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Abstract

Highbush blueberry is an economically important crop across North America and has become important world-
wide. Under certain climatic conditions experienced in various geographical regions, fruit set in blueberry re-
mains relatively poor and contributes to reduced yields. The mechanisms contributing to fruit set are complex.
Poor fruit set may be associated with improper or incomplete pollination, inadequate nutrient availability, disease
pressure, or poor climatic conditions experienced during critical stages of flowering and fruit set. Improving fruit
set in blueberry necessitates the evaluation of floral morphology and the impact of morphology on pollinator ef-
ficiency. Pollination requirements as they relate to floral morphology among specific cultivars of blueberry and
pollen saturation, as well as the assessment of nutrient applications and their impact on reproductive processes
pivotal for fruit set and development, are also in need of further investigation. The objective of this report is to
provide a review of the literature addressing pollination and fruit set of highbush blueberry. The development
of reproductive buds and flowers are impacted by nutrient availability and associated metabolic compounds and
processes. Calcium and boron may be of specific importance for reproductive developmental processes and
the requirements, roles, and potential application of these nutrients will be discussed. Variation exists in floral
morphology across blueberry cultivars. Additional consideration is given to this variation and how it may impact
the efficiency of pollination by primary commercial pollinators. Additionally, the efficacy of pollination may be
influenced by pollinator species, the interaction between species of pollinator and cultivar of blueberry, and the
environmental conditions during bloom time. These issues are important to understand, especially when consider-
ing the development of solutions for the improvement of fruit set for this economically important crop.

The production of highbush blueberries (Vac-
cinium corymbosum) has increased over the
past ten years. Approximately 680 thousand
metric tons (MT) of blueberries were pro-
duced worldwide in 2014 from 100,303 hect-
ares of land (Brazelton, 2015). Cultivated
production areas in the United States nearly
doubled between 2004 (17,980 hectares)
and 2014 (34,054 hectares) [United States
Department of Agriculture (USDA), 2005
and 2015]. As a high-value and economi-
cally important crop, production efficiency
is paramount. Regional climatic conditions
impact the management of highbush blue-
berry and present a number of unique pro-
duction issues. Pollination and subsequent

fruit set remain among the most important
challenges for ensuring sustained yields in
various regions, including the Pacific North-
west (PNW), a major production region. Pol-
lination of highbush blueberry is complicated
by several factors, including: 1) a relatively
short duration of pollen viability (5-12 days);
2) the limited effectiveness of traditional
commercial pollinators; and 3) environmen-
tal conditions at bloom that are not condu-
cive to honey bee (Apis mellifera) foraging
(Kevan, 1990; Torchio, 1990b). Here, the
contributions of flower development, pollina-
tion, and fruit development towards highbush
blueberry productivity will be reviewed and
suggestions will be made regarding future re-
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search directions to improve highbush blue-
berry yields and cropping efficiency.

Bud and flower development. Floral buds
of highbush blueberry contain 5 to 12 flowers,
with a wide variation in number and morphol-
ogy between cultivars and little within (Pritts
etal., 1992). Blueberries have both reproduc-
tive (flower) and vegetative (leaf) buds, which
develop on one-year-old or older wood. Veg-
etative buds, which typically break from Janu-
ary to April, depending on accumulated grow-
ing degree days, region, and germplasm (e.g.,
northern versus southern highbush), only re-
sult in shoot and leaf growth. Flower buds,
which are larger and rounder than vegetative
buds, begin their formation in late-summer to
early fall, and continue to develop until tem-
peratures are excessively cold (approximately
7°C) (Kovaleski et al., 2015; Strik, 2015).
Floral bud counts have been used to estimate
crop yields (Salvo et al., 2012). Within flower
buds are flower primordia, which can result in
flower clusters that have the potential to be-
come fruit. The development and occurrence
of floral and vegetative buds is controlled in
part by auxin and plant carbohydrate status
(Darnell, 1991; Maust et al., 2000). Solu-
ble carbohydrates regulate auxin synthesis;
therefore, insufficient carbohydrate levels in
some cultivars of blueberry may lead to de-
creased reproductive development, including
floral bud development (Maust et al., 2000;
Sairanen et al., 2012).

