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Summary

1. Plantings of pollinator-dependent crops vary from large, intensively managed fields to small

fields that are managed less intensively, yet there is relatively little information on how pollinator

populations and their contribution to crop productivity vary across this gradient.

2. We determined the relative importance of wild bees and managed honey bees Apis mellifera L.

for crop pollination in the blueberryVaccinium corymbosum L. system ofMichigan, USA, by com-

paring bee communities in small, isolated blueberry fields with those in large blueberry fields

(stocked with managed honey bee hives) and measuring the difference in yields of open-pollinated

and pollinator-excluded clusters of flowers. We combined these assessments to calculate the contri-

bution of bees to crop production in this system.

3. Wild bees were the dominant pollinators in small fields, comprising 58% of flower-visiting bees,

whereas 97% of bees in large fields were honey bees. Large fields had four times as many bees visit-

ing flowers than small fields, but only one-tenth asmany bumble bees as small fields.

4. Levels of fruit set exceeded 85% in all fields and were similar between field sizes. Berry weight

increased with flower exposure to pollinators and was positively correlated with bee abundance.

Berry weights from open-pollinated flowers were twice as high in large fields compared with small

fields.

5. By combining berry weight increases attributable to honey bees and wild bees in blueberry fields

with measurements of the bee community adjusted for pollinator efficiency, we calculated the rela-

tive contributions of honey bees and wild bees to pollination of Michigan blueberries. We estimate

that wild bees provide 82% of the pollination in small fields but only 12% of the total pollination

services across this system, mostly through their secondary role in large fields.

6. Synthesis and applications. Wild bees are the primary pollinators of small blueberry fields, but

these insects are at low abundance in large fields, perhaps due to a lack of nesting resources or com-

petition for resources with honey bees. Our findings highlight the dependence of commercial fruit

producers on honey bees and suggest that increasing the pollination contribution of other bees, par-

ticularly bumble bees, in large fields will require that growers adopt wild bee conservation strategies

or stock their fields with managed colonies. Quantifying the contributions of managed and wild

pollinating bees across the range of crop production scenarios will help to direct development of

integrated crop pollination strategies to minimize the risk of pollination deficits affecting food

production.
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Introduction

Intensive production of pollinator-dependent crops has caused

a shift from reliance on wild bees to dependence on managed

honey bees to achieve the high rates of pollen transfer required

in commercial agricultural systems (DeGrandi-Hoffman

1987). The ease of use and reliability of honey bees for crop

pollination has led to beekeepers renting their hives to supply

pollination services to farmers. Colonies of honey bees can be

moved to fields in large numbers during bloom and removed

to safety before pest management activities resume, making

them highly suitable for intensive fruit and vegetable produc-

tion that require pollination and pest control for maximum*Correspondence author. E-mail: isaacsr@msu.edu
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yields. Such pollinator-dependent crops comprise an increas-

ing proportion of global food production (Aizen et al. 2008),

emphasizing the need to maintain the long-term health of bees

for crop pollination.While most fruit farmers rely onApis mel-

lifera for pollination (Delaplane & Mayer 2000), wild bees are

also present in crop fields and provide pollination services of

considerable economic value (Losey & Vaughan 2006; Klein

et al. 2007). Wild bee-mediated crop pollination in the United

States is estimated to be worth $3Æ1 billion annually (Losey &

Vaughan 2006), compared with $15 billion for honey bees

(Morse &Calderone 2000).

The surrounding landscape can be an important factor

affecting the pollination of crop fields (e.g. Kremen, Williams

& Thorp 2002; Ricketts 2004; Kim, Williams & Kremen 2006;

Williams & Kremen 2007), but there are also reports from

vegetable farms in the diverse landscapes of the eastern US in

which wild bee abundance did not vary significantly with

landscape parameters (Winfree et al. 2007b). This may reflect

the importance of in-field characteristics for bee abundance in

farms set in diverse landscapes (e.g. Shuler, Roulston & Farris

2005) with high proportions of wooded land. Recent valua-

tions of pollination services (e.g. Morse & Calderone 2000;

Losey & Vaughan 2006; Klein et al. 2007) assume consistent

contributions of bees to pollination independent of field size

because there is relatively little information on the response of

bee communities to this scaling factor in agriculture (Ricketts

et al. 2008). Understanding how wild bees respond to the agri-

cultural intensification reflected in larger field sizes is therefore

an important component of accurate valuation of their contri-

bution to crop production. Field size is a useful parameter to

represent the degree towhich crop production has been intensi-

fied (Roschewitz, Thies & Tscharntke 2005; Herzog et al.

