 25 colonies/
ha with values originating from several continents and no indication
of pollination success. A similar range of variability is observed for

blueberry pollination (1-25 colonies/ha). This range can be even
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more extreme, such as for onion cropping systems (from 2 to 37
colonies/ha). Even traditional crops with high economic value at
the global scale like apples have unclear recommendations (ranging
from 1 to 16 colonies/ha). Moreover, the recommended mean den-
sity of colonies can double between two species of the same genus,
such as for sour cherry and sweet cherry (2.5 and 4.2 colonies/ha
respectively) or for clovers (3.7 and 7.7 colonies/ha for respectively
for Trifolium repens and T. pratens) (Delaplane & Mayer, 2000). Thus,
pollination is a multifaceted component of crop productivity and not
easily reduced to applied recommendations. Furthermore, the rec-
ommended density of honeybees is difficult to synthesize because
the literature is often scarce or incongruent, with strong fluctuations
according to the crops, cultivars and spatial context.

It is generally assumed that more colonies increase pollination
and crop productivity, but effects might be nonlinear (e.g. asymptote
or sigmoidal curves) (Delaplane & Mayer, 2000; Morris, Vazquez, &
Chacoff, 2010; Steffan-Dewenter, 2003). Management strategy
by saturation can result in an unusually high density of honeybees
and may trigger drastic changes in local assemblages of wild insects
(Mallinger, Gaines-Day, & Gratton, 2017). Such changes in species
composition could increase interaction costs and reduce plant repro-
ductive success and crop productivity (quantity and/or quality) (Aizen
et al., 2014; Hargreaves, Harder, & Johnson, 2009, 2010; Morris et al.,
2010). Indeed, wild pollinators are a vital part of our crop systems
(Garibaldi et al., 2013), and can improve pollination efficiency of hon-
eybees (e.g. Brittain, Williams, Kremen, & Klein, 2013). However, wild
bees are also less abundant in large fields and show lower visitation
rates and lower fidelity to individual plant species over time (Burkle,
Marlin, & Knight, 2013), perhaps due to competition for resources
with honeybees (Isaacs & Kirk, 2010). In this context, it appears that
combining controlled pollination services that use honeybee colonies
with wild bee conservation strategies, by taking into account the lev-
els of wild pollinators in the landscape, is important for ensuring sta-
ble pollination and sustainable crop yield. Other mechanisms by which
high densities of honeybees can be detrimental to crop productivity
include: when insect pollinators damage flowers during their visits or
when a surplus of pollen deposition leads to stagnation of growing
pollen tubes, as demonstrated both under experimental and natural
conditions (Morris et al., 2010; Sdez, Morales, Ramos, & Aizen, 2014;
Young, 1988; Young & Young, 1992). Therefore, increasing honeybee
densities, through the introduction of a large quantity of colonies,
does not necessarily ensure better crop productivity.

Furthermore, the relationship between the density of honeybee
colonies and the resulting forager visitation rate to crop flowers re-
mains largely unknown, and could even be nonlinear. First, popula-
tion dynamics and by consequence the forager quantity in one given
colony depends on various biotic and abiotic factors, such as the
quantity and quality of feeding resources in the landscape, colony
reserves, viruses and pathogens (Dennis & Kemp, 2016; Goulson,
Nicholls, Botias, & Rotheray, 2015). Second, some mechanisms such
as spillover or resource selection can modify the spatial distribution
of honeybee foragers in the landscape (Holzschuh et al., 2016; Rollin
et al., 2013; Tscharntke et al., 2012), thereby altering the response

to the increase in colony density. For example, if the foragers have
stronger preferences for a floral resource other than the targeted
crop in the landscape, we can suppose that the increase of colony
density could have a lower effect than predicted on the targeted
crop pollination and productivity (Blitzer et al., 2012). Third, a hon-
eybee colony is not a standardized unit; colonies can vary around
the world according to the number of bees, if it is a split colony or
not, the stage in the colony dynamics (e.g. spring or summer; Russell,
Barron, & Harris, 2013), and the type of hive (Crane, 1999) with dif-
ferent structures (horizontal vs. vertical), size of the hive body and
number of frames in the hive body (Crane, 1999). Moreover, patho-
gens and viruses can significantly change the colony dynamic and
strength and reduce the number of workers compared to a healthy
population of the same type of hive (vanEngelsdorp & Meixner,
2010). Consequently, it becomes important to evaluate the effect of
honeybee density on crop productivity (quality and quantity) of the
major cropping systems around the world, through different ecolog-
ical measures such as colony density and visitation rate, to permit a
sustainable management of pollination services.