Additionally, photoperiod (day length) is
an integral part of bud break. Plants exposed
to chilling treatments without also experienc-
ing short days were shown to not initiate bud
break following chilling (Bafiados and Strik,
2006).Prior to bud break, dormant buds are
tightly closed and protected by bud scales.
Typically a range from 200 to 300 chilling
hours for southern highbush cultivars and
over 800 chilling hours for northern highbush
cultivars are needed to break endodormancy
and approximately 4-8 weeks of short days
are required to satisfy the photoperiod re-
quirements (Bafiados and Strik, 2006; Strik
et al.,, 2014). Once requirements for flow-
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ering have been met, buds swell and break.
These phenological stages are referred to as
“bud swell” and “bud break”, respectively.
Bud swell can be discerned when the outer
bud scales begin to separate as the flower
buds enlarge and swell. Early green tip (ref-
erencing leaf buds) comes next and tends to
develop in late winter or early spring. This
stage is characterized by emerging vegetative
tissues consisting of tightly rolled leaves.
Bud break (referencing floral buds) often co-
incides with green tip and can be described as
the opening of flower buds and increased vis-
ibility of individual flowers. Following bud
break, plants progress into the late green tip
and tight cluster stages, wherein leaves be-
gin to unfold, but flowers remain closed and
tightly packed together, respectively. Next,
blueberry plants enter into a phase of shoot
expansion in which multiple leaves emerge
and begin to enlarge. The early and late pink
bud stages represent a period of flower expan-
sion and separation within the inflorescence,
as well as the continued development of the
corolla tubes. The corollas also transition
in coloration from pink to white during this
stage. The early bloom stage occurs when
some corolla tubes are expanded and fully
opened, but the majority of flowers remain
closed. Early bloom eventually gives way to
full bloom. During full bloom, a majority of
the flowers are fully opened. This stage can
last for 5-12 days depending on cultivar and
climatic conditions (Pritts et al., 1992).
Flower morphology. Flowers in blueberry
are characterized by their bell-shaped corol-
las, with stamens and anthers inside and a
stigma sometimes protruding past the flower
aperture (Eck and Mainland, 1971) (Figure
1). Blueberry flowers have elongated corolla
tubes and poricidal anthers, which tends to
make pollination by honey bees difficult
(Ritzinger and Lyrene, 1999). Variation in
flower size and morphology between culti-
vars has been shown to impact insect forag-
ing activity and, as a result, fruit set (Cour-
celles et al., 2013). Corolla length and aper-
ture diameter appear to be some of the most
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Fig. 1: (a) Flower of Vaccinium corymbosum ‘Draper’ (b) V. corymbosum ‘Bluecrop’ longitudinal cross-section
with morphological features labeled.

important floral traits for pollen and nectar
accessibility to honey bees, which impacts
pollination and fertilization. As shown by
Courcelles et al. (2013), there is a clear rela-
tionship between floral morphology and hon-
ey bee visitation rates in ‘Duke’, ‘Bluecrop’,
‘Liberty’, and ‘Draper’ blueberry. Both “le-
gitimate visits” (through the flower entrance
and thus, the pollen-bearing anthers) and
“nectar robbing” (bypassing the entrance of
the flower to harvest nectar at the base of the
corolla) by honey bees visiting ‘Bluecrop’,
‘Liberty’, and to some extent, ‘Draper’ flow-
ers, are common. ‘Duke’ flowers have a large
aperture and flexible corolla, which allows
honey bees to force their heads into flowers
and access pollen. Flowers from ‘Duke’ are
visited more often by honey bees relative to
‘Draper’ and ‘Bluecrop’. Relative to ‘Duke’,
shorter corolla lengths with smaller throat
diameter does not facilitate efficient penetra-
tion of the flower by the head of honey bees
to reach nectar and pollen rewards.
Outcrossing. The introduction of unrelated
genetic material to the breeding cycle of a
species or cultivar is known as outcrossing.
Self-incompatible plants ensure genetic di-
versity by rejecting their own pollen and ac-
cepting unrelated pollen within the same spe-
cies. In blueberry, variability exists between
the effectiveness of fertilization with self-
and outcrossed- pollen between cultivars.