2006), as farms with small fields are more likely to have other

flowering plants as alternative bee forage and lower pesticide

inputs. The wild bee community at these farms may be suffi-

ciently large and diverse to provide consistently high levels of

pollination (Kim, Williams and Kremen 2006; Holzschuh

et al. 2007; Winfree et al. 2007b). At the opposite end of this

spectrum are commercial farms with large fields characterized

by a low ratio of natural- to crop-land, use of herbicides to con-

trol weeds and use of broad-spectrum insecticides before and

after bloom. The combined effect of these practices is expected

to reduce the suitability of such fields for wild bees, thereby

limiting the services they can provide to nearby crop fields

(Corbet, Saville & Osborne 1994; Steffan-Dewenter &

Tscharntke 1999; Carvell et al. 2006; Kleijn & van Langevelde

2006; Fitzpatrick et al. 2007). One consequence of such inten-

sive crop production is that fields become dependent on man-

aged pollinators for productivity, thus increasing the risk that

unfavourable weather conditions or pollinator shortages will

cause a deficit of pollen deposition and will limit yield (Kevan

1990; Torchio 1990; Allen-Wardell et al. 1998). Given current

concerns about the long-term health of honey bees from pests

and diseases (Watanabe 1994; Berenbaum 2007), it is impor-

tant to quantify the value of wild bees and honey bees to agri-

cultural crops that depend on pollination and to do this across

the range of contexts in which crops are produced.

Plants dependent on bees for pollen transfer include many

perennial fruiting crops, such as the various commercially

produced species of blueberry (Delaplane & Mayer 2000). To

produce large berries, highbush blueberry requires deposition

on the stigma of sufficient pollen tetrads from a compatible

cultivar (Marucci & Moulter 1977; MacKenzie 1997; Dogter-

om 1999; Dogterom, Winston & Mukai 2000). This pollina-

tion service is provided by the combined activities of

managed A. mellifera and wild bees, and many types of wild

bees have higher relative pollination efficiencies on blueberry

flowers than honey bees (Javorek, MacKenzie & Vander

Kloet 2002). Availability of the relative pollination efficien-

cies of different bee species or groups visiting blueberry flow-

ers from Javorek, MacKenzie & Vander Kloet (2002)

provides adjustment factors for calculating adjusted pollina-

tion potential from bee abundance data. Highbush blueberry

flowers grown in the eastern regions of the United States are

visited by a community of wild bees including Bombus spp.

and numerous species of andrenid and halictid bees (Mac-

Kenzie & Winston 1984; Cane & Payne 1993; MacKenzie &

Eickwort 1996; Drummond & Stubbs 1997; Sampson &

Cane 2000; Tuell, Ascher & Isaacs 2009). Many of these wild

bees exhibit the appropriate behaviours to release pollen

from the poricidal anthers of blueberry (Buchmann 1983),

and they have high fidelity to blueberry flowers during bloom

(Cane & Payne 1988; Javorek, MacKenzie & Vander Kloet

2002; Tuell, Ascher & Isaacs 2009). As commercial blueberry

production has become more intensive over the past 50 years,

field sizes and flower densities during bloom have increased

such that in regions of intensive production such as south-

west Michigan, USA, well-managed fields produce as many

as 30 million flowers per hectare (A.K. Kirk, unpublished

data) and large farms may have 50–100 ha of contiguous

crop fields. To achieve pollination of this very high density of

flowers during a few weeks in the spring, most blueberry pro-

ducers augment the wild bee population by renting 2–12 col-

onies of honey bees per hectare (R. Isaacs, unpublished

data). Understanding the agricultural settings under which

wild bees and honey bees provide crop pollination can help

to refine estimates of their value to agriculture and will help

focus efforts to maintain the essential services from these

insects that help ensure production of fruit and vegetable

crops (Klein et al. 2007; Kremen et al. 2007; Allsopp, De

Lange & Veldtman 2008).

Our goal in this study was to determine whether the abun-

dance of wild and managed bees varies with the size of blue-

berry fields, and to determine whether pollination varies

between these different field sizes selected to represent the

extreme situations of reliance on wild bees or honey bees. We

tested the following hypotheses: (i) bee abundance, species

composition and adjusted pollination potential vary between

field sizes and positions; (ii) open-pollinated clusters have

greater fruit set, berry size and seed number in large fields than

in small fields and (iii) the difference in fruit between pollina-

tor-excluded and open-pollinated flowers is greater in large

fields than small fields. Finally, the parameter estimates from

our measurements under field conditions were used to estimate
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the relative contributions of wild bees and honey bees to blue-

berry producers in this region.

