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Commercial blueberry Vaccinium spp. (Ericales: Ericaceae) production relies on insect-mediated pollination.
Pollination is mostly provided by rented honey bees, Apis mellifera L. (Hymenoptera: Apidae), but blueberry
cropyields can be limited due to pollination deficits. Various hive placement strategies have been recommended
to mitigate pollination shortfalls, but the effect of hive placement has received limited formal investigation.This
study explores the effects of clumped and dispersed hive placement strategies on honey bee visitation and
pollination outcomes in “Bluecrop” and “Duke” fields over 2 years (2021 and 2022) within 2 economically im-
portant regions of production in the United States—the Midwest (Michigan) and Pacific Northwest (Oregon and
Washington). Clumping hives consistently increased honey bee visitation rate but did not result in higher fruit
set, fruit weight, or seed count. Increases in honey bee visitation through clumping could perhaps improve
pollination outcomes in more pollination-limited blueberry cultivars and other pollination-dependent crops.
Clumping hives is substantially more efficient and cost-effective for beekeepers due to fewer drop locations
and could lead to cost savings for both beekeepers and blueberry growers without growers sacrificing polli-

nation levels and crop yields.
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Introduction

Production of blueberry, Vaccinium spp. (Ericales: Ericaceae), has
undergone rapid expansion worldwide within the past 2 decades
(Brazelton et al. 2021, Eeraerts et al. 2023a). This crop has the po-
tential to achieve nearly 100% fruit set but is highly dependent on
the quality of pollination and field management (Ehlenfeldt 2001,
Arrington and DeVetter 2018, Kumarihami et al. 2021). Ensuring
sufficient pollination in commercial blueberry fields is challenging,
as pollen limitation has been frequently observed, restricting fruit
set, berry weight, and yield potential (Reilly et al. 2020, Eeraerts et
al. 2024). More specifically, pollen limitation and the contribution of
honey bees and wild bees to blueberry pollination have been reported

to vary among different cultivars and production regions, which has
downstream impacts on yields (Kendall et al. 2020, Cortés-Rivas et
al. 2023, Eeraerts et al. 2023a, 2024, Ramirez-Meija et al. 2023).
Flowers of blueberry are not readily self-pollinated through pas-
sive means as the anthers release pollen through poricidal dehis-
cence, which benefits from buzz pollination, a type of pollination
in which bees use sonication to release pollen (Buchmann 1983).
Honey bees, Apis mellifera L. (Hymenoptera: Apidae), are the most
common pollinator visiting commercial blueberry fields (Eeraerts
et al. 2023a), but they are not capable of buzz pollination and
only incidentally pollinate blueberry by brushing against anthers
while foraging primarily for nectar (Dogterom and Winston 1999,
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Hoffman et al. 2018). Bumblebees Bombus spp. (Hymenoptera:
Apidae) and some solitary bee species can buzz pollinate and are
thus comparatively more efficient pollinators of blueberry on a
single-visit basis (Rogers et al. 2013, Cardinal et al. 2018, Eeraerts
et al. 2023a). Yet, native populations are generally too low in abun-
dance for commercial growers to rely on them solely for pollina-
tion services in modern, large-scale blueberry fields (Isaacs and Kirk
2010, Benjamin and Winfree 2014, Gibbs et al. 2016, Eeraerts et
al. 2023b). Blueberry growers consequently depend on rented honey
bee hives to provide pollination services but are seeking strategies to
improve honey bee mediated pollination in this difficult-to-pollinate
crop (Estravis-Barcala et al. 2021, Mallinger et al. 2021, DeVetter et
al. 2022, Eeraerts et al. 2023b).

