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Abstract: Wild blueberry, Vaccinium angustifolium Aiton, for the most part requires cross-pollination.
However, there is a continuum across a gradient from zero to 100% in self-compatibility. We previously
found by sampling many fields that 20–25% of clones during bloom have high levels of
self-compatibility (≥50%). In 2009–2011, and 2015 we studied the ecology of self-pollination in
wild blueberry, specifically its phenology and bee recruitment and subsequent bee density on bloom.
We found that highly self-compatible clones were predominantly early blooming genotypes in the wild
blueberry population. On average, fruit set and berry weight were highest in self-compatible genotypes.
The bumble bee community (queens only early in the spring) was characterized by bees that spent
large amounts of time foraging in self-compatible plant patches that comprised only a small proportion
of the blueberry field, the highest density in the beginning of bloom when most genotypes in bloom
were self-compatible. As bloom proceeded in the spring, more plants were in bloom and thus more
land area was occupied by blooming plants. The absolute density of bumble bee queens per m2

declined, as a dilution effect, and this probably resulted in lower fruit set throughout the field.
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1. Introduction

Wild blueberry is a North American fruit crop species that has not been genetically improved
through breeding such as highbush blueberry, Vaccinium corymbosum L. [1]. This crop is a wild complex
of ericaceous species that are part of eastern North American forests [2]. After harvesting the forest,
these ericaceous plants are managed to provide access to sunlight, release from competition with
weeds, reduction of insect pests and plant pathogens, and increased soil fertility [3]. Any given
blueberry field can range in the number of wild blueberry species present. Vaccinium angustifolium
Aiton, V. myrtilloides michx., V. angustifolium × V. corymbosum hybrids, V. boreale I.V. Hall and Alders,
and V. pallidum Aiton are the putative species and hybrids that represent wild blueberry [2,4]. The most
abundant species are V. angustifolium, the sweet lowbush blueberry, and V. myrtilloides, the velvetleaf or
sourtop lowbush blueberry [5]. Commercial fields are solely comprised of these two species across most
of the geographic production region in maine, USA [2]. However, V. angustifolium is by far the dominant
species managed for commercial production [3,6]. Wild blueberry is a valuable commercial berry crop
in the northeastern U.S. (Maine and to a lesser extent New Hampshire, massachusetts, and Michigan),
and eastern Canada (New Brunswick, Nova Scotia, Prince Edward Island, Newfoundland and Labrador,
and Quebec).
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Wild blueberry yield depends upon adequate pollination [7,8]. genetically distinct individuals
(referred to as clones) spread horizontally, developing shoots from underground rhizomes [3].
Wild blueberry pollination is almost entirely dependent upon bees [7,9,10], although moths [11],
flies and hummingbirds [FAD pers. obs.] have been reported visiting flowers. Because this crop is not
planted, the spatial genetic pattern between individual plants in a field is not due to any pre-determined
plan as in many crops such as almond, apples, peaches, highbush blueberry, or coffee [12–15]. This is
important because wild blueberry is an insect dependent allogamous species [9,16,17] and outcross
compatibility is non-reciprocal [18]. This means that pollen movement between two clones may result
in a high level of fruit set in one direction (clone 1 to clone 2), but a low level of fruit set in the other
direction (clone 2 to clone 1). Because of this, the spatial genetic relationship among clones in a field
and the number and species of bees that are present during bloom will determine the level of fruit set
and subsequent crop yields [19,20].

There is still much that is not known about wild blueberry reproduction. Several investigations
into the plant role in wild blueberry pollination and plant reproduction have advanced our
knowledge into the areas of tradeoffs in reproductive effort investment [21,22], reproductive
self-incompatibility/compatibility [17,18,23–25], spatial genetic structure and relatedness [26–28],
reproductive tissue investment [29], gene flow measured as pollen movement from donor to recipient
clone [30,31], timing of flower bud production [9,32] and flowering [9,32], plant plasticity in regards to
physiological responses in growth and development and the effects of climate warming on blueberry
pollination [33,34]. One topic that has not been researched is the ecology of autogamy in the reproduction
of wild blueberry, the focus of this study.

Wild blueberry is a tetraploid (2n = 4x = 48) and based upon morphological characters, it is
hypothesized to be either an autotetraploid of V. boreale [35] or an allo-tetraploid of V. boreale×V. pallidum
or V. boreale×V. myrtilloides [36,37]. An autotetraploid origin may be more likely as in general, tetraploid
evolution in plants is thought to be most common through autotetraploidy processes compared to
alloploidy [38]. Vaccinium angustifolium has been shown to have tetrasomic inheritance [25,28,39].
Wild blueberry is considered a self-sterile species requiring outcrossing [17,18,24]. However, mating
self-compatibility (i.e., self-fertility) in wild blueberry plants has been measured in the field. It is
believed to be a minor characteristic of wild blueberry populations. A range of self-compatibility
has been found to exist in both maine and Canada ranging from 5–22% of clones with levels of
self-fertilization greater than 40% [18,23,24]. However, self-compatibility in clones appears not to be a
dichotomous property, but a continuous gradient ranging from 0–100% as measured by fruit set from
self-pollination [18,19]. Some neighboring clones within populations have been found to be highly
inter-related [27,28,39] possibly in part due to self-pollination. This is thought to contribute to what
has been estimated as high levels of inbreeding depression [25] and high genetic load [18].