Materials and methods

F IELD SITES

All sites for this study were in the primary region of highbush blue-

berry production across southwest Michigan (Fig. 1) and were of the

‘Jersey’ cultivar ofVaccinium corymbosum. We selected six small non-

commercial fields of 0Æ05–0Æ40 ha size and six large commercial blue-

berry fields of 0Æ6–6Æ79 ha size, and sampled at the edges and interiors

of these fields. Small fields were isolated from other blueberry fields

by at least 3 km and were nested within diverse landscapes dominated

by woodland, other blueberry fields or other agriculture. Large fields

were all part of commercial blueberry farms, with total areas of pro-

duction exceeding 5 ha. Honey bee stocking density was determined

from observations at the fields; large fields were stocked with recom-

mended rates of honey bees (average ± SE of 7Æ2 ± 1Æ2 colonies

ha)1), whereas only one small field was stocked with colonies

(0Æ4 ± 0Æ4 colonies ha)1) (U = 2Æ88, P = 0Æ004). Large fields also

received weed, disease and insect control inputs, fertilizer, tillage of

row middles and overhead irrigation, whereas small fields received

lower levels of maintenance. Field area and linear distance from the

perimeter sampling site (see below) to the nearest woods (the domi-

nant other landscape type) were determined at each sampled field

using aerial imagery from the Geospatial Data Gateway (version 3.0

at http://datagateway.nrcs.usda.gov) within a GIS (ArcGIS 9, ESRI,

Redlands, CA, USA). Large fields (2Æ3 ± 0Æ94 ha) were significantly

bigger than the small fields (0Æ02 ± 0Æ07 ha) (U = 2Æ88, P = 0Æ004).
Fields were located in landscapes with varying distance to woodland,

but there was no significant difference in distance to woods between

large fields (median: 5Æ3 m) and small fields (7Æ7 m) (U = 0Æ80,
P = 0Æ43).

BEE ABUNDANCE DURING BLOOM

The number of pollinating insects visiting blueberry flowers was

recorded at each site on two separate days during bloom in May and

June 2008. During each sample, the number and identities of bees

making legitimate visits to flowers (contacting the stigma end of the

flower) were recorded for 5 min in each of 10 sections of the field.

During each sample, observers counted bees while walking along the

rows and observing one side of c. 10 bushes. The 10 samples were dis-

tributed across five rows at the field margin and at the interior of each

field on the same five rows, for a total sample of 50 bushes per loca-

tion. Counts of pollinators were performed between 9:30 am and 6:00

pm (with the majority sampled between 10:00 am and 4:00 pm) when

temperature and wind speed conditions were appropriate for pollina-

tor activity. Insects making legitimate visits to blueberry flowers were

recorded as either A. mellifera honey bees, andrenid bees, halictid

bees,Bombus spp. bumble bees (almost all queens) or Eastern carpen-

ter bees Xylocopa virginica L. These insects performed more than

99% of the legitimate flower visits to blueberry flowers observed in

this study.

The abundance of all bees and of each separate group of bees

observed visiting blueberry flowers was compared using a two way

analysis of variance (anova) using field size (large vs. small) and sam-

ple position (edge vs. interior) as the main factors (proc mixed, sas 9.2,

Cary, NC, USA). Preliminary analysis keeping the two sample dates

separate did not reveal any significant between-date variation so the

two samples were averaged for each site. To determine the efficiency-

adjusted pollination potential at each site, the abundance of the differ-

ent pollinators was multiplied by the appropriate efficiency factor to

account for variation in pollen deposition rate and tempo among the

different bee groups. Efficiency values were based on Javorek, Mac-

Kenzie & Vander Kloet (2002), in which bumblebees are 6Æ5 times

andAndrena spp. are 3Æ5 timesmore efficient thanA.mellifera at blue-

berry pollination. We also applied a 3Æ5 efficiency factor to halictid

bees because of their similar size and behaviour on blueberry flowers

(R. Isaacs, pers. obs.). Xylocopa are considered nectar robbers but

have also been shown to provide pollination of rabbiteye blueberry

V. ashei (Sampson, Danka & Stringer 2004). Consequently, their

abundance was not adjusted for relative efficiency and they were

assumed to be as efficient as honey bees.

BLUEBERRY FRUIT SET AND QUALITY

At each sampled field, five bushes at the perimeter and five bushes at

the interior were selected, spread across five adjacent rows in each

location. Interior samples were at the field center, or up to 60 m into

the fields. On each selected bush, a group of three similar-aged flower

clusters with flowers close to opening (hereafter, clusters) were

marked with flagging tape on each of two shoots. One shoot was ran-

domly designated to be open pollinated while the other had pollina-

tors excluded by surrounding the group of clusters with a loose mesh

bag attached to the stem with a wire twist-tie. Comparison between

open-pollinated and pollinator-excluded flower clusters allowed for

estimation of the amount of fruit set and yield attributable to insect

visitation to flowers, and helped to account for between-field varia-

tion in field health. The number of unopened flowers on clusters was

counted on each shoot between 15 May and 10 June 2008 when the

number of flowers was easily observed. Approximately, 1 month

Allegan
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Berrien

Lake Michigan

N
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Fig. 1. Location of blueberry fields sampled for the composition of

flower-visiting bees and for fruit productivity parameters in south-

westMichigan, 2008. The county names are provided, and black stars

denote the location of large fields (n = 6), while white stars show the

location of small fields (n = 6).

