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Abstract. Blueberry species (Vaccinium section Cyanococcus) benefi t from cross-pollina-
tion. Outcrossing increases fruit set, berry size, and ripening rate. Although knowledge 
of pollen dispersal is essential for maximizing cross-pollination and achieving optimal 
planting designs, this process has not been quantifi ed previously in blueberry plantings. 
A novel method was developed to estimate the proportion of self- and cross-pollen trans-
ported by blueberry pollinators. The proposed technique requires a consistent difference 
in pollen size between two cultivars to predict the composition of a pollen mixture based 
on frequency distributions of pollen diameter. Vaccinium ashei Reade ‘Brightwell’ and 
‘Climax’ were chosen for this study because they produce pollen tetrads of different size. 
Tetrad diameter and number were analyzed with a particle counter. The technique was 
validated by predicting the proportion of ‘Brightwell’ in pollen mixtures where the cultivar 
composition was known, and predicted and actual values were linearly correlated (r = 
0.995, P < 0.0001). The technique was then applied to pollen samples extracted from the 
bodies of pollinators that were collected in a mixed ‘Brightwell’ and ‘Climax’ blueberry 
plot. Numbers of blueberry tetrads extracted per bumblebee (Bombus spp.) averaged 
4595 and 797 in 2003 and 2004, respectively, which was considered adequate to make ac-
curate predictions based on frequency distributions of tetrad diameter. The proportion of 
‘Brightwell’ pollen carried by bumblebees changed with the phenology of the crop following 
an expected pattern, indicating that the method performed well under fi eld conditions. 
This technique could potentially be used to quantify the likelihood for outcrossing and 
establish the effect of cultivar arrangements on pollen dispersion, as well as to examine 
pollen collection and manipulation, and cultivar preference by bees.

Cross-pollination is benefi cial for optimum 
yields of many fruit crops that are either self-
incompatible or suffer from inbreeding depres-
sion. Although blueberry species (Vaccinium 
section Cyanococcus) apparently have no 
pre-zygotic self-incompatibility mechanisms 
(El-Agamy et al., 1982; Garvey and Lyrene, 
1987; Krebs and Hancock, 1988; Vander Kloet, 
1991), limited self-fertility can occur as a con-
sequence of early-acting inbreeding depression 
(Hokanson and Hancock, 2000; Krebs and 
Hancock, 1990; Krebs and Hancock, 1991). 

Cross-pollination is especially critical for ad-
equate fruit set of Vaccinium ashei (rabbiteye 
blueberry) due to its low degree of self-fertility 
(El-Agamy et al., 1981; Garvey and Lyrene, 
1987; Meader and Darrow, 1944). In blueberry 

species that are more self-fertile, such as V. 
corymbosum L. (highbush blueberry), cross-
pollination is still benefi cial, resulting in larger 
fruit size and faster ripening rate (Meader and 
Darrow, 1947; Morrow, 1943).

Blueberries are xenogamous, bee-pol-
linated small fruit crops, and bee visitation 
is expected to result in cross-pollination. The 
information available, although scarce, sug-
gests that pollen dispersion between cultivars 
may not be optimal. Vander Kloet and Lyrene 
(1987) indicated that geitonogamy (pollen 
transfer between fl owers in the same plant) is 
likely to result as a consequence of the foraging 
behavior of blueberry pollinators. Moreover, 
Hancock et al. (1989) established that fruit 
size and seed number per berry declined 
with increasing distance from the source of 
cross-pollen. Pollen dispersion in rabbiteye 
blueberry has not been quantifi ed previously, 
even though cross-pollination is critical for 
optimum yields.

In other fruit crops (mostly members of 
the Rosaceae subfamilies Pomoideae and 
Prunoideae), research has shown that pollen 
dispersion by bees can be quite limited. Fruit 
set tends to decline rapidly with increasing 
distance from pollinizer trees (Free, 1962; 
Free and Spencer-Booth, 1964; Milutinovic 
et al., 1996). Furthermore, pollen-mediated 
gene fl ow studies indicate that the distance of 
gene dispersal in fruit orchards is short and 
leptokurtic, with most of the gene fl ow occur-
ring between adjacent cross-compatible trees 
(Jackson and Clarke, 1991; Kron et al., 2001; 
Wertheim, 1991).