While the presence of self-compatible clones in wild blueberry fields has been documented,
the pollination ecology has not been well studied. Simulation modeling of non-reciprocal outcrossing
(where fruit set resulting from pollen transferred from clone “A” to the stigma of clone “B” is not the
same as the converse [18,19]) as well as pollination of self-compatible clones has been conducted [18].
Clone size has been shown to be a significant determinant of field-level fruit set in these simulations
due to the self-pollination that takes place in clones with high levels of self-sterility. However, balancing
this deleterious effect, the presence of self-compatible clones increases field-level fruit set and yield [19].

In general, the evolution of self-compatibility in plant populations is thought to occur and
be maintained because it reduces extinction in numerically small founding populations, despite high
levels of inbreeding depression [40–43]. However, studies with some plant species have not shown
this to be the case [44]. It has been theorized that the evolutionary advantage of self-compatibility may
be more likely in extinction threatened plant species such as species endemic to isolated islands [43].
Lloyd’s theory of “reproductive assurance” states that plant species will evolve self-compatibility
if there is at least some opportunity for outcrossing [44]. The environment and life history of wild
blueberry suggests that one environment that might benefit self-compatible clones and yet still allow
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outcrossing is in the very beginning of bloom. Our hypothesis for this study was that bloom progression
is gaussian in its distribution [9,32] and so self-compatible clones that are the earliest blooming plants
have exclusive access to all the pollinators in the field resulting in high fruit set. Later as bloom
progresses and neighboring clones begin to bloom, these early blooming self-compatible clones that
are still producing flowers and have viable long-lived flowers [9] have access to outcrossed pollen
from bees that have visited the neighboring clones in bloom. Therefore, the objectives of this study
were to: (1) describe the bloom phenology of self-compatible clones relative to clones more dependent
upon outcrossing, (2) provide a measure of the dynamics between native bee density (using bumble
bee queens as an example) and the progression of bloom in wild blueberry fields with reference to
self-compatible clones, and (3) discuss both the evolutionary and grower perceived cost/benefit balance
for self-compatible clones being “early bloomers”.

2. Materials and methods

2.1. Field Sites

All research was conducted in maine, USA. Field studies for assessing fruit set in clones initiating
flowering in the early, mid, and late part of the bloom season were conducted in the spring and
summers of 2009, 2010, 2011, and 2015 either at a commercial grower’s field in the town of Jonesport
(Washington Co., 44◦32′11.64” N, 67◦35′51.06” W (2009)); the University of maine Blueberry Hill
Research Station, Jonesboro (Washington Co., 44◦38′38.02” N, 67◦38′47.39” W (2010, 2011)); or in a
commercial field in Winterport (Waldo Co., 44◦40′28.19” N, 68◦57′34.89” W (2015)). Field studies
assessing bumble bee activity-densities were conducted in three commercial wild blueberry fields in
Winterport, (Waldo Co., 44◦40′28.19” N, 68◦57′34.89” W (2009, 2015)), and Stockton Springs, Waldo
Co. (44◦32′25.11” N, 68◦52′53.32” W (2010)). Samples taken back to the laboratory to be processed,
data entry, and statistical analysis, took place at the University of maine, Orono, Maine.

2.2. Effects of Bloom Phenology Class and Pollination Type on Fruit set and Yield (Weight per Berry)

In 2009, 2010, 2011, and 2015 clones initiating flowering early in bloom (≤100 degree-days (DD),
base 4 ◦C accumulated since 1 April, see the phenological bloom model developed and validated by
Drummond [9]), mid-bloom (200–400 DD, only 2010, 2011, 2015), and late bloom (≥500 DD) were
arbitrarily selected and marked in the field with colored stakes. Each clone was given an identification
code that was recorded on the stake. Stems (ramets) within clones (genets) were selected based upon
similar morphology (stem color, leaf color, flower petal color and size, trichome density on leaves and
stems). Previous research using genetic analysis of ramets suggest that morphology can be used fairly
reliably to select stems within clones as belonging to a single clone [18,31,45]. In addition, to minimize
error in stem selection we did not choose any clones that were adjacent and similar in morphology
for this study. The number of clones selected each year were as follows. Twelve early clones and 4
late blooming clones (2009); 15 clones each of early, mid and late bloom phenology (2010); 10 clones
each of early, mid, and late bloom phenology (2011); and 10 clones each of early, mid, and late bloom
phenology (2015) were involved in the study. Hand pollination of flowers with “self” pollen (taken
from flowers of the clone to be pollinated) was conducted to determine clones that are self-fertile
and those that are not self-fertile and require outcrossing with other clones for successful fertilization,
fruit set, and seed set. It has been shown that self-fertility in wild blueberry is a continuum from
0–100% [19]. However, only 20% of all clones are characterized as self-fertile at a level that results in at
least 60% fruit set [18]. Sixty percent fruit set was the threshold level that we used in this study to define
clones that are highly self-fertile. Although somewhat arbitrary, we felt it was instructive for assessing
the differences between highly self-fertile clones and those that are more dependent upon outcrossing.