Cultivars of cultivated highbush blueberry
are to a large extent self-fertile. However,
it is well established that fertilization and
yields are significantly increased when flow-
ers are cross pollinated (Ehlenfeldt, 2001;
Krebs and Hancock, 1990; Vander Kloet,
1984; Vander Kloet and Lyrene, 1987; Wood,
1968). Yields are also generally increased
through cross pollination with the aid of in-
sect pollinators (Ehlenfeldt, 2001; Krebs and
Hancock, 1990). Generally, fewer tetrads of
outcrossed pollen are required to reach pol-
len-load saturation than with self-pollination
(Parrie and Lang, 1992). However, pollen
tubes from self-pollinated plants grow at the
same rate as outcrossed pollen once germi-
nation occurs (Krebs and Hancock, 1988;
Vander Kloet and Lyrene, 1987). Only a
fraction of ovules develop into seeds, with
over 100 ovules being common to highbush
blueberry fruit and fewer than 50 seeds form-
ing (Pritts et al., 1992). Seed number is posi-
tively correlated to fruit size (until saturation
occurs) and seed abortion is dependent on
the level of self-fertility (Pritts et al., 1992;
Vestrheim et al., 1996).

Pollination in highbush blueberry. In blue-
berry production, commercially managed
honey bees, specifically the Italian honey
bee (Apis mellifera ‘ligustica’; commonly
referred to as “honey bee”) are primarily
responsible for pollination. Wet and cool
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spring weather limits honey bee activity and
subsequently can negatively affect pollina-
tion and fruit set. The Northeastern region
of the United States, including Michigan, is
climatically similar to the PNW in average
spring low and high temperatures [Baker et
al., 1994; National Oceanic and Atmospheric
Administration (NOAA), 2015]. However,
highbush blueberry is native to the North-
eastern United States and a variety of alter-
native insect pollinators have strong popu-
lations in the region (Garibaldi et al., 2013;
Winfree et al., 2008). The co-evolution of
some bee species with Vaccinium spp. may
make them ideal blueberry pollinators rela-
tive to commercial honey bees (Tuell et al.,
2009). The primary pollinators of wild high-
bush blueberry are bumblebees (Bombus
spp.), mining bees (Andrena spp.), sweat
bees (Halictus spp.), orchard/mason bees
(Osmia spp.), leafcutter bees (Megachile
spp.), and European sweat bees (Lasioglos-
sum spp.), many of which exhibit sonication
(Buchmann, 1985; Torchio, 1990b).

Honey bees are indigenous to Europe, with
a number of subspecies inhabiting all parts
of Europe and Africa (Jensen et al., 2005;
Whitfield et al., 2006). Honey bees were in-
troduced to North America from Europe in
the early 1600’s and have become vital to
crop production. Pollination in many crops,
like blueberry, is achieved through obtaining
saturating populations of honey bees through
the provision of commercially rented hives
(Paini, 2004). In contrast to honey bees, many
of the above species (including bumblebees)
remain active and forage at lower tempera-
tures (below 13°C), which can be advanta-
geous in areas that are climacterically char-
acterized as having cool and/or wet springs
where honey bees are less active (Delaplane
et al., 2000).