Although genetic markers have been 
used successfully to infer patterns of pollen 
dispersion in self-incompatible species of 
the Rosaceae family, this approach may not 
be as practical for blueberries. On the one 
hand, the potential number of seeds per fruit 
in Vaccinium section Cyanococcus is high, 
ranging from 50 to 125 ovules per ovary 
(Palser, 1961). Therefore, paternity analyses 
would be labor-intensive. On the other hand, 
the blueberry self-infertility mechanism offers 
another limitation. Since there is no rejection 
of the microgametophyte at the pistil level 
following autogamous crosses, self-pollination 
can lead to fertilization and subsequent embryo 
abortion. Problems of low fruit set in blueberry 
crops could thus be caused by deposition of 

Fig. 1. Scanning electron micrographs of rabbiteye blueberry pollen tetrads from ‘Climax’ (left) and ‘Brightwell’ 
(right). Scale bar = 10 µm.
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pollen loads that are rich in self-pollen. The 
ideal technique to study pollen dispersion in 
blueberry should allow quantifi cation of the 
extent of selfi ng, but genetic marker-based 
techniques will underestimate the paternal 
contribution of self-pollen.

Knowledge of pollen dispersal is essential 
for maximizing cross-pollination and achieving 
optimal planting designs (Kron et al., 2001). 
Clearly, research is needed to understand the 
patterns of pollen dispersal in blueberry plant-
ings, and a reliable method is required. In the 
present study, we describe a novel method, 
based on frequency distributions of pollen 
diameter, to estimate the proportion of self- 
and cross-pollen transported by bees as they 
forage on blueberry plants. In this technique, 
only the fraction of pollen carried dry and 
loose on the bodies of bees was extracted and 
analyzed (i.e., fraction available for pollina-
tion; Harder and Wilson, 1997; Thorp, 2000). 
Therefore, estimates of proportions of self- and 
cross-pollen transported by bees are an indirect 
assessment of bee-mediated pollen dispersion 
in blueberry plantings.

Materials and Methods

The technique developed requires a con-
sistent difference in pollen size between two 
cultivars to predict the composition of a pollen 
mixture based on frequency distributions of 
pollen diameter. ‘Brightwell’ and ‘Climax’ 
rabbiteye blueberry plants were chosen for this 
study because their fl owers produce pollen of 
different size (Fig. 1). Pollen size and number 
were analyzed with a particle counter.

Study site. Experiments were conducted 
in 2003 and 2004 in a mixed ‘Brightwell’ and 
‘Climax’ rabbiteye blueberry plot located at 
the Georgia Experiment Station in Griffi n. 
The plot was 33 × 29 m in size. Plants were 
spaced at 3.7 m across rows and 1.5 m within 
rows. ‘Brightwell’ and ‘Climax’ plants were 
arranged in alternating rows (i.e., 1:1 planting). 
The study site was isolated from other sources 
of blueberry pollen. The closest blueberry 
plantings were >800 m away.

General procedure for pollen size analysis. 
Pollen samples extracted from either blueberry 
fl owers or pollinators were stored at room tem-
perature in a solution containing 25% ethanol, 
5% formalin, 4% acetic acid, and 66% dH

2
O 

per volume. The pollen dispersal unit for Vac-
cinium species is a tetrad (Cockerham and Ga-
lleta, 1976). Tetrad diameter and number were 
measured with a Coulter counter (Multisizer 
II; Beckman Coulter, Fullerton, Calif.) using 
a 140-µm aperture. Pollen suspensions were 
diluted in Isoton II diluent (Beckman Coulter) 
just before particle analysis. A magnetic stirrer 
was used to maintain uniform distribution of 
tetrads within the saline solution. Pollen grains 
from fi ve to six 0.5-mL aliquots of continuously 
stirring suspension were sized and counted 
per sample. Raw data consisted of absolute 
accumulated frequencies of tetrads in classes 
of diameter at 0.38-µm intervals. The precision 
of the measurements was monitored by adding 
20-µm polystyrene latex particles (Beckman 
Coulter) to every analyzed sample.

Prediction of cultivar proportions in 
pollen mixtures. Proportions of ‘Brightwell’ 
and ‘Climax’ tetrads in pollen mixtures were 
predicted using the observed frequencies of 
pollen diameter. A smooth approximation to 
the probability density function for ‘Brightwell’ 
and ‘Climax’ pollen diameter was generated 
using kernel density estimation. The kernel 
density estimator was:

where h is the bandwidth, K is the kernel func-
tion, X

i
 is the midpoint of the ith diameter class, 

and Y
i
 is the number of observations in the ith 

diameter class. The general form of the kernel 
function is given by Härdle (1991). Appropri-
ate kernel functions are symmetric about the 
vertical axis, positive, and integrate to 1. The 
kernel function chosen for this analysis was 
the normal kernel:

Estimated probability density functions 
based on this method gave a good fi t to the 
data (Fig. 2).