Hive placement has the potential to influence pollination
outcomes, but this has undergone little formal evaluation. Many
growers request beekeepers disperse hives adjacent to and along field
edges with the assumption that hive proximity will increase and en-
courage more even foraging throughout the field (Fig. 1). Modeling
efforts using the dioecious crop kiwi Actinidia chinensis Planch.
(Ericales: Actinidiaceae) support this approach and indicate fruit set
will be greater when hives are distributed evenly around a field rela-
tive to hives located in a single point (Li et al. 2022). Yet, empirical
data are lacking. One field study found a “precision-management”
approach with hives distributed around the entirety of a field
increased pollination success and yields of blueberry, but hives in
the precision-management treatment were carefully preselected for

L

[J = one pallet of hives

quality before field deployment and provided intensive care that in-
cluded a dietary supplement and coordinated pesticide applications
whereas the control did not (Cavigliasso et al. 2021). Therefore,
the effects of hive placement in this study may be confounded with
differences in apicultural practices. From a beekeeper’s perspective,
concentrating hives in fewer drop locations via clumping is consid-
erably more efficient than dispersing hives around the field, par-
ticularly in regions where the demand for honey bee hives is large
and overlaps with other fields and crops. It is therefore essential to
understand the implications of hive placement through field-level
evaluations to ensure sufficient crop pollination while minimizing
unnecessary labor, time, and fuel costs for pollinating beekeepers.
Blueberry growers and beekeepers need strategies to optimize
honey bee pollination while protecting bees from pesticide expo-
sure, and hive placement may be 1 component of integrated crop
pollination plans that can support the goals of both groups (Isaacs
et al. 2017, DeVetter et al. 2022). In this study, 2 hive placement
strategies commonly employed in commercial northern highbush
blueberry Vaccinium corymbosum L. (Ericales: Ericaceae) systems
were compared across multiple growing regions with the hive place-
ment strategies identified as “clumped” and “dispersed” (Fig. 1; see
description in the methods). Specific research questions addressed
in this study include the following: (i) How does honey bee hive
placement affect honey bee visitation on northern highbush blue-
berry crop flowers? and (ii) How does honey bee hive placement
affect fruit set, berry weight, and seed count in northern highbush

Fig. 1. Honey bee hive placement strategies commonly employed in commercial blueberry fields include dispersed (A) or clumped (B) configurations. The
dispersed configuration is characterized by single pallets of hives spread along the field edge(s), whereas the clumped configuration is characterized by several
pallets of hives concentrated in drop locations away from the field edge. Schematic diagrams below the photos depict hive placement as well as the location of
the 4, 100-m transects (yellow lines) and observational bushes (red stars). Photos by L.W. DeVetter.
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blueberry? Fields in the Midwest (Michigan) and Pacific Northwest
(Oregon and Washington) were included in the study. Together, these
production regions collectively represent 47% of the total area of
production and ~55% of the supply of cultivated blueberry in the
United States (USDA NASS 2024). Results from this study conducted
across multiple production regions provide critical insights to inform
honey bee placement strategies in northern highbush blueberry, with
application to other pollinator-dependent crops that utilize honey
bees.

Materials and Methods

Study Overview

Data were collected in 2021 and 2022 in blueberry fields in the
Midwest (Michigan) and Pacific Northwest (Oregon and Washington;
Supplementary Fig. S1). Eight sites were utilized in the Midwest in
2021 and 2022. In the Pacific Northwest, data from Oregon were
collected from 6 fields in 2021 and 5 fields in 2022, and Washington
data were collected from 12 sites in both 2021 and 2022 (7 =26
and 25 total sites in 2021 and 2022, respectively; Supplementary
Table S1). Sites were selected based on several criteria. Cultivar was
standardized within each region, and all fields were established (6
years or older) and managed using conventional commercial produc-
tion practices. “Bluecrop” was studied in the Midwest while “Duke”
was the focal cultivar in the Pacific Northwest. To maintain inde-
pendence, field sites were a minimum of 2 km away from other ex-
perimental sites, and sites were selected to ensure landscape was not
correlated with treatment. Fields with nearby apiaries or crops with
overlapping blooms were excluded, and beekeeper variation within
a state was kept to a minimum. An effort was made to keep hive
stocking density consistent within a region, but there was some var-
iation in reported and actual hive density. Actual field-level honey
bee hive densities ranging between 1.36 and 9.35 hives per hectare
(4.23 + 1.87 and 4.01 = 1.71 hives per hectare in 2021 and 2022, re-
spectively (mean = SD) and see Supplementary Table S1). The honey
bee stocking density for each region varied to reflect local pollina-
tion practices but was not correlated with treatment (Supplementary
Table S2; Supplementary Fig. S2).