It is common for commercial plantings of
blueberry to be stocked with 2 to 6 honey bee
hives per hectare in the PNW. Honey bee
stocking rates are influenced by the strength
of the colony at bloom and the level of at-
tractiveness of a specific cultivar’s flowers to
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honey bees (Marucci and Moulter, 1976; Sa-
gili and Burgett, 2011; Wood, 1961). Honey
bees introduced to plantings during early and
late pink phenological stages commonly for-
age elsewhere and are slow to return to blue-
berries (Jay, 1986; Kevan et al., 1990). Con-
sequently it is recommended to place honey
bee hives between 5% to 25% bloom in
blueberry and cranberry (Vaccinium macro-
carpon), another related species (Delaplane
et al., 2000; Moeller, 1973). Pollination by
honey bees is carried out by nectar and pol-
len foragers. Foraging honey bees do not
sonicate (otherwise known as buzz pollinate,
which is the vibration of flight muscles caus-
ing dehiscence of poricidal anthers) and must
consequently rub against anthers to obtain
pollen. Several native and alternative pol-
linating species, including bumble bees, are
able to sonicate and consequently can collect
more pollen per flower visit than honey bees
(Garibaldi et al., 2013). Honey bees also have
an average tongue length of approximately
6.5 mm. This is short compared to some non-
Apis bee species, such as bumble bees, that
have tongues that are approximately 8.5 mm
long (Balfour et al., 2013). The short tongue
of honey bees can make it difficult to reach
nectar sources in flowers with long corolla
tubes that are present in some blueberry cul-
tivars. Bumblebees enter through the opening
of the flower and brush against stigmas and
anthers, occasionally robbing nectar, but with
less frequency than honey bees (Courcelles
et al., 2013; Stubbs and Drummond, 1996).
Significantly higher crop yields have been re-
alized in plots where honey bees and bumble-
bees have been used together for pollination,
making bumblebees an important resource
for pollination and fruit set enhancement
(Garibaldi et al., 2013).

Apiculture is the practice of maintaining
honey bee colonies for their products and en-
compasses hive maintenance and promoting
bee health. Nutrition can be promoted by in-
creasing the diversity and availability of sur-
rounding forage material (Toth and Robin-
son, 2005). Often hives are under significant
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stress during pollination, having been stored
and moved by semi-trucks across hundreds of
kilometers. In transit, honey bees must rely
on feeding trays with solutions of sucrose
and nutrients for nourishment, which may
be nutritionally lacking (Crailsheim, 1990;
Standifer, 2003). Additionally, it has been
reported that as high as 50% of queen hon-
ey bees are replaced within 6 months, with
temperature fluctuations in shipment being
linked to low sperm viability in queens and,
as a result, the decreased ability of queens
to lay fertilized eggs and maintain colony
strength, leading to colony decline (Pettis et
al., 2016). In evaluating hive health, the per-
cent of filled or capped brood cells per frame
(or uniform capping pattern) is indicative of
overall hive health, and honey bees generally
forage more with large brood populations to
support (Eckert et al., 1994; Fewell and Win-
ston, 1992; Free, 1967).

Foraging activity of honey bees can be
increased when environmental conditions
are ideal and by using brood pheromones
to influence the hive activity (Pankiw et al.,
1998). Brood pheromones are naturally pro-
duced by uncapped brood and increases hon-
ey bee foraging. There are two main types of
brood pheromones: brood ester pheromone
(BEP) and E-ﬁ-ocimene. Brood ester pher-
omones primarily regulate which bees can
lay eggs through suppression of worker bee
ovary development and egg laying, while E-
ﬁ -ocimene influences the nurse-forage ratio,
as well as the type and number of foragers.
Another bee pheromone, queen mandibular
pheromone (QMP), is produced by the queen
and fed to attendants. Queen mandibular
pheromone can be used to slow hive growth
and deter reproductive swarming in order to
increase hive strength and foraging activity
(Pankiw et al., 1994; Winston et al., 1991).
Both brood and QM pheromones are peri-
odically used in commercial production of
horticultural crops in order to increase honey
bee visitations and resultant crop yields, but
research on their potential benefits is lacking
in blueberry.
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While Apis mellifera ‘ligustica’ may be the
most common commercial honey bee sub-
species, others are also used for pollination in
specific regions (Bailey and Ball, 2013). The
Carniolan honey bee (A. mellifera ‘carnica’)
is a subspecies of A. mellifera and maintains
a higher level of activity early and late in the
day (before 8am and after 4pm) and in cool
and wet conditions as compared to ‘ligustica’
(Biasiolo and Comparini, 1990; Moritz and
Hillesheim, 1985). Carniolan honey bees are
native to Austria and Croatia, and are pres-
ently not widely utilized in North America.
Carniolan bees have more foragers entering
and leaving the hive in conditions of precipi-
tation and cool temperatures than ‘ligustica’
[>18°C] (Algarni, 1995). High levels of for-
agers entering and leaving hives is indicative
of increased activity. The European black
bee (A. mellifera ‘mellifera’) is also less sen-
sitive to cool, wet conditions and has been
known to overwinter well in small popula-
tions in northern United Kingdom (Corbet
et al., 1993). The European black bee has a
larger body than either the Italian or Carnio-
lan honey bees, which may present problems
with small, tubular blueberry flowers (Daly
et al., 1995). European black bees may also
be more susceptible to tracheal mites, which
nearly destroyed ‘mellifera’ populations in
the early 1900’s (Baily and Ball, 2013). Re-
gardless of general pollination efficiency,
poor weather including cold temperatures,
high winds, and steady rain can deter even
the most effective pollinator species. The
short bloom window of blueberry imposes an
additional challenge, regardless of the pol-
linator chosen. Under these circumstances
and to maximize pollination, there is an in-
dustry-wide preference for honey bee avail-
ability and field placement of hives in the
early bloom stage (5% to 25% bloom), when
only some flowers are fully open (Delaplane
et al., 2000).