In this study, we examine the global effects of honeybee densities
on crop productivity using a meta-analysis approach. Specifically, we
asked: What is the effect of honeybee densities (as represented by
colony density or flower visitation rates) on crop productivity (fruit
set, seed set, fruit weight and/or yield)? At which honeybee density
do benefits for crop productivity level off? How do these benefits

change for contrasting crops world-wide?

2 | MATERIALS AND METHODS

2.1 | Study selection

For the meta-analysis, an extensive literature search was performed
on the Web of Science, last updated in April 2017, using the search
string “lhoneybee* OR honeybee* OR Apis mellifera] AND [crop pro-
ductivity* OR crop yield* OR yield gain* OR fruit set* OR fruit quality
OR seed set* OR tube growth OR pollen deposit* OR visitation rate*].”
As a result, a total of 793 studies were identified. Another literature
search was performed using Google Scholar to access grey literature
such as conference papers, reports, book chapters, but only two ad-
ditional studies were found suitable. Abstracts and full-texts of these
795 studies were reviewed for relevance, using the following criteria:

1. Is it an empirical study of the effect of honeybee density on
crop productivity?

2. Does it contain original results?

3. Does it contrast at least two levels of honeybee densities?

4. Does it measure any of the following variables: colony density,
visits or abundance per flower or the number of honeybees per
plant?

5. Does it report honeybee impacts in terms of one or more of the
following crop productivity measures: fruit set (fruit/flower), fruit
weight (g/fruit), fruit length (cm), seed set (seeds/fruit) or yield
(kg/plant or kg/hectare)?
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Studies selected in the Web of Science were identified by our key-
words, but many used these keywords only to explain the context or
discussion of the study, without analysing processes of honeybee pol-
lination and/or crop productivity. Consequently, they were excluded
from the meta-analysis. In addition, the measures of crop productivity
needed to be based on pollination by honeybees. Moreover, honeybee
densities had to be randomly assigned to experimental units (plots) in
a controlled (manipulated) experiment such that differences among
plots could be attributed to the experimental error and avoid biasing
the results. Finally, some of the studies selected in the previous step
had a specific methodology that did not permit us to combine and anal-
yse data with the other ones (e.g. total number of foragers without sur-
face unit, e.g. hectare or metre squared), and they were not included in
the meta-analysis database, which covered, at this stage, 32 remaining
studies, of which only 22 studies were included in the meta-analysis

(see below).

2.2 | Data collection and effect sizes

For each study, we recorded the mean and SD for each crop pro-
ductivity variable (i.e. response variables). Authors were contacted if
the study design met our criteria but the data were not reported in
a format suitable for our analysis. When a selected publication only
presented their results graphically, we used Plot Digitizer (http://
plotdigitizer.sourceforge.net) to obtain means and, if reported, sam-
ple variances (Thorn et al., 2017).

Each effect size represents the difference between two levels
of honeybee densities (as measured by colony densities or flower
visitation rates) on the crop productivity variable for one crop.
When a study provided more than two levels of honeybee densities
(which occurred in nine of the selected studies), we chose the two
most extreme levels of these densities. The effect sizes were esti-
mated separately for each year (Table 1). Indeed, most of the studies
provided data for only 1 year (13 studies; see Table 1), thus mixed-
effects models could not be applied (i.e. most random effects will
be estimated with only one data point) and any possible influence
of multiple years is small. Moreover, in some studies, different plots
were sampled in different years. For comparing data across studies
we calculated the effect size of the various response variables as the
response ratios (R) analysed on a log unit (InR) (Borenstein, Hedges,
Higgins, & Rothstein, 2009). A positive InR value indicates higher
crop productivity when honeybee densities increase, whereas a neg-
ative value indicates a decrease in crop productivity. A null value in-

dicates no effect of the addition of honeybees on crop productivity.