For each state and year, approximately half of the fields were
assigned the dispersed treatment and half to the clumped treatment
(Supplementary Table S1). Hive placement treatments were con-
sistent for the same fields in the 2 years of sampling, except for 1
farm in Oregon and 1 in Washington. Treatment assignments were
not completely random, as some farms did not have the space for the
clumped treatment (Supplementary Table S1). The dispersed treat-
ment was characterized by single pallets of hives spread along the
field edge, whereas the clumped treatment was characterized by sev-
eral pallets of hives concentrated in 1 to a few drop locations around
the field (Fig. 1). Each pallet in Michigan and Washington contained
4 hives, while there were 6 hives per pallet in Oregon. Hives were
placed so they were in proximity of the blueberry field; however,
distance between the hives and field edges was not consistently meas-
ured across all sites and is thus not reported. Hives in the dispersed
treatment were on average at least 30 cm away from the field edge,
while the distance of the hives in the clumped treatment varied from
6.0 to 17 m away from the field edge, with 1 field in Washington
with hives 508 m away from the field edge. Field size ranged from
1.38 t0 8.39 ha (5.04 = 2.33).

Pollinator Visitation Assessments
Honey bee and other wild insect pollinator visitation was measured
using a modified version of the scan sampling protocol (Vaissiére et

al. 2011). In each of the study sites, 4, 100-m-long transects were es-
tablished prior to data collection. Transects ran along the length of a
row and were in a fixed position near the geometric center of the field
with at least 5 m between each transect. This approach permitted es-
timation of the average pollinator density within a field. In 2022,
transects were established on alternating sides of the row to avoid
fruit damage due to sunburn from intense heat and ultraviolet radi-
ation exposure which occurred in the Pacific Northwest during an
extreme heat event that occurred in the summer of 2021. Transects
started at least 9 m from field edges to avoid potential edge effects.
Scan sampling was conducted once during mid-bloom at each field
between 1,000 and 1,600 h by walking the length of each transect
slowly. While walking the transect, the number of honey bees and
wild bees visiting open blueberry flowers was recorded (wild bee
data not presented). Due to the size of bushes and inability to con-
fidently count pollinators throughout the whole bush, estimates of
pollinator visitation only occurred on the half of the bush facing
the observer. Each transect walk was timed and took approximately
10 min. Weather conditions (air temperature, solar radiation, cloud
cover, humidity, and barometric pressure) were recorded before
and after each scan sampling event. At each site, scan sampling was
performed during mid-bloom and during optimal weather for honey
bees, which is sunny-to-partly sunny, air temperatures above 13 °C,
and low wind speeds (Vaissi¢re et al. 2011).

Pollination Outcomes

Within each transect, pollination outcomes, including fruit set, berry
weight, and seed count, were measured on 5 focal bushes that were
representative of the field and distributed along the transect (7 = 20
bushes per field). Each bush had one branch at mid-canopy height
that was labeled with flagging tape before bloom and had flowers
counted twice during the bloom period for fruit set determination.
After bloom, focal branches were covered with fine mesh bags to
protect developing berries from bird depredation, insect damage,
and accidental harvest. Prior to commercial harvest, ripe, blue fruits
were collected, weighed, and counted to determine fruit set. If mul-
tiple harvests occurred, collected berries were maintained in cold
storage and pooled across harvests by field. By means of the total
berry count and total weight, we determined the weight per 100
berries (gram) as a measure of yield. After harvest, 20 pooled berries
per field were randomly selected to determine the number of seeds
that were extracted and enumerated. Only seeds that were large,
dark brown, and considered viable were enumerated (see Eeraerts et
al. 2023b for methods).