Adverse weather not only limits honey bee
activity, but can also limit the rate of plant
reproductive processes, ultimately reducing
fertilization and subsequent yields (Hepler
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and Yarborough, 1991; MacKenzie, 1997;
Seely, 1994). Alternative pollinator species
better adapted to foraging during the environ-
mental conditions encountered during blue-
berry bloom time, as well as the morphology
of blueberry flowers, may improve pollina-
tion in highbush blueberry (Bosch and Kemp,
2003; Courcelles et al., 2013; Heinrich, 1975;
Seeley, 1994). Understanding the contribu-
tions of honey bees in blueberry, irrespec-
tive of the potential limitations, would ben-
efit blueberry growers experiencing chronic
pollination deficits and subsequent reduced
yields. Mason and bumblebee species may
be especially adapted to blueberry pollina-
tion, with higher levels of activity in cool and
wet conditions and specialized physical traits
(i.e. longer tongue, smaller body size, soni-
cating flight muscles) for pollen collection
and transfer among the small, tubular flowers
of blueberry (Balfour et al., 2013; Buchman,
1985; Desjardins and Oliveira, 2006; Samp-
son and Cane, 2000; Stubbs et al., 1994; Tor-
chio, 1990a; Whidden, 1996).

Although native species of insect pollina-
tors may be especially adapted for blueberry
pollination, population dynamics and spe-
cies habitat are also important considerations
from a management perspective. Mono-
culture field situations that are intensively
managed with frequent field maintenance
can deter populations of native pollinators
(MacKenzie and Winston, 1984). However,
planting strips of wildflowers or greenbelts
between fields can increase the attractiveness
of field sites to pollinator habitation, as well
as increase the diversity and abundance of
pollinators (Blaauw and Isaacs, 2014; Kre-
men et al., 2002). Establishment of nest-
ing boxes or hive systems for attracting and
maintaining mason and bumblebee species
has increased pollination and, as a result,
fruit set in orchard crops (Bosch et al., 2000;
Knight et al., 2005). In addition to habitat
availability, the frequency of field cultivation
practices decreases the permanent population
of native bees in the area (Carré et al., 2009;
Carvell et al., 2011). While investigations
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of native pollinator population decline are
ongoing, causal factors continue to be con-
founding. Widespread use of broad spectrum
insecticides is a danger to bees and other
beneficial insects; however, the resilience of
some species suggests we need continued re-
search of additional factors beyond pesticides
for causes of population decline (Gels et al.,
2002; Goulson et al., 2008). Findings to date
suggest that the successful utilization of na-
tive species as pollinators in blueberry pro-
duction will likely have to be combined with
habitat management practices that promote
abundance and activity, such as reduced pes-
ticide applications during critical periods of
pollinator activity and reduced tillage. These
management practices are complicated by
the threat of spotted wing drosophila (SWD;
Drosophila suzukii). In an effort to minimize
the habitat for this insect pest, wooded areas
are frequently reduced and pesticide applica-
tions utilized (Lee et al., 2011).