Field size and blueberry pollination 843

� 2010 The Authors. Journal compilation � 2010 British Ecological Society, Journal of Applied Ecology, 47, 841–849

 13652664, 2010, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/j.1365-2664.2010.01823.x by C

ochrane C
hile, W

iley O
nline L

ibrary on [14/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



later, the number of fruit on clusters was counted, and the proportion

of fruit set was determined.When c. 50%of the berries were ripe, ber-

ries from clusters were collected and brought to the laboratory. This

provides berries in which seeds are set, it avoids loss of overripe ber-

ries to predation or disease, and provides similar fruit weight data

compared with harvesting each berry as it ripens (J.K. Tuell, unpub-

lished data). The total weight of berries and number of berries per

cluster was recorded, and these berries were also squashed inside a

plastic bag and the numbers ofmature seeds recorded.

Flower and fruit data were analysed using the same anova

method described above. Before analysing the fruit data, the

number of flowers in each cluster was compared between man-

agement intensity and position to first determine whether there

was any bias in the sample size. The same analysis was per-

formed on fruit parameters of open clusters and on the difference

in fruit parameters between bagged and open clusters. All propor-

tion fruit set data were arcsine transformed prior to analysis. To

determine the relationship between bee abundance and the

increase in blueberry fruit set or berry weight, regression analysis

was performed using proc reg (sas 9.2) for both field sizes sepa-

rately and all fields together.

VALUE OF POLLINATION

To estimate the economic value of pollination in small and large blue-

berry fields, data from a survey ofMichigan blueberry farms (USDA-

NASS, 2008) were used to calculate the proportion of fields that were

£0Æ4 ha (1 acre) and larger than this area, i.e. in the two classes of

fields sampled in this study. These values were then combined with

our measured values of flower density, fruit set and change in berry

weight to estimate the total yield from pollination in small and large

fields. Using the relative proportion of adjusted pollination potential

provided by honey bees andwild bees, the proportion of the yield sup-

ported by these two groups of bees was determined for both large and

small fields.

Results

POLL INATOR COMMUNITY

Blueberry flowers were visited by a community of bee species

includingA.mellifera,Bombus impatiens, andrenid bees (domi-

nated by Andrena carlini and A. carolina), halictid bees and

Xylocopa virginica (Table 1). Overall, significantly more bees

were observed during bloom in large fields than in small fields

(F1,20 = 25Æ5, P < 0Æ0001) with no significant variation based

on position of the samples (F1,20 = 0Æ16, P = 0Æ69). This pat-
tern of bee abundance was dominated by Apis mellifera which

was by far themost abundant flower-visiting bee at large farms

(96Æ8% of the 2202 bees observed). In contrast, A. mellifera

was less common than wild bees at small farms (42Æ3% of the

442 bees observed) (Fig. 1). More than 10 times as many

A. mellifera were observed at large farms than at small farms

(F1,20 = 30Æ7, P < 0Æ0001), reflecting the varying stocking

strategies. This pollinator was distributed evenly across the

fields in both field types, with no significant variation between

the sampling positions (F1,20 = 0Æ14,P = 0Æ72) and no signifi-
cant interaction between field size and position (F1,20 = 0Æ01,
P = 0Æ97).
The abundance of other pollinators varied according to the

type of wild bee, with some varying according to the field size

and others not affected by this factor. Bumble bees comprised

32Æ4% of the bees observed visiting flowers in small fields and

0Æ4% in large fields, and their abundance in fields of different

sizes was opposite to that of honey bees: small fields had over

10 times more bumble bees than the large fields (F1,20 = 10Æ3,
P = 0Æ004) (Table 1). Bumble bees were also distributed

evenly across fields, with no significant variation between the

two sampled positions (F1,20 = 0Æ002, P = 0Æ99). Andrenid

bees comprised 12Æ2% of the bees observed in small fields and

1Æ3% in large fields, while X. virginica comprised 10% in small

fields and 0Æ9% in large fields. Halictid bees were the least

abundant native bees, comprising 3Æ2% of the bees in small

fields and 0Æ5% in large fields (Fig. 1). For each of these bee

types, due to inter-farm variability there was no significant var-

iation in their abundance between field sizes or positions

(F1,20 < 1Æ4,P > 0Æ25) (Table 1).