2.3 | Data analyses

We could estimate the effect sizes for 32 studies but only 22 studies
were included in the quantitative analyses because there was not
enough replication (at least five effect sizes) for the following met-
rics: number of honeybees per 100 flowers, number of colonies per
field, visitation rate per tree, number of honeybee foragers intro-
duced in the field and number of honeybee visits per minute. Finally,

the analyses included the effects of colony density (colonies/ha;
e.g. Sapir, Goldway, Shafir, & Stern, 2007; Stern, Goldway, Zisovich,
Shafir, & Dag, 2004; Stern, Zisovich, Shafir, Dag, & Goldway, 2005)
or flower visitation rate (visit/flower; e.g. Artz & Nault, 2011;
Nicodemo, Couto, Malheiros, & De Jong, 2009; Zhang et al., 2015)
on fruit set (fruits/flower), seed set (seeds/fruit), fruit weight (g/fruit)
or yield (kg/plant) (Table 1). Mean and standard error are presented
for each of these effects. We also tested through linear and nonlin-
ear (polynomial) regressions the influence of colony density on fruit
set. The same analyses were performed to understand the influence
of visitation rate on fruit set and seed set. Lack of replicates (at least
10 effect sizes) prevented similar analyses for other variables (see
Table 1). For two of them, we also analysed the potential effect of
the control level (lower level of the honeybee density for each effect
size) as a predictor of the response ratio. We selected the best fit
model according to the AIC.

To explain some of the variability in the effect sizes, we classified
crops according to two traits expected to be relevant for pollina-
tion success, namely flower size and reproductive system (i.e. how
female and male reproductive organs are distributed in individuals
and flowers) (Fontaine, Dajoz, Meriguet, & Loreau, 2006; Garibaldi
et al., 2015). Even if there are other plant traits as sources of vari-
ation (e.g. concerning the degree of self-incompatibility of geitog-
amy), we chose to use simple and known indicators, available for all
the studied crop species. The flower size classification was realized
by the measure of the widest part and defined as “small” (1-35 mm)
or “large” (>35 mm) (see Garibaldi et al., 2015). The classification
according to the reproductive system of the flower separated
plants with “hermaphrodite flowers,” which present both male and
female parts in the same flower, and from plants with “imperfect
flowers,” that is each flower presents only the female parts (pistil)
or only the male parts (stamen). This category includes monoecious
and dioecious plants (female and male flowers are present in the
same individual or in separated individuals, respectively). However,
for honeybee colony densities, the majority of the data came from
plants with similar floral characteristics (out of 23 effect sizes, only
two and three came from crops with large and hermaphroditic flow-
ers, respectively), thus preventing comparative statistical analysis.
For visitation rates, we pooled data on fruit set and seed set, as they
showed similar responses (see Figure 2). This strategy increased the
number of replicates for the analysis. We used t tests to compare
effect sizes for crops with contrasting flower sizes and reproductive
systems. All the graphs and statistical analysis were computed using

the r software version 3.4.2 (R Development Core Team, 2017).

3 | RESULTS

After the selection according to our criteria, only 22 studies on 16
cropping systems were included in our meta-analysis (Table 1). For
example, three studies could not be included because they only pro-
vided the yield or another metric for a specific quantity of colonies
or foragers in the field (without a comparison with another density
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FIGURE 2 Positive effects of honeybee visitation rate or
colony density on different seed or fruit productivity variables
across crops world-wide. Points are mean values of the log
response ratios, while bars represent one standard error. Numbers
correspond to the sampling size

of honeybees). The selected studies are distributed across North
America, South America, Europe, Africa, Asia and Oceania and the
year of publication ranged from 1963 to 2014. A total of 60 effect
sizes were found suitable for the meta-analysis.

Among the 16 crop species, kiwi was the most represented with
three studies, apple, pear, pumpkin and watermelon by two studies,
while all the other crop species by only one study (Table 1). The most
used response variables were the fruit set (fruits/flower), seed set
(seeds/fruit), yield (kg/plant) and fruit weight (g/fruit) with 33, 11, 8
and 8 effect sizes, respectively (Table 1). The observed values of col-
ony density were between O to 6.8 colonies per hectare, with delta
values from 0.18 to 6 added colonies per hectare. The observed
values for visitation rate were between 0 and 25 visits per flower,
for a tested gradient from 1 to 24 added visits per flower. The max-
imum delta value for visitation rate was measured for an analysis of
fruit set.