Statistical Analyses

To determine the effect of hive placement treatment (i.e., clumped
vs. dispersed) on honey bee visitation, we used a linear mixed-effects
model through R version 4.1.1 (LME, function lme, R package nlme;
Pinheiro and Bates 2019; and R Core Team 2021). In this model,
honey bee visitation was considered a response variable and hive
placement treatment, honey bee hive density, region, and their in-
teraction were included as fixed variables (full model: y = Region*
HivePlacement + Region*HiveDensity). While the main focus of the
study was on hive placement, hive density was included as a possible
explanatory variable, and correlation analysis showed there were no
correlations between hive placement and field-level stocking densities
across all locations and years (Supplementary Table S2; variance in-
flation factors were also calculated and were <2 for all factors). Two
random effects, sampling year nested in Field ID, were included as
random variables to account for correlated errors within field sites.
Honey bee visitation was calculated as honey bees/transect/hour. For
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the second question, we used LME models to determine the effect
of hive placement treatment on the following response variables: (i)
blueberry fruit set, (ii) berry weight per 100 berries, and (iii) seed
count. In these models, hive placement treatment, hive density,
region, and their interactions were included as fixed variables, and
sampling year nested in Field ID were included as random variables.

Before running each model, we checked the response for nor-
mality and outliers. For each question and response variable, we
tested and reported the full model. After running the models, model
fit of the LME model was evaluated visually by checking the nor-
mality of the model residuals (QQ-plot and plot of the residuals vs.
the fitted values). For honey bee visitation, we applied a log transfor-
mation in order to normalize this response variable and its residuals.

Results

Pollinator Visitation

In total, we counted 34,692 honey bee visits, 965 wild bee visits,
and 557 other wild insect visits to blueberry blossoms. We found
that fields with clumped hives had greater honey bee visitation
compared to fields with dispersed hives (Fig. 2A; Tables 1 and 2).
Honey bee hive density and region did not affect honey bee visita-
tion, and there was no significant interaction between region and
hive placement and region and hive density (Fig. 2B; Tables 1 and
2). In the Midwest, it was estimated that clumping hives resulted
in a 2.6-fold increase [95% CI (0.9, 7.1)] in the average number
of honey bees visiting blueberry flowers. In the Pacific Northwest,
the increase was 1.3-fold [95% CI (0.7, 2.4)]. Honey bee visita-
tion was weakly correlated with temperature during sampling
(Supplementary Table S3).

Pollination Outcomes

Region, hive placement, hive density, and their interactions did not
influence blueberry fruit set, weight per 100 berries, or seed count
per berry (Tables 1 and 2; Fig. 3). Outliers were detected for both
fruit set (7 = 93) and weight per 100 berries (1 = 33), yet excluding
these outliers gave the same results (Supplementary Table S4).

>

-

(&3]

o

o
L

1000 1 §

500 A

Honey bee visitation

cIurrllped dispérsed
Hive Placement Treatment

Discussion

To our knowledge, this is the first robust study that empirically
evaluated how honey bee hive placement strategies influence honey
bee visitation and pollination outcomes in a pollinator-dependent
crop. Results generated from data collected over 2 years and 2 pro-
duction regions showed clumping hives increases honey bee visita-
tion. In addition, pollination outcomes that can serve as indicators
of yield were not affected by hive placement, nor did hive density
or region affect these variables. This is interesting as regional var-
iation in honey bee contributions to blueberry and apple Malus
domestica Borkh. (Rosales: Rosaceae) pollination has been previ-
ously documented (Gibbs et al. 2016, Garratt et al. 2021, Eeraerts
et al. 2023a). Furthermore, cultivar differed by region, and it is
known that there is variation in pollen limitation, the extent that
bees can overcome pollen limitation, and the relationship between
seed number and berry weight across blueberry cultivars (Strik and
Vance 2019, Kendall et al. 2020, Cortés-Rivas et al. 2023, Eeraerts
etal. 2024). Honey bees also have different preferences for blueberry
floral morphologies, and this can translate into different visitation
rates (Courcelles et al. 2013).

The ability of hive placement strategies to influence honey bee
visitation is not well characterized in the literature. Furthermore, it
is not clear how clumping the colonies increases floral visitation in
this study. Additional research on other related variables, including
honey bee behavior, colony strength, and pesticide drift, may lead to
greater understanding of the underlying mechanism(s). Nevertheless,
this work has direct implications for beekeepers and associated polli-
nation costs. When hives are spread throughout the field, it results in
extra time, fuel, and labor for beekeepers during placement, colony
management visits, and hive removal. The results of this project in-
dicate that the costly practice of spreading hives along field edges is
unnecessary and does not improve crop pollination.