The proportion of ‘Brightwell’ in the pol-
len mixture was estimated using the maximum 
likelihood method. The likelihood function is 
the density function based on the observed data 
(assuming that the data are independent) but 
viewed as a function of the density’s param-
eters. The likelihood function is maximized 
over the parameters to produce a maximum 
likelihood estimate of those parameters, based 

on the data. In practice, it is 
easier to maximize the log of the 
likelihood, which is equivalent 
to maximizing the likelihood 
function (Wackerly et al., 2002). 
The log-likelihood function for 
the pollen mixture was:

where f
b
(X) and f

c
(X) are the 

probability density functions 
for ‘Brightwell’ and ‘Climax’, 
respectively, β is the proportion 

of ‘Brightwell’ in the pollen mixture, and X
i
 and 

Y
i
 are as defi ned above. Then, the proportion of 

‘Climax’ in the pollen mixture was estimated 
by the difference 1 – β.

The program to construct the kernel density 
estimates of the distributions of ‘Brightwell’ 
and ‘Climax’ pollen diameters, as well as to 
compute the maximum likelihood estimate 
of β, was written in the language F (Brainerd 
et al., 1996), a cheap-ware subset of Fortran 
(Fortran Co., Tucson, Ariz.), which can be 
compiled under most modern Fortran environ-
ments. The numerical optimization algorithm 
used to compute the maximum likelihood 
estimate of β was the quasi-Newton algorithm 
(Nash, 1990).

Validation of the model. The model was 
validated by predicting the proportion of 
‘Brightwell’ in pollen mixtures where the 
cultivar composition was known.

Pollen tetrads were extracted from samples 
of 50 fl owers collected at the study site from 
either ‘Brightwell’ or ‘Climax’ plants. In 2003, 
six replications of each cultivar were collected 
on 4 Apr. In 2004, one replication per cultivar 
was collected on fi ve different dates (24 Mar., 
27 Mar., 2 Apr., 5 Apr., and 12 Apr.). Pollen 
samples for each replicate were stored in vials 
with 20 mL of fi xative solution as described ear-
lier. The absolute tetrad concentration in each 
20-mL suspension was estimated by counting 
the number of pollen grains in four aliquots 
using the previously described particle counter. 
Then, aliquots from a pair of ‘Brightwell’ and 
‘Climax’ pollen samples (with a known tetrad 
concentration) were combined to achieve fi ve 
pollen mixtures containing 20%, 40%, 50%, 
60%, and 80% of ‘Brightwell’. These mixtures 
were analyzed with the particle counter follow-
ing the procedure described previously.

The probability density function for diam-
eter of pure pollen was estimated by kernel 
density estimation from observed frequency 
distributions as described above. Data from 
mixed pollen samples were analyzed using 
the density functions obtained from the pair 
of ‘Brightwell’ and ‘Climax’ samples used 
to assemble the mixture. The percentage of 
‘Brightwell’ in the mixture was predicted by 
the maximum likelihood method.

Analysis of pollen extracted from bees. 
Bumblebees (Bombus spp.) and honeybees 
(Apis mellifera L.) were collected at the study 
site in 2003 and 2004. Native bumblebee queens 
were common at the blueberry plot during the 
entire blueberry fl owering season. A honeybee 
colony was placed near the blueberry plot to 
ensure adequate visitation by A. mellifera. 

Fig. 2. Frequency distribution of ‘Climax’ and ‘Brightwell’ tetrad diameters. Pollen samples of each 
cultivar were extracted from 50 fl owers collected at the study site (see text). Bars represent observed 
frequencies and curves are smooth approximations of the probability density functions generated by 
kernel density estimation.
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The number of bumblebees and honeybees 
collected was 51 and 22 in 2003, respectively, 
and 126 and 60 in 2004. Although carpenter 

Table 1. Mean number of blueberry pollen tetrads extracted from the bodies of bumblebees and honeybees 
foraging on a mixed ‘Brightwell’ and ‘Climax’ rabbiteye blueberry plot in 2003 and 2004.