Globally, honeybees in the field, measured as colony density or
visitation rate, increased crop productivity (Figure 2). This occurred
for all the crop productivity variables analysed. For fruit set, ef-
fect sizes were smaller for colony density than for flower visitation
rate (t = 5.19, p < 0.001). Concerning the visitation rate, effect sizes
were the same for seed set and fruit set (t = -0.11, p = 0.91). Effects
sizes for fruit weight were smaller than those for fruit set (t = 2.63,
p = 0.016) and seed set (t = 1.95, p = 0.06), but the latter trend was
only marginally significant. Concerning colony density, effect sizes
were similar for fruit set and vyield (t =0.47, p = 0.65) (Figure 2).
Effect sizes were not different between plants with large or small
flowers (t = 0.996, p = 0.32), while we found a significant higher re-
sponse ratio for plants with imperfect flowers (monoecious and di-
oecious plants) than with hermaphroditic flowers (t = 2.28, p = 0.03)
(Figure 3).

We found a positive linear relationship between fruit set and

colony density. However, the relationship between fruit set and

2 -
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FIGURE 3 Effects of visitation rate on crop productivity (fruit
and seed set) for crops with contrasting reproductive strategy
and flower diameter. Points are mean values of the log response
ratios, while bars represent one standard error. “Hermaphrodite”
defines plants with both female and male parts in the same flower.
“Imperfect” defines plants with female and male parts not in the
same flower. Flower diameter at the widest part of the flower was
classified as “small” (1-35 mm) or “large” (>35 mm) (see Garibaldi
etal., 2015)

visitation rate was nonlinear (AAIC = 3.0), and a similar trend was
found for seed set (AAIC = 6.6) (Figure 4). Interestingly, optimal lev-
els of visitation rates (an increase of approximately 8-10 visits per
flower) were similar for fruit set and seed set (Figure 4). Moreover,
the log response ratio of the fruit set was higher for an increase in
the visitation rate than for the increase in colony density, up to 2.94
for the visit rate, versus 1.29 for the colony density. Furthermore,
when included as a co-variable, the base level (i.e. the absolute den-
sity of the control) had no effect on the observed pattern both for
the visitation rate (p = 0. 573 and 0.844 on fruit set and seed set,
respectively) and the colony density (p = 0.073).

4 | DISCUSSION

For many important crops, bee pollination translates into higher
yield, higher seed or fruit quality and faster fruit ripening (Fries &
Stark, 1983; Lindstrom et al., 2015). In our meta-analysis, we have
shown a positive effect of honeybee densities (as represented by
colony density or flower visitation rates) on crop productivity (fruit
set, seed set, fruit weight and/or yield). But this relationship seems
to be nonlinear for the visitation rate (maximum increase in crop
productivity when the visit rate per flower is increased by 8-10 ad-
ditional visits relative to the baseline). Despite the world-wide im-
portance of crop pollination by honeybees, surprisingly few studies
analyse this question testing a large gradient of honeybee densities.
Moreover, there is huge variability across studies in the measures
selected to quantify the impact of honeybees on crop pollination or

productivity.
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4.1 | Nonlinear responses

The relationship with the response ratio differed according to the
observed predictive variable. The effects of visitation rate on fruit
set or seed set were nonlinear. Higher visitation rates increase fruit
and seed productivity but after an optimal increase in the visita-
tion rate (around eight more visits per flower) this effect is smaller,
becoming negative when the number of visits per flower increases
by more than 22 visits (in the case of the fruit set). Some studies
have shown or predicted a saturation and/or a significant decline in
fruit-set with pollinator abundance, as for bumble bees (Saez et al.,
2014) or beetles (Young, 1988), due to an increase in the ratio cost/
benefit of insect pollination (Morris et al., 2010). One explanation
is that high visitation frequency can lead to cumulative damages of
stigmatic surfaces or other female reproductive organs by repetitive
contacts (Saez et al., 2014). Moreover, a surplus of pollen deposition

leads to a stagnation of pollen grains or pollen tubes, which can in-
terfere with each other and reduce the fertilization (Young & Young,
1992).