Fertilization and berry development. From
early bloom through full bloom, pollination
and fertilization in highbush blueberry can
occur in as few as 5 to12 days (Dogterom et
al., 2000). Fertilization of ovules and fruit
development depends on successful pollina-
tion and fertilization. Reproductive tissues
(i.e., pollen, ovules, and developing em-
bryos) are sensitive to nutrient levels in the
flower and stem tissue (May and Killingbeck,
1992). Pollen and ovary tissues are also sen-
sitive to temperature and humidity. Warm
and dry conditions can increase the speed of
metabolic systems in plants (~20°C), thereby
shortening the effective pollination period
(De Vries and Dubois, 1987; Hedhly et al.,
2004). In contrast, cool and wet conditions
speed the decay of flower tissues and increase
the potential for fungal and bacterial infec-
tions (Daykin and Milholland, 1990; Ngugi
et al., 2002; Ngugi and Scherm, 2004; Ngugi
and Scherm, 2006; Verma et al., 2006). Nu-
trients involved in pollen tube elongation,
membrane integrity, and other reproductive
processes critical for berry development,
such as boron or calcium, could potentially
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increase fruit set and decrease the number
of berries lost to abscission under conditions
that are otherwise limiting. Pollen viability
is positively correlated in blueberry with seed
counts and fruit size until a saturation thresh-
old is reached (Vander Kloet, 1984).

Fertilized seeds contribute to fruit devel-
opment and ultimate berry size in blueberry,
although this is somewhat influenced by
cultivar (Dogterom et al., 2000; Lang and
Danka, 1991; Payne et al., 1989). Approxi-
mately 30 days following bloom, new fruit
go through a period of rapid cell division
(Cano-Medrano and Darnell, 1997). After
initial growth by cell division, fruit enlarge-
ment occurs almost exclusively as the result
of cell enlargement. In highbush blueberry,
fruit size is positively related to seed number.
Larger fruit generally have a greater number
of cells, however, marketable size has been
achieved with as few as 10-20 seeds per fruit
(Coombe, 1976; Vorsa et al., 1991). The pri-
mary growth phase, which dictates ultimate
fruit size, occurs during the initial 30 days
immediately following bloom (Strik et al.,
1993). Increased fruit size and seed number
is reported to be due to the release of hor-
mones from fertilized seeds, which stimulate
fruit enlargement (i.e., auxins) (Pritts et al.,
1992). Improvement of fruit size should tar-
get the periods of early cell division, as this
is a critical stage that determines berry size.
Provision of adequate moisture and mineral
nutrients during early cell division are two
strategies to ensure that this critical period
goes unrestricted.

Following fertilization, fruits begin to
enlarge, and competition for carbohydrates
can manifest into fruit drop if carbohydrate
resources are limiting (Racsko et al., 2007).
The abscission of plant parts, including
leaves and immature or ripe fruit, can occur
naturally at multiple points throughout the
season. However, under certain conditions,
abscission of leaves and developing fruit can
occur prematurely. Premature abscission of
leaves and fruit often results from pest or
pathogen pressures, nutrient deficiencies,
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and/or water stress (Arteca, 1996; Darnell
and Birkhold, 1996; Hildebrand et al., 2001;
McNicol and Williamson, 1989). In ‘Draper’
blueberry, plants can experience pre-mature
fruit drop in western Washington and British
Columbia. This phenomenon is commonly
referred to as “Draper drop” and can result in
severe crop losses. Similar fruit drop symp-
toms preceded by transient red coloration
in young leaves and flowers is attributed to
Fruit Drop Virus in blueberry (Martin et al.,
2006). The cause of this premature fruit drop
in ‘Draper’ is not known. Further discussion
of plant nutrition in relation to fruit develop-
ment is addressed in the section, “Nutrient
Application”.