 Total tetrads per
 individual (no.)
Pollinator 2003 2004
Bumblebee (queen) 4595 ± 1032 (51)z 797 ± 67 (126)
Honeybee (worker) 167 ± 410 (22) 70 ± 100 (60)
zValues are means ± SE, with sample sizes (individuals collected) in parentheses.

bees [Xylocopa vir-
ginica (L.)] were 
also present at the 
study site, they were 
not included in this 
study because of 
their questionable 
value as blueberry 
pollinators (Cane 
and Payne, 1991).

Pollinators were 
collected as they 
visited ‘Brightwell’ 
and ‘Climax’ plants. 
Bees were caught 
with an insect net 
or directly using 
killing jars contain-
ing chloroform. The 
short exposure to 
chloroform was ef-
fective enough to 
quickly anesthetize 

or kill the specimens. Bees were then trans-
ferred individually to 20-mL blood cell counter 
vials (Labcon, Petaluma, Calif.) using forceps. 
All sample vials were stored inside of a cooler 
with ice until the specimens were brought to 
the laboratory. About 5 mL of the fi xative de-
scribed earlier was added to the vial, pouring 
the solution over the insect. If the specimen 

carried pollen in the corbicula (pollen basket 
in the hind legs), the corbicular pollen loads 
were removed using fi ne-pointed forceps 
before adding the solution to the vial. This 
was done because pollen carried in these pol-
len-transporting areas, moistened with nectar, 
is unavailable for pollination (Harder and Wil-
son, 1997; Thorp, 2000). Pollen tetrads were 
extracted from the bodies of bees by shaking 
the vials for 30 min at 270 rpm using a G10 
Gyrotory shaker (New Brunswick Scientifi c; 
Edison, N.J.). Bees were then taken out of 
the solution and pollen was kept inside of the 
vial until analysis with the particle counter. 
In addition to extracting pollen from bees, 
pollen samples were also collected directly 
from fl owers to be used as standard. A single 
pollen sample per cultivar was extracted on 
each sampling day from 50 fl owers randomly 
collected in the experimental plot.

The diameter of blueberry tetrads carried 
by the bees was used to predict the proportion 
of each cultivar in the pollen extract, in a way 
similar to that described for pollen mixtures 
in the validation of the model. Probability 
density functions were estimated from pure 
pollen samples extracted from fl owers of each 
cultivar. These densities were used to analyze 
the data from all the bees collected on that 
particular sampling day.

Results and Discussion

Validation of the model. The predicted 
proportion of ‘Brightwell’ was linearly related 
to the actual proportion in the pollen mixture 
(r = 0.995, P < 0.0001, n = 55; Fig. 3). At α = 
0.05, the Y-axis intercept and the slope were not 
statistically different from 0 and 1, respectively. 
These results indicate that unbiased predictions 
of the proportion of each cultivar in the pollen 
mixture can be made using diameter frequency 
distributions.

Analysis of pollen extracted from bees. 
The presence of pollen from sources other 
than blueberry represented the major poten-
tial problem for applying this method in the 
fi eld. Observations of pollen extracts under 
the microscope confi rmed the presence of 
pollen from other plant species, which was 
consistent with previous reports (Cane and 
Payne, 1988; Delaplane, 1995; Dogterom 
and Winston, 1999; Vander Kloet, 1976). Two 
monads from unidentifi ed plant species were 
the most common foreign pollen found in the 
collected specimens. However, these two pol-
len types were smaller than blueberry tetrads, 
with a mean diameter (± SD) of 18 ± 1 µm and 
30 ± 2 µm. Therefore, no interference from 
foreign pollen was expected within the range 
of diameter of blueberry tetrads.

The average number of blueberry tetrads 
extracted per pollinator is shown in Table 1. 
Tetrad numbers per bumblebee and honey-
bee were signifi cantly different. Bumblebee 
pollen numbers were 11 to 28 times those 
of honeybees. The actual number of tetrads 
sized and counted in a sample extracted from 
the body of an average bumblebee was about 
100 to 120 (n = 800 tetrads suspended in 20 
mL; fi ve to six 0.5-mL aliquots counted per 

Fig. 4. Diameter frequency distributions of blueberry tetrads extracted from individual bumblebees col-
lected from ‘Climax’ (A and B) and ‘Brightwell’ (C) plants. Curves fi tted using the maximum likelihood 
method and the predicted percentage of ‘Brightwell’ pollen (β ± SE) are also presented. For probability 
density functions of pure samples of ‘Brightwell’ and ‘Climax’, see Fig. 2.