In contrast, the relationship between colony density and fruit
set seems to be linear and positive. One explanation could be that
observed colony densities were not high enough to detect nonlinear
patterns in crop productivity. Indeed, the reviewed studies analyse
gradients of colony densities smaller than those proposed in the lit-
erature for practical recommendations (compare colony densities in
Figure 4 to those in Figure 1). For example, the recommendation for
apple pollination ranges from 1 to 16 colonies per hectare (Figure 1),
but the colony densities used in the studies included in our meta-
analysis ranged from 2.5 to 5 colonies per hectare (Figure 4).
Similarly, for cranberry, studies reviewed for the meta-analysis
ranged from O to 7.4 colonies per hectare while the recommenda-
tion in the book by Delaplane and Mayer (2000) ranges from 1 to
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22 colonies per hectare (however for cranberry, studies reviewed
and selected after full-text assessment, were not finally included in
the meta-analysis due to various problems with data quality). These
observations confirm that we need studies with a greater gradient of
colony densities and more replicates.

4.2 | Effect sizes depend on flower reproductive traits

The effects of visitation rate on fruit and seed sets were higher for
plants with imperfect flowers than for plants with hermaphroditic
flowers (Figure 3). Such differences in the response intensity might
be tied to the degree of dependence of the plant on cross-pollination
by insects. This dependence varies with the level of self-fertility of
the plant and the flower morphology (Delaplane & Mayer, 2000).
Generally, monoecious and dioecious plants are more dependent
on insect pollination than hermaphroditic plants, and need insects,
especially bees, as pollen vectors. In contrast, plants with hermaph-
roditic flowers generally have a higher degree of self-pollination
(Morris et al., 2010).

However, although the effect size on plants with hermaph-
roditic flowers is lower, the increase in honeybee visitation rate
significantly increases crop productivity. Hermaphroditic flowers
present a perfect structure to perform a full self-pollination. But
to prevent inbreeding and promote genetic diversity, many species
use cross-pollination and develop self-incompatibility mechanisms,
such as temporal separation of the male and female phases (pol-
len production and stigma receptivity) (Barbier, 1986; Delaplane &
Mayer, 2000; Rollin et al., 2016). For example, raspberry crops are
fully self-fertile but the production of well-formed fruits depends
on animal pollination (Cane, 2005; Morales, 2009; Saez et al., 2014).
Therefore, honeybee or bumblebee hives are commonly deployed in
raspberry fields to ensure an adequate pollination (Garibaldi et al.,

2017; Velthuis & van Doorn, 2006) and increase crop productivity.

4.3 | Use of the visitation rate to adjust
colony management

Honeybee densities in the crops were represented most frequently
by counting colonies per hectare or visits per flower. We found
greater effects sizes for visitation rate than for colony density.
Visitation rates could be more relevant than colony density for sev-
eral reasons.

First, density is only one measure of colony management. The
spatial and temporal arrangements of the colonies can have differ-
ent impacts on crop pollination and productivity. Indeed, colony
density can be characterized as a function of the number of colo-
nies per placement and the distance between each placement (see
Cunningham et al., 2016). The percentage of flowers converted
into fruit and the yield increases with colony density but decreases
significantly when the distance from the crop to the colony place-
ments increases (Cunningham et al., 2016; Manning & Wallis, 2005).
Moreover, some studies have shown the variability of the effect of a
given colony density, according to multiple introductions of colonies

for some crops like pear (Stern etal., 2004, 2005), apple (Stern,
Eisikowitch, & Dag, 2001) and plum (Sapir et al., 2007). A sequential
introduction of honeybee colonies enhanced bee pollination activ-
ity, with a higher honeybee visitation rate (bee min~* tree™?). These
multiple introductions can give the same or a higher fruit set and
yield than a two times higher colony density with a single introduc-
tion. This point confirms that the relationship between crop produc-
tivity and colony density depends on other important management
decisions.