Calculation of the adjusted pollination potential from bee

abundance data and efficiency values resulted in a smaller

discrepancy between field sizes than was seen for abundance

data (Fig. 2), although honey bees remained the dominant

pollinator in large fields. The adjustment for pollinator effi-

ciency revealed that small fields receive an estimated 82% of

their pollination from wild bees while large fields receive only

c. 11% from wild bees, the remainder from honey bees. The

overall adjusted pollination potential was c. 70% higher in

large than in small fields (194Æ5 ± 26Æ5 vs. 113Æ7 ± 26Æ5 esti-

mated honey bee equivalents) (F1,20 = 4Æ63, P = 0Æ044)
(Fig. 2).

Table 1. Average number of bees per 50 bush sample observed making legitimate visits to blueberry flowers during sampling at the edge and

interior of small and large blueberry fields in southwestMichigan, 2008

Pollinator

Small fields (n = 6) Large fields (n = 6) P value

Edge Interior Edge Interior Field size Sample position

Apis mellifera 21Æ3 ± 10Æ4 9Æ8 ± 3Æ8 182Æ7 ± 37Æ9 172Æ7 ± 43Æ1 0Æ0001 0Æ72
Bombus spp. 11Æ3 ± 4Æ8 12Æ0 ± 5Æ0 1Æ0 ± 0Æ5 0Æ5 ± 0Æ2 0Æ005 0Æ96
Halictids 1Æ5 ± 0Æ4 0Æ8 ± 0Æ5 1Æ5 ± 1Æ3 0Æ5 ± 0Æ2 0Æ83 0Æ28
Andrenids 3Æ7 ± 1Æ4 5Æ3 ± 3Æ2 1Æ2 ± 0Æ7 3Æ7 ± 1Æ5 0Æ28 0Æ29
Xylocopa virginica 4Æ8 ± 2Æ5 2Æ5 ± 1Æ2 2Æ3 ± 1Æ8 1Æ0 ± 0Æ8 0Æ25 0Æ29

Each location was sampled for a total of 50 min.

844 R. Isaacs & A. K. Kirk
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BLUEBERRY FRUIT SET AND QUALITY

The number of flowers on the three clusters measured for fruit

productivity assessments was similar in small (27Æ2 ± 0Æ9 flow-
ers per sample) and large (28Æ5 ± 0Æ9 flowers per sample) blue-

berry fields, and was similar across sampling locations,

indicating no bias in the size of clusters measured. In addition,

the fruit set, berry weight and seed counts of clusters that were

bagged to exclude pollinators (and thereby measure partheno-

carpic set fruit) were not statistically different between field

sizes or positions, indicating little variation in the underlying

ability of flowers to set fruit. The proportion of open-polli-

nated flowers that were set to become berries was slightly

higher in large fields (0Æ92 ± 0Æ02%) than in small fields

(0Æ89 ± 0Æ02%), but this difference was not statistically signifi-

cant (F1,20 = 1Æ14, P = 0Æ29), and there was no significant

variation in fruit set between sampling positions (Table 2).

Fruit on open-pollinated clusters weighed 50% more in large

fields compared with small fields (F1,20 = 18Æ27, P = 0Æ0004)
(Table 2) and there was no difference between sampling posi-

tions (F1,20 = 0Æ3, P = 0Æ87). This increase in fruit size was

associated with an increase in the number of seeds per berry,

with higher seed counts in berries from large fields compared

with those from small fields, but no variation between the field

positions (field size F1,20 = 14Æ6, P = 0Æ0011; field position

F1,20 = 0Æ31,P = 0Æ58) (Table 2).

Calculation of the difference in fruit parameters between the

bagged and open clusters on each bush provides a measure of

the benefit provided by pollination, taking into account the

underlying parthenocarpic productivity potential of each blue-

berry bush (Eck 1988). There was little change in fruit set

between pollinator-excluded and open-pollinated clusters

(3Æ24% increase in large fields and 5Æ2% increase in small

fields), with no difference in fruit set between field sizes

(F1,20 = 0Æ14, P = 0Æ72) or field position (F1,20 = 0Æ00,
P = 0Æ98). Exposure to pollinators had a much larger effect

on berry weight: berries in large fields were 0Æ38 g heavier on

average in large fields when exposed to pollinators, but only

0Æ14 g heavier in small fields when exposed (F1,20 = 12Æ28,
P = 0Æ002), and with no difference between field positions

(F1,20 = 0Æ13, P = 0Æ72). There was also a much higher num-

ber of mature seeds per berry in open-pollinated fruit from

large fields (22Æ6 ± 2Æ7) than from small fields (13Æ5 ± 3Æ1)
(F1,20 = 14Æ47, P = 0Æ0011), with no significant variation

between the sampling positions (F1,20 = 0Æ39, P = 0Æ54)
(Table 2). Pollinator-excluded clusters contained berries with

<25% of the seeds found in open-pollinated berries, and with

no significant difference in seed counts between field sizes.