Abscission may also result as a conse-
quence of limited plant carbohydrates, with
more sink material than source material, as
occurs and described in pear (Pyrus com-
munis) and apple (Malus domestica) (Byers
et al., 1990; Dennis, 2000; McArtney et al.,
2004; Wertheim, 2000). Developing fruit are
strong carbohydrate sinks, leading to the di-
version of soluble sugars from carbohydrate
producing and storage organs to fruit. In
apple and pear, fruit are thinned to increase
the size of remaining fruit and to manage
the overall carbohydrate source:sink ratio
(Wertheim, 2000). Solar radiation and tem-
perature can also influence photosynthesis
and the production of carbohydrates. Con-
sistent high light, above the light compensa-
tion point, drives carbohydrate production.
Conversely, consistently low light conditions
or prolonged high temperatures (>35°C) can
reduce net photosynthesis and drive a carbo-
hydrate deficit (Hancock et al., 1992). Ad-
equate plant spacing between rows may also
increase light interception, increasing overall
photosynthates (Bryla and Strik, 2004).

Nutrient application. Nutrient manage-
ment in blueberry production is crucial for
successful and productive plantings. When
various chemical elements are inadequate,
the general health, yield, and quality of the
crop may be reduced so long as other factors
are not limiting. Severe nutrient deficiency
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can lead to discolored leaves, wilted flowers,
reduced yields, decreased cane initiation and
growth, and plant death. Calcium and boron
have been used as supplemental fertilizers in
blueberry production and have the potential
to positively influence fruit set and yield.

Calcium. Calcium is an essential macro-
nutrient in blueberry production (Chen et
al., 1998). The roles that calcium plays in
plants are many and include structural (cal-
cium bound to pectin cell walls), defense,
and communication (between cells and tis-
sues) (Dixon et al., 1994; Evans et al., 2001;
Jarvis, 1984; Sanders et al., 1999). Calcium
is particularly important for the function of
calcium ion transporters and their subsequent
role in environmental and biotic responses
(Hepler and Wayne, 1985). Calcium is fre-
quently applied as a soil amendment in the
form of agricultural and/or dolomitic lime-
stone or, when pH must remain stable, as
calcium sulfate (gypsum) (Hart et al., 2006).
Hanson and Berkheimer (2004) have shown
that integration of soil-applied calcium into
leaves and fruit is inconsistent and ineffective
in blueberry. This response is similar to other
fleshy fruits, including apple (Malus domes-
tica) and tomato (Solanum lycopersicum)
(Dong et al., 2005; Shear and Faust, 1970).
Foliar applications of calcium chloride have
been used to a smaller degree in blueberry.
However, due to salt sensitivity, chlorine-
containing nutrients are generally avoided in
fertilizer programs (Korcak, 1988).

Nutrient levels vary across blueberry cul-
tivars and the time of year, but levels remain
most stable in late July or early August (Strik
and Vance, 2015). Despite stability of mac-
ronutrients, high variability can occur in mi-
cronutrients. There is often a disparity be-
tween calcium content in leaves and in fruit,
with higher levels of calcium being found in
transpiring tissues, such as leaves (Strik and
Vance, 2015; Wiersum, 1966). In addition,
calcium movement and distribution in blue-
berry appears to vary greatly by cultivar (Strik
and Vance, 2015). Plants which are not self-
fertile and require cross-pollination with com-

131

patible genotypes have been found to produce
pollen with lower levels of calcium relative
to plants that do not require cross-pollination
(Brewbaker and Kwack, 1963). Low calcium
concentrations in pollen has been correlated
with a reduced rate of pollen germination,
with some dependence of germination on
calcium levels found within the stigma (Bed-
narska, 1991; Brewbaker and Kwack, 1963;
Ge et al., 2009; Taylor and Hepler, 1997).
Post-harvest calcium chloride dips have also
increased firmness in blueberries, a valuable
trait in fresh market production; however,
fruit was reported to taste salty and, as a re-
sult, fresh market blueberries are generally
not dipped (Hanson et al., 1993). However,
no significant increase in berry firmness has
been realized when berries are treated with
foliar applications of calcium chloride during
the production season (Hanson, 1995). Mo-
bility of calcium to fruit in blueberry is lim-
ited because fruit have low transpiration rates
relative to the leaves, thereby limiting the
movement of dissolved calcium in the xylem
to fruit (Angeletti et al., 2010).