Second, colonies can be very different in terms of quality and
quantity of bees and can vary during the flowering season. For ex-
ample, the size of a colony can vary greatly from 10,000 and 40,000
individuals across studies (10,000 in Hansted, Grout, Toldam-
Andersen, & Eilenberg, 2015; 20,000 in Stern et al., 2001; 25,000 in
Walters, 2005; 30,000 in Aras, De Oliveira, & Savoie, 1996; 40,000
in Quinet et al., 2016). Another point concerns the plasticity of the
working organization in the colony to respond to environmental
changes. Between 2% and 10% of the total population size of the
colony are available daily for foraging (Seeley, 1985), and usually
concerne the older individuals, because foraging is the last function
of the worker (Menzel et al., 2005). But this percentage can show
strong temporal variations (e.g. from 0% to 68% of the workers on a
given day; Thom, Seeley, & Tautz, 2000), according to the quantity
and quality of the reserves in the colony and the available pollen and
nectar resources in the surrounding landscape (Beekman, Sumpter,
Seraphides, & Ratnieks, 2004; Odoux et al., 2014). Moreover, some
pathogens or viruses can cause damage in the population, or even
the death of some colonies. So the number of bee foragers can vary
greatly from one colony to another, as their resistance to other en-
vironmental perturbations (climate, other pathogens and/or viruses,
predators). This can have various consequences on the composi-
tion and the dynamics of the population, and the colony survival
(Deleplane & Mayer, 2000).

Third, a higher number of colonies per hectare does not nec-
essarily imply an increase in honeybee foragers in the field.
Movements across habitats are a common phenomenon in many
species. For their diet, honeybees forage on a wide diversity of
floral resources spatially separated in the landscape, from both
crops fields and non-cropped habitats (Odoux et al., 2012; Requier
et al., 2015; Rollin etal., 2013) and need to make cross-habitat
movements, including spillover from crops (where colonies are
placed) to semi-natural habitats (Blitzer et al., 2012; Hanley et al.,
2011; Tscharntke et al., 2012). Moreover, they can alter their for-
aging behaviour in response to the availability of floral resources
in the landscape. They preferentially forage in the crop when al-
ternative resources are scarce in the surrounding landscape, but
they can move away from a crop to a semi-natural habitat if it
presents a more attractive floral resource than the crop (Gaines-
Day & Gratton, 2016; Pettis et al., 2013; Vaissiere, 1991). In this
context, increasing the number of colonies in the landscape, and
consequently, the number of honeybee foragers, does not neces-
sarily signify a proportional increase of honeybee foragers in the
targeted crop and higher pollination.
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Finally, the flower quantity per plant (or tree) can change with
intra- and inter-annual variations. Especially in fruit crops (or tree
crops), the density of flowers produced by plants, and therefore crop
productivity, increases during approximately the first 7 years and
then stabilizes. Adult crops, at their maximal productivity level, can
produce one or two orders of magnitude more flowers than when
they began to produce. For this reason, some studies recommend
different colony densities according to the age of the trees. For ex-
ample, Delaplane and Mayer (2000) advise one colony per hectare
for young peach trees and 2.5 colonies per hectare for older trees.
In the USA in almond orchards, 2.5 colonies per hectare are placed
during the first and second year of production because the trees are
small. Then, it is advised to use 5-6.25 colonies per hectare (A. Saez,
pers. com., 2017).

Thus, the recommended colony density depends on the attrac-
tiveness of the crop, the composition, abundance and attractiveness
of the other competing floral resources in the landscape, the popula-
tion density and composition of non-managed bees, the location and
strength of honeybee colonies and other environmental variables
like the climate. All these variables can result in strong variations
in the density of honeybee foragers in the crop and consequently
change the pollination success of honeybees and crop productivity.
For these reasons, visitation rate rather than colony density would
be a more precise measure for assessing the pollination service by
honeybees.