Fig. 3. Predicted versus actual composition of ‘Bright-
well’ and ‘Climax’ pollen mixtures (n = 55). Con-
fi dence intervals for the slope (m) and the y-axis 
intercept (b) are also presented (α = 0.05).
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sample). Bumblebees were considered to be 
a good model species for studying pollina-
tor activity in blueberry plantings using the 
proposed technique. In contrast, the number 
of tetrads sized and counted in samples from 
honeybees was too low to obtain accurate 
estimates based on diameter frequency dis-
tributions. It has been reported previously 
that honeybees can carry pollen grains in 
numbers ranging from several thousands to a 
few million (Free, 1970). The small number 
of blueberry tetrads extracted per honeybee 
in this study may be due to their incapacity to 
sonicate the poricidally dehiscent anthers of 
blueberry fl owers (Buchmann, 1983). Another 
important contributing factor was the presence 
of carpenter bees at the study site. These bees 
cut slits at the base of the tubular corolla of 
blueberry fl owers to imbibe nectar, and honey-
bees readily visit these pierced fl owers through 
the robbery holes made by carpenter bees, 
resulting in illegitimate honeybee visits (Dedej 
and Delaplane, 2004; Delaplane and Mayer, 
2000). During illegitimate visits, honeybees 
act as secondary nectar thieves and avoid the 
fl ower opening (bypassing the androecium), 
which limits the amount of pollen that they 
can collect from the fl ower. High numbers of 
pierced corollas were present at the study site 
during the entire fl owering season of 2003 and 
2004, resulting in many such “illegitimate” 
visits by honeybees.

Frequency distributions of pollen diameter 
and predicted proportions of ‘Brightwell’ for 

selected bumblebees are shown in Fig. 4. 
Curves estimated with the maximum likelihood 
method gave a good fi t to the data.

‘Climax’ plants bloom earlier than those 
of ‘Brightwell’, which gave an opportunity 
to determine if the predicted cultivar propor-
tions changed as the season progressed (Fig. 
5). Specimens collected at the beginning of 
the season in 2003 carried small proportions 
of ‘Brightwell’ pollen, which was expected 
considering that very few ‘Brightwell’ fl owers 
were open at that time. Conversely, all bees 
collected on the last sampling day carried al-
most a pure load of ‘Brightwell’ pollen. Bees 
collected between 29 Mar. and 2 Apr. carried 
mostly pollen from the cultivar where the 
specimen was foraging. Similar trends were 
observed in 2004 (data not shown). These 
results indicate that the method worked well 
under fi eld conditions.

Previous attempts have been made to iden-
tify pollen grains by cultivar in pollen loads 
carried by bees (Jackson and Clarke, 1992; 
Mittler, 1962; Vezvaei and Jackson, 1997). 
The pollen extracting procedure used in the 
present study differed from previous work in 
that corbicular pollen loads were excluded. 
Therefore, pollen samples extracted from 
bumblebees were representative of the fraction 
of blueberry tetrads available for pollination. 
Pollen cultivar proportions can thus be con-
sidered as an estimate of the likelihood for 
‘Brightwell’ or ‘Climax’ pollen to be deposited 
on the stigma.

In summary, a novel method using fre-
quency distributions of pollen diameter to 
quantify transport of self- and cross-pollen by 
blueberry pollinators was developed. The tech-
nique requires a consistent difference in pollen 
diameter between two cultivars, which may 
restrict its range of application. Preliminary 
evaluations, limited to a few rabbiteye cultivars, 
indicated that ‘Brightwell’ and ‘Climax’ had 
suitable extreme values of tetrad diameter. Data 
on tetrad diameter for other blueberry species 
would be needed to identify suitable pairs of 
cultivars to study pollen dispersion using this 
technique. Other potential problems such as 
interference from foreign pollen or undesired 
interactions among bee species (e.g., presence 
of carpenter bees) could be overcome by con-
ducting experiments under a cage or net-house. 
The proposed technique could potentially be 
used to quantify the likelihood for outcrossing 
and establish the effect of cultivar arrangements 
on pollen dispersion, as well as to examine 
pollen collection and manipulation and cultivar 
preference by bees. Findings obtained by ap-
plying this method under fi eld conditions are 
presented in a companion paper (Brevis and 
NeSmith, 2005).
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