Therewere 2Æ5 ± 0Æ7mature seeds per berry in fruit from large

fields compared with 3Æ2 ± 0Æ8 in the small fields

(F1,20 = 0Æ56,P = 0Æ47).
Across all 24 sampling locations, bee abundance adjusted

for pollination efficiency was positively correlated with the

change in berry weight (r2 = 0Æ36, F1,22 = 25Æ5, P < 0Æ001).
The response to pollination was different between the field

sizes; berry weight change between bagged and open clusters

ranged from )0Æ08 to 0Æ32 g in small fields where bee abun-

dance was lower, whereas it ranged from 0Æ08 to 0Æ82 g in large

fields that had the highest level of bee abundance (Fig. 3).

Regression analysis of bee abundance and change in berry

weight conducted separately for small or large fields revealed a

positive correlation in small fields (r2 = 0Æ38, F1,10 = 6Æ22,
P = 0Æ03), and in large fields there was a similar trend,

although no significant correlation (r2 = 0Æ29, F1,10 = 4Æ05,
P = 0Æ07) (Fig. 3).

VALUE OF WILD AND HONEY BEES IN SMALL AND

LARGE FIELDS

To estimate yield in large and small blueberry fields, we

assumed two constant values: a standard bush spacing of

4 · 9 ft, equivalent to 2691 bushes per hectare (b), and 11 016

flowers per mature V. corymbosum, cv. Jersey bush (f) (A.K.

Kirk, unpublished data) (Table 3). Using our average values

of proportion fruit set (fs) in open-pollinated clusters, and the

change in berry weight between bagged and open clusters

(Dbw) averaged across field positions for each separate repli-

cate field in each size category, we predicted average ± SE
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Fig. 2. Pollinator community composition in small and large high-

bush blueberry fields, presented as the average number of bees

observed in 50-min sampling (top) and the adjusted pollination

potential, i.e. adjusted for relative pollinator efficiency after Javorek,

MacKenzie &Vander Kloet (2002) (bottom).
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yield supported by pollination of 3753 ± 854 kg ha)1 in small

fields and 10 267 ± 1683 kg ha)1 in large fields (Table 3).

The areas of small and large fields across the Michigan blue-

berry industry determined from the USDA-NASS survey (aS
and aL respectively) were used to estimate the total yield (in

tonnes) from each size category. The yield in each field size was

then partitioned into being derived by the pollinating action of

honey bees (Yhb) or wild bees (Ywb) using values of the propor-

tion of yield from honey bees and wild bees, Phb and Pwb, cal-

culated for each field from the adjusted pollination potential

values. These yield contributions for honey bees and wild bees

were calculated using eqns 1 and 2 respectively. In these equa-

tions, subscripts S and L refer to values from small and large

fields respectively.

Yhb ¼ ðb�f�fsS �DbwS �aS �PhbSÞ
þ ðb�f�fsL �DbwL �aL �PhbLÞ eqn1

Ywb ¼ ðb�f�fsS �DbwS �aS �PwbSÞ
þ ðb�f�fsL �DbwL �aL �PwbLÞ eqn 2

From these calculations, we estimate that over 99% of the

blueberries produced in Michigan are from large fields. As a

result of their dominance in large fields, honey bees support

88Æ2% of the total yield increase from pollination in this blue-

berry industry (Table 3). The remaining 11Æ8% is from wild

bees that support the vast majority of yield increase in small

fields, but which have the greatest contribution to this whole

system through their secondary role in the more dominant

large field scale of blueberry production.

Discussion

Our results show that agricultural intensification strongly

affects the abundance of wild bees and their contribution to

crop pollination in blueberry fields, both at individual field and

state-wide scales. The lower contribution of wild bees in large

compared with small fields was seen in absolute and relative

terms: fewer bumble bees were observed in large fields and

these fields also had high abundance of honey bees from

managed colonies that provided the majority of pollination

services. Wild bees are the primary pollinators in small fields,

but because this size of field constitutes a small fraction of

Michigan blueberry fields, and because honey bees are the

most common in large fields, we estimate that wild bees pro-

vide just over 10% of the pollination services to the Michigan

blueberry industry. Our findings emphasize the need to

consider the degree of agricultural intensification when valuing

the pollination services provided bywild andmanaged bees.

Intensive crop production is expected to negatively impact

wild bee populations through the combined effects of reduced

habitat, lower diversity and abundance of flowering plants

through the season or increased pesticide use (Kevan 1990;

Banaszak 1992; Corbet, Saville &Osborne 1994;Winfree et al.