However, routine management practices in bee pollination use
the honeybee colony as a management unit, with beekeeper and
farmer agreeing on a renting price per colony according to the polli-
nated crop, the pollination time and the distance that the beekeeper
must travel to drop off the hives at the field crop (e.g. websites
to optimize communication between beekeepers and farmers for
pollination service; http://www.beewapi.com/). Thus, characteriz-
ing the relationship between colony density and crop productivity
is very important, from the point of view of applied management
and communication between beekeepers and farmers. Moreover,
pollination services need standardized and strong colonies. The
measure of field colony strength generally means population mea-
sures of adult bees and brood (a) by an observer at the beginning
of a study or a pollination service to produce uniform colonies,
or after an experiment, to evaluate a specific impact on the colo-
nies or (b) by computer-assisted digital image analysis (Delaplane,
Van der Steen, & Guzman, 2013). We can also use other indirect
variables, such as drone brood production, queen cell production,
comb construction or flight activity at the entrance of the hive. For
example, the ColEval method (Maisonnasse et al., 2016) is based on
the evaluation of the percentage of surface area occupied by five
different components of the colony structure to determine colony
performance: the number of bees, the amount of open brood and
capped brood, the quantity of food (honey and nectar) and pollen.
This method eliminates bias in the measurements between observ-
ers. Moreover, it also proposes, a posteriori an estimation of the
number of honeybee foragers and, therefore, the potential pollina-
tion strength of a colony.

Developing these estimators is a key step in evaluating the link
between colony strength, visitation rate and maximal pollination
service. Once this relationship is characterized, we could compare
the real visitation rate in one crop system with a theoretical optimal
visitation rate and adjust the number of colonies and/or their place-
ment (distance) to reduce or increase the observed visitation rate.

4.4 | Alack of standardization

One of the major difficulties encountered in our meta-analysis was
the lack of standardized methods and common metrics to analyse
the impact of honeybees on pollination success or crop produc-
tivity. For example, honeybee management was measured as the
number of colonies per hectare (Stern et al.,, 2001, 2004, 2005),
number of colonies per field (without information about field size)
(Walters & Taylor, 2006), number of introduced foragers (Fulton,
Jesson, Bobiwash, & Schoen, 2015), number of bees per tree (for
orchards) (Costa, Testolin, & Vizzotto, 1993), number of bees per
tree per minute of observation (Sapir et al., 2007), number of bee
visits per flower (Bjérkman, 1995), number of bee visits per minute
(Dedej & Delaplane, 2003), number of bees per 100 flowers (Aras
et al., 1996) or number of bees per 100 m? (Evans & Spivak, 2006).
Similar complexity was observed for crop productivity, with studies
measuring fruit set, number of fruits per 10 shrubs, yield per tree
(in orchards), yield per 100 m?, seed set, number of seeds per fruit,
number of seeds per kg of fruit, fruit size (circumference), fruit length
or fruit weight. Consequently, we found varying combinations of
measures of honeybee density and crop productivity but with few
replicates, which did not allow for comparison across studies and
reduced the effective database (see Table 1). Future studies should
follow more standardized reporting procedures to permit a statisti-
cal comparison between crops and environmental contexts. It is with
this same objective that the Food and Agriculture Organization of
the United Nations (FAO; http://www.fao.org/home/en/) published
in 2011 a document to detect and measure pollination deficits in
crops (Vaissiére, Freitas, & Gemmill-Herren, 2011). This handbook
presents a standardized protocol, and the modifications and appli-
cations of this protocol for a variety of circumstances in develop-
ing and developed countries, such as those with high environmental
variability and small fields. Some projects have started using this
protocol and consequently, they will give comparable data (Garibaldi
etal., 2016).

4.5 | Synthesis and applications

Currently, the global demand for honeybee colonies for the polli-
nation of fruit crops is growing (Aizen & Harder, 2009). In various
countries worldwide, this demand shows a more rapid growth than
the number of colonies available for pollination (Aizen, Garibaldi,
Cunningham, & Klein, 2008; Aizen & Harder, 2009). Our study shows
that both the visitation rate of honeybees and the number of honey-
bee colonies in the crops increase seed and fruit productivity world-
wide. However, in contrast to current management assumptions
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(Garibaldi et al., 2017; James & Pitts-Singer, 2008), the relationship
seems to be nonlinear for visitation rate. Current studies are not de-
signed for finding such an optimal level of honeybee hive densities
or honeybee visitation rates, and the relationship between colony
densities and visitation rates is still unclear. These findings open
new important avenues of research. Future studies should measure
colony strength, and take into account crop pollination need and the
presence of wild pollinators in the landscape of the considered crops

to determine the optimal level of honeybee densities.
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