Explanations regarding the mechanisms driving the posi-
tive effects of clumping on honey bee visitation are speculative.
Nonetheless, we put forward some potential explanations while
emphasizing that this topic requires more empirical research. One
possibility is that clumping may result in increased communication
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Fig. 2. Honey bee visitation (expressed as a rate of honey bee number per 100-m transect per hour) as a function of the different honey bee hive placement
treatments (A) and study regions (B), 2021-2022. Regions include the Midwest (Michigan) and Pacific Northwest (PNW; Oregon and Washington). Asterisk

denotes significant differences (P < 0.05).
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Table 1. Linear mixed-effect models assessing the effects of honey bee hive placement, honey bee hive density, and region on honey bee
visitation, fruit set, berry weight, and seed count in northern highbush blueberry. Full models are reported with their marginal R?, F-statistic,

and P-values

Response variable Full model R?m Fixed variables F I
Honey bee visitation Region*Placement + Region*Density 0.31 Region 2.68 0.11
Placement 4.77 0.04
Density 0.12 0.73
Region:Placement 1.51 0.24
Region:Density 0.17 0.69
Fruit set Region*Placement + Region*Density 0.10 Region 0.65 0.43
Placement 0.00 0.99
Density 1.56 0.23
Region:Placement 0.73 0.40
Region:Density 0.67 0.42
Weight per 100 berries Region*Placement + Region*Density 0.01 Region 0.19 0.67
Placement 0.28 0.60
Density 0.01 0.91
Region:Placement 0.73 0.40
Region:Density 0.02 0.89
Seed count per berry Region*Placement + Region* Density 0.09 Region 0.52 0.48
Placement 0.56 0.46
Density 0.30 0.59
Region:Placement 1.72 0.21
Region:Density 2.49 0.13

Table 2. Mean and standard errors (SE) of honey bee visitation, fruit set, berry weight, and seed count in northern highbush blueberry for
each level of honey bee hive placement and region [Midwest (Michigan) and Pacific Northwest (PNW; Oregon and Washington)], 2021-
2022. Presented values of honey bee visitation represent back-transformed (non-log transformed) data

Variable Treatment Treatment level Mean SE
Honey bee visitation Placement Clumped 377 24.8
Dispersed 322 45.6
Region Midwest 170 21.1
PNW 424 32.2
Fruit set Placement Clumped 85.7 0.81
Dispersed 85.5 0.86
Region Midwest 77.3 1.19
PNW 89.5 0.60
Weight per 100 berries Placement Clumped 149.0 1.93
Dispersed 147.0 1.98
Region Midwest 153.0 2.27
PNW 145.0 1.73
Seed count per berry Placement Clumped 23.9 0.66
Dispersed 21.9 0.68
Region Midwest 18.6 0.72
PNW 25.3 0.60

between hives due to the close proximity of many colonies in space.
Honey bees rely on highly specialized dances and pheromone cues
to communicate the availability and location of floral resources and
recruit other foragers to these locations (von Frisch 1993, Dornhaus
and Chittka 2004, Bortolotti and Costa 2014). Although honey bees
are skilled at finding the location of their colonies, honey bee drift
occurs when a forager enters the wrong hive, and this can occur fre-
quently when hives are close together, face the same direction, and/or
are the same color (Free 1958, Boylan-Pett and Hoopingarner 1991,
Sekulja et al. 2014). The proximity of hives in the clumped treatment
may lead to more instances of drift that increases communication
between hives, resulting in increased foraging fidelity to blueberry
blossoms. Clumping could also increase honey bee visitation in fields
by limiting the availability of floral resources close to the colonies.
Honey bees prefer to forage near their colonies when floral resources

are available (Steffan-Dewenter and Kuhn 2003, Pascual Tudanca
et al. 2024). When hives are clumped, nearby floral resources may
be more quickly depleted, which could manifest into more foragers
looking for floral resources further away from the colony and adja-
cent crops.