2009). The lower counts of bumble bees in large fields in this

study are likely to be due to a combination of such factors, as

modern blueberry production methods include these land use

changes and management inputs (Pritts & Hancock 1992;

Mallampalli & Isaacs 2002). We did not detect a response to

field size ⁄management intensity in two other abundant groups

of blueberry pollinators, andrenid and halictid bees, which are

the primary non-Apis bees present in blueberry fields during

bloom (Tuell, Ascher & Isaacs 2009). The variable sensitivity

to field size may reflect the varying life histories, in which bum-

ble bees require access to toxin-free habitat and flowers

through the season, whereas solitary bees that specialize on

Vaccinium, such as Andrena carolina and A. carlini, are active

primarily during the period of blueberry bloom (Tuell, Ascher

& Isaacs 2009) when only bee-safe insecticides are applied.

Such phenologymight buffermore specialized crop-pollinating

Table 2. Average (±SE) values of fruit productivity for blueberry clusters exposed to the pollinator community present at farms of different

sizes, and the significance of field size and the position of the sampling (edge vs. interior)

Yield component

Small fields (n = 6) Large fields (n = 6) P value

Edge Interior Edge Interior Field size Sample position

Fruit set (%) 87Æ9 ± 3Æ7 91Æ2 ± 2Æ4 91Æ8 ± 2Æ7 91Æ0 ± 2Æ4 0Æ29 0Æ65
Weight per berry (g) 0Æ40 ± 0Æ05 0Æ41 ± 0Æ04 0Æ59 ± 0Æ04 0Æ63 ± 0Æ11 0Æ0004 0Æ87
Mature seeds per berry 14Æ9 ± 5Æ1 12Æ0 ± 3Æ9 23Æ2 ± 2Æ9 22Æ0 ± 5Æ0 0Æ0011 0Æ59
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Fig. 3. Change in average berry weight from flower exposure to bees,

as a function of bee abundance in small and large blueberry fields.

Pollinator-excluded berries had similar weight in small and large

fields. The best fit lines for small fields (dashed line) and large fields

(solid line) are shown, with the best fit regression line for all data

points being change in berry weight (g) = 0Æ0013 Total

bees + 0Æ069, r2 = 0Æ36. n = 5bushes for each data point.
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bees from the stresses associated with agricultural intensity

(Cane 1997), suggesting that wild bee conservation pro-

grammes should focus on pollinators with life histories that

put them at risk from poor habitat quality in large crop fields.

Our findings of smaller increases in the number of mature

seeds and berry weight between bagged and open-pollinated

clusters in small fields compared with large fields suggest that

the small blueberry fields have greater pollination limitation

than large fields. If so, fruit size may be increased through

greater pollinator abundance, whether by implementing

conservation strategies for wild bees or by greater investment

in managed bees. Although fruit size is probably sensitive to

other management practices that co-vary with field size such as

fertilization, irrigation, etc., a detailed study to determine the

relative contribution of other crop inputs was outside the scope

of this study. However, our findings of similar fruit set, num-

bers of mature seeds and berry weight in pollinator-excluded

clusters sampled in large or small fields indicates that the under-

lying horticultural conditionswere similar across this study.

Many common cultivars of highbush blueberry have a

degree of parthenocarpy that results in high fruit set, even

though there is limited berryweight, in non-fertilized fruit (Eck

1988). Fruit set was not responsive to pollination in the ‘Jersey’

cultivar used for this study, whereas we found that the primary

response to bee-mediated pollination was higher fruit weight,

stimulated by improved seed set in well-pollinated fruit. The

benefits of pollination to crops are often seen in higher per-fruit

weight and quality rather than in fruit set levels, and the impor-

tance of this response varies widely across different blueberry

species and cultivars (MacKenzie 1997, 2009; Delaplane &

Mayer 2000). Even though highbush blueberry cultivars vary

in their levels of parthenocarpy, their yields are often improved

by pollination through improved fruit quality and larger ber-

ries (MacKenzie 1997). Similar findings for other crops includ-

ing grapefruit Citrus paradisi Macf. (Chacoff & Aizen 2007)

emphasize that pollination benefits need to be calculated in

terms of the quantity, quality and price of fruit produced

through the action of bees.