Boron. Boron is a micronutrient that is
often deficient in blueberry production, par-
ticularly in western Washington and Oregon.
Boron is important for pollen formation and
health, with pollen germination, tube length,
and speed of pollen tube growth all influenced
by boron availability in reproductive tissues
(Thompson and Batjer, 1950; Visser, 1955;
Wang et al., 2003). Because of this, many
commercial growers in western Washington
and Oregon provide boron through foliar nu-
trient applications in order to improve pollen
health and subsequent fruit set; however, re-
search validating their use is lacking. Boron
deficiency is common among soil types with
coarse texture (Goldberg, 1997). Absorption
and uptake of boron as undissociated boric
acid (tetrahydroxyborate) occurs at the roots.
Boron deficiency can result in reduced pol-
len viability, tube elongation, and lower ger-
mination rates of pollen in almond (Prunus
dulcis) (Nyomora et al., 1997). Pollen tube
growth rate and overall length are indicative
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of viability and general health (Huang and
Johnson, 1996; Knox and Friederich, 1974;
Sahar and Spiegel-Roy, 1984). Evaluation
of pollen germination and tube formation in
the presence of given nutrients would allow
for a more direct evaluation of reproductive
responses to nutrients like boron in the envi-
ronment and provide additional support for
their commercial use. Even when leaf tissue
samples indicate sufficient concentrations of
boron, deficiencies can persist in meristemat-
ic and floral tissues (Shorrocks, 1997). How-
ever, there is a fine line between sufficiency
and toxicity of boron in plants. Typically,
boron is not applied in excess of 500 ppm
in blueberry due to increased occurrences of
phytotoxiciy. Culture media prepared with
boron increases pollen germination rates in
vitro, as well (Sotomayor et al., 2001). Sig-
nificant differences between in vitro pollen
germination of ‘Rubel’ and ‘Jersey’ blue-
berries were strongly correlated to fruit set,
with higher germination positively correlated
with increased fruit set (Brewer and Dobson,
1969). Boron deficiency can retard seed
formation and reduce viability (Marschner,
1995; Marschner et al., 1996). While boron
is readily absorbed and mobile within the xy-
lem of plants, concentrating applications to
the dynamic growth phase occurring during
floral development, pollen germination, fer-
tilization, and early berry development may
increase absorption to target tissues (Ange-
letti et al., 2010; Brown and Hu, 1996; Lord
and Russell, 2002). This intense period of
development is metabolically demanding and
plant nutrient levels at this stage may have
far-reaching consequences on future fruit set,
berry size, and fruit composition at harvest
across different cultivars.

Conclusion
Pollination and fruit set are complex pro-
cesses in blueberry production, being influ-
enced by bud and flower development, pol-
linator activity, pollen compatibility, floral
morphology, fertilization, and flower and
fruit nutrient status. A systems-based ap-
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proach is required to increase pollination and
fruit set in blueberry, particularly in primary
production regions west of the Cascades that
experience chronically low fruit set. There is
a positive relationship between productive
cultivars with high fruit set and large, open
flowers. Therefore, the link between floral
morphology and cultivar attractiveness to
pollinators should be investigated further,
which may influence regional cultivar recom-
mendations and pollination practices. Cur-
rently, the stocking rates for honey bee hives
to achieve saturating conditions for pollina-
tion is derived from largely non-region-spe-
cific stocking density recommendations and
may be unrealistic considering continually
increased demand for honey bees. Optimi-
zation of honey bee stocking recommenda-
tions and understanding the role that alter-
native pollinator species can contribute to
improving the overall success of pollination
is important for difficult-to-pollinate crops,
like blueberry. The potential benefits of
supplementing additional boron and calcium
are promising and are under investigation.
Overall, further research and development of
pollination and fruit set enhancement tools
in highbush blueberry have great potential
to close the regional production gaps in the
PNW, which presently exist for this econom-
ically important crop.
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