Although clumping hives resulted in greater honey bee visitation,
the hive placement treatment did not affect pollination of blueberry
under the conditions of the study. Pollination may have been suffi-
cient regardless of differences in honey bee visitation (Gibbs et al.
2016, Eeraerts et al. 2023b, 2024). Individual blueberry flowers
require 30-100 pollen tetrads to maximize fruit set and berry
size, although this number has been found to depend on whether
the pollen is self or outcrossed (Dogterom et al. 2000, Sun et al.
2021). However, more recent work with southern highbush blue-
berry suggests optimal pollen deposition ranges between 112 and
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Fig. 3. Pollination outcomes of highbush blueberry expressed as fruit set (%, A, B), berry weight per 100 berries (C, D), and seed count per berry (E, F) as a
function of hive placement treatment and study region in the Midwest (Michigan) and Pacific Northwest (PNW; Oregon and Washington), respectively. Data were

collected between 2021 and 2022.

274 tetrads (Ramirez-Mejia et al. 2024b, and reviewed in DeVetter
et al. 2022). Blueberry pollen tetrad load varies by body subregion
on a honey bee and ranges from 16 tetrads on the fore tarsal claws
to 400 tetrads on the basitarsi (Hoffman et al. 2018). This indicates

that a single floral visit by a honey bee could lead to sufficient pollen
transfer to completely pollinate the flower, although other studies re-
port 5-15 honey bee visits are required to optimize stigmatic pollen
deposition or maximize blueberry fruit weight (Danka et al. 1993,
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Rogers et al. 2013, Kendall et al. 2020, Ramirez-Mejia et al. 2024b).
Additionally, pollination limitations can be cultivar-specific and in-
fluence insect pollination-dependency within a species (Guerra and
Rodrigo 2015, Garratt et al. 2021). Indeed, Eeraerts et al. (2024)
synthesized pollination deficits in northern highbush blueberry
across 11 studies and showed “Duke” experienced no pollination
deficits, whereas “Bluecrop” experienced deficits in berry weight and
seed count. “Duke” is one of the most widely planted blueberry cul-
tivar in the Pacific Northwest (Strik et al. 2014), which is why it
was selected for the study. However, these findings emphasize the
importance of considering cultivars with varying pollination depen-
dencies to better determine the impacts of pollination treatments
on yield components (Kendall et al. 2020, Cortés-Rivas et al. 2023,
Ramirez-Mejia et al. 2023, Eeraerts et al. 2024). Many management
factors also influence pollination outcomes in blueberry. Field age,
bush density, weed management style, irrigation, use of mulches, soil
conditions, fertilizer use, pest and disease management, and use of
plant growth regulators all contribute to blueberry yields and can in-
teract with each other and influence the pollination success of blue-
berry and other crops (Melathopoulos et al. 2014, Retamales et al.
2015, Hanson and Kelsey 2019, Tamburini et al. 2019). Isolating a
single factor to evaluate its effects on insect-mediated pollination is
challenging and more controlled studies are needed to untangle the
influence of these factors.

Placement of hives close together increased honey bee visita-
tion, which has the potential to increase yield outcomes in blueberry
cultivars that are pollination limited as well as other pollinator-
dependent crops. Studies on the effect of hive placement on honey
bee visitation and berry outcomes are limited. A modeling study in
apple assessed the impact of hive spatial arrangements on pollination
and found distance between hives to be unimportant, whereas hive
density, proportions of focal crop, natural habitats, mass-flowering
crops, and edge density in the landscape were significant predictors
of floral visitation and pollination (Santibafiez et al. 2022). Another
study in almond Prunus dulcis (Mill.) DA Webb (Rosales: Rosaceae)
showed spatial arrangement of hives affected pollination with fewer
colonies per placement (<100) arranged so that more trees are within
400 m of colonies as being beneficial for pollination (Cunningham
et al. 2016).