This study highlights the context-dependent nature of polli-

nation services from different types of bees. The greater effi-

ciency of wild bees as blueberry pollinators (e.g. Cane & Payne

1988; Javorek, MacKenzie & Vander Kloet 2002) combined

with being more abundant than honey bees in small fields,

results in wild bees being the dominant contributor to blue-

berry yield in small blueberry fields. This suggests that a loss of

honey bees is unlikely to have a significant impact on the yields

currently provided from small blueberry fields, supporting the

findings ofWinfree et al. (2007a) from long-blooming summer

vegetable crops in small diverse crop systems. In contrast,

honey bees from managed colonies dominate the bee commu-

nity in large blueberry fields. Despite their relatively low

efficiency, honey bees still provide 89% of the pollination to

large blueberry fields, and because large fields constitute the

vast majority of the area of Michigan’s blueberry production

we conclude that honey bees are responsible for pollinating

over 88%of the yield increase frompollination in this industry.

We caution that by using a standard value for flowers per bush

(f, derived from measurements in highly productive mature

fields) for our yield estimates, we have overestimated the abso-

lute magnitude of pollination contribution from bees across

the study system. The relative contributions of honey bees and

wild bees are expected to be the same, but the absolute values

would be expected to be smaller due to a high proportion of

fields with lower f values.

Table 3. Estimated contribution of honey bees and wild bees to yield of highbush blueberry inMichigan

Parameter Symbol Small Large Total

Bushes per hectare b 2691 2691

Flowers per busha f 11 016 11 016

Proportion of fruit set fs 0Æ89 0Æ91
ch. wt per berry (g) Dbw 0Æ14 0Æ38

Yield from pollination (kg ha)1) b.f.fs.Dbw 3753 ± 854 10 267 ± 1683

Area in production (ha) A 38Æ3 7193Æ4

Total yield from pollination (T) b.f.fs Dbw.A 152 ± 33 73 854 ± 12 105 74 006

Proportion of pollinationb

From honey bees Phb 0Æ18 ± 0Æ21 0Æ89 ± 0Æ12
From wild bees Pwb 0Æ82 ± 0Æ21 0Æ11 ± 0Æ12

Yield contribution (T)

From honey bees Yhb 43 ± 17 65 252 ± 10 918 65 209

From wild bees Ywb 150 ± 21 8601 ± 2969 8752

Yield contributions were calculated by partitioning the yield increase from pollinator visitation into honey bee and wild bee contribu-

tions based on their abundance and efficiency, for both small and large fields. Average ± SE values were calculated from the replicate

fields in which measurements were taken Yield contributions were calculated by partitioning the yield increase from pollinator visitation

into honey bee and wild bee contributions based on their abundance and efficiency, for both small and large fields. Average ± SE values

were calculated from the replicate fields in which measurements were taken.
aValues of b and f were assumed to be constant across field sizes.
bProportion expressed after adjustment for pollination efficiency, after Javorek, MacKenzie & Vander Kloet (2002).
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Our findings demonstrate the high dependence of blueber-

ries on honey bees, and suggest a similar situation for other

intensively managed, pollinator-dependent fruit and nut crops

that bloom early in the spring. During bloom of these crops,

wild bee populations are generally low in abundance and social

species have yet to build the size of their colonies, forcing grow-

ers with intensive production methods to rely on honey bees or

other managed bees (DeGrandi-Hoffman 1987; James &

Pitts-Singer 2008).We do not discount the role of wild bees for

providing insurance against further losses of honey bees from

diseases and mites (e.g. Winfree et al. 2007a), but our results

indicate that the amount of this insurance from wild bees is

currently insufficient to provide full seed set and berry size in

large fields. Field size is likely to be a parameter encompassing

various factors that reduce field suitability for bee habitat and

may interact with the background template of landscape struc-

ture that affects the size of wild bee populations at larger spa-

tial scales. The concentrated bloom period with high flower

densities found in spring flowering crops such as blueberry,

apple, cherry and almonds during times when native bee popu-

lations are relatively small and weather conditions are variable

support the expectation that it will be challenging to provide

full pollination with wild bees in these crops (Kremen et al.

2008). Increasing the pollination contribution from wild bees

will require further research into strategies for their conserva-

tion in farmland and how to optimally combine honey bees

and wild bees to ensure full crop pollination. Such integrated

crop pollination (ICP) approaches should be developed to

serve the pollination needs of agriculture across the spectrum

of production scenarios. In the same way that integrated pest

management provides a structure for crop managers to choose

a combination of appropriate responses to prevent economic

losses to pests (Pedigo & Buntin 1994; Radcliffe, Hutchison &

Cancelado 2009), ICP can help to formalize how pollination

tactics can best be combined for the specific agricultural set-

ting, crops, and local population of wild bees capable of polli-

nation. This should then guide farmers towards sustainable

strategies for maintaining pollination services across the range

of situations in which pollinator-dependent crops are grown.
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Blust, G., De Cocke, R., Dirksen, J., Dormann, C.F., De Filippi, R.,

Frossard, E., Liira, J., Schmidt, T., Stöckli, R., Thenail, C., van
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