The lack of hive density effects on both honey bee visitation and
blueberry pollination is interesting. Attempts were made at the onset
of this study to standardize hive density across treatments, yet there
were discrepancies in reported and actual hive densities that led to
large variations in hive densities across sites and regions. The lack
of an effect from variations in field-level hive density on honey bee
visitation and pollination corresponds with other studies in blue-
berry (Benjamin and Winfree 2014, de Groot et al. 2015, Mallinger
etal. 2021, Eeraerts et al. 2023b) and other crops including pumpkin
Cucurbita spp. (Cucurbitales: Cucurbitaceae), apple, and almond
(Peterson et al. 2013, de Groot et al. 2015, Alomar et al. 2018). Yet,
sometimes positive effects of increasing stocking density are detected
(blueberry: Benjamin and Winfree 2014, Arrington and DeVetter
2018, pumpkin: Artz et al. 2011, apple: Osterman et al. 2021, sweet
cherry Prunus avium L. (Rosales: Rosaceae): Osterman et al. 2023).
Variation across studies might be explained by the discrepancies in
grower-reported and actual hive stocking densities (Benjamin and
Winfree 2014). Additionally, large variations in hive densities in
neighboring fields (Anders et al. 2023, Eeraerts et al. 2023b), varia-
tion in colony strength (Cavigliasso et al. 2021, Grant et al. 2021), or
other aspects of the landscape surrounding the farm may contribute
to these discrepancies similar to other mass-flowering crops or nat-
ural habitat (Eeraerts et al. 2017, Osterman et al. 2021). Indeed, the

foraging range of honey bees extends far beyond field edges in which
hives are placed (Visscher and Seeley 1982, Beekman and Ratnieks
2000, Steffan-Dewenter and Kuhn 2003); hence, we argue that a
more holistic landscape perspective is required to optimize honey
bee management at the farm level.

Hive strength or population size of the colony is another important
variable rarely accounted for in pollination studies, with stronger hives
associated with higher blueberry yields (Grant et al. 2021). Recent
work has also demonstrated the intuitive interplay between hive
quality and stocking density, with lower stocking densities being re-
quired to achieve maximum pollination in blueberry when hives are of
high quality, whereas higher stocking densities are necessary to maxi-
mize pollination when hive quality is low (Ramirez-Mejia et al. 2024a).
Colony strength was not controlled for in this study and represents one
limitation given it is possible hives of variable quality were not ran-
domly distributed across the experimental sites. Practically, however,
the findings from this study combined with previous research highlight
the relationships between stocking density, hive strength, and place-
ment in the landscape, and these should all be factors considered when
developing honey bee-encompassing pollination plans.

Overall, this study showed that honey bee hive placement should
be considered within integrated crop pollination plans (Isaacs
et al. 2017, DeVetter et al. 2022), with clumping hives increasing
honey bee visitation compared to dispersed placement strategies
within commercial blueberry fields. The mechanisms for increased
honey bee visitation via clumping hives are speculatory at this time,
and further research is needed to identify what drives increases in
honey bee visitation. Although gains in honey bee visitation were
not associated with improved pollination outcomes, it is impor-
tant to underscore that declines in pollination were not observed
with clumping, so there is no revenue reduction for the grower
expected from this approach. Additionally, cultivars with greater
pollination-dependency may in fact show improvements in polli-
nation outcomes with increased honey bee visitation from clumped
hives. The clumped configuration also has potential benefits that we
will be exploring in ongoing and future studies, such as decreased
exposure to pesticide drift and lower beekeeper costs for deploying,
maintaining, and removing hives, given that this placement strategy
entails fewer drops per field location. Hive placement is dictated by
spatial considerations, and some fields may not have the area to se-
lect one placement strategy over another. Regardless, beekeepers,
growers, and consultants can consider clumping hives when feasible,
and this strategy is expected to increase honey bee visitation and
potentially pollination outcomes in pollen-limited cultivars or crops.
Greater honey bee visitation from clumping hives may also allow
growers to reduce honey bee hive densities, which could lead to cost
savings and mitigate concerns about resource competition with wild
pollinators (Mallinger et al. 2017). Beeckeepers also have the poten-
tial to improve their profitability through this more efficient place-
ment strategy when field conditions permit.
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