During the 4 years of this study, 20–30 stems in each selected clone were enclosed by fine mesh
nylon bags that prevented access to the flowers by insects before flowers opened. When flowers began
to open (dependent upon their bloom phenology), 5–10 stems per clone were each marked with labeled
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colored string and chosen as an open-pollination treatment. In addition, 3–5 bagged stems with flowers
that were 1–3 d old were cut. These stems were brought into the laboratory and were laid out upon
laboratory benches for 24 h at room temperature (18–22 ◦C). Pollen was collected from the opened
flowers on the cut stems into glass petri dishes by sonication using a vibrating tuning fork (440 Hz)
placed against the corollas. Extracted pollen was applied to stems of the same clone that the pollen
came from for self-pollinations. Pollen was placed on all floral stigmas in flowers (3–8) on the terminal
flower clusters on each of 3–5 stems. Pollinations were carried out in the field immediately after the
removal of the fine mesh nylon bags, using a small paint brush to apply pollen in sufficient, nonlimiting
amounts (determined by a preliminary dosage study [45]). The number of flowers hand pollinated on
each marked and labeled stem was recorded. These stems represented the self-pollination treatment.
Bags were replaced on stems that had hand pollinated flowers and not removed again until petal fall
and calyx swelling (initial sign of fruit set). In preliminary experiments in 2007, Bell [45] found that
bags did not affect fruit set or the rate of fruit maturation when removed at the end of bloom (petal fall).

Ten to fourteen d after bloom (early–mid-June), clones in both pollination treatments and bloom
phenology classes were visited, and marked stems in both the open-pollinated and self-pollination
treatments were located. The period between the end of bloom and estimation of fruit set allowed
for many of the inadequately or non-pollinated flowers to drop [46]. green fruit were counted on
terminal flower clusters and proportion fruit set was estimated by dividing the number of fruits
by the number of flowers recorded in the terminal cluster (see [7] for more detail). After fruits
were mature, marked stems were cut and brought into the laboratory where individual fruits were
weighed to the nearest one-thousandth of a gram. The 2010 data set was incomplete while all other
years involved collecting data on both treatments (bloom phenology class, hand self-pollination and
open pollination). The clones with early bloom phenology in 2010 experienced a frost resulting in the
death of many flowers and so fruit set and berry weight were not used in any analyses. In addition,
stems that experienced flower mortality due to disease were not included in the analyses. Data on
open pollination was not collected in 2010.

2.2.1. Bloom Phenology of Highly Self-Fertile Clones

To determine if differences in the proportion of highly self-fertile clones occurred between the
three bloom phenology classes, the proportion of clones with high self-fertility (using a threshold of
60% or greater fruit set) in the hand-crossed flowers for each clone was compared. Our hypothesis was
that highly self-fertile clones would be more abundant compared to obligate outcrossing clones in the
beginning of bloom when few clones are in bloom. Nominal logistic regression was used [47] to test
this hypothesis. Bloom phenology class, year, and the interaction between year and bloom phenology
class were the independent variables and the proportion of highly self-fertile clones was the nominal
binomial independent variable. A Tukey HSD multiple comparison test was used to determine if the
proportion of highly self-fertile clones differed among bloom phenology classes [47].

2.2.2. Fruit Set and Berry Weight as Determined by Bloom Phenology Class and Pollination Type

To assess overall patterns in plant productivity, two mixed models were constructed [47], one for
fruit set and one for berry weight. Our hypothesis was that productivity as measured by fruit set
and berry weight would be highest in the open pollinated treatment, and it would increase with
the progression of bloom. The rationale behind our thinking was that most blueberry clones are
obligate for outcrossing [17–19,23], and potential compatible pollen collected by bees from neighboring
clones increases as bloom progresses. The fixed effects were bloom phenology class (early, mid,
late), pollination type (hand vs. open), and their interaction. The random effect was year and its
interaction with the fixed effects. The dependent variables were mean proportion fruit set and mean
berry weight per clone. The validities of fit models were evaluated with the Chi-square Convergence
Test [47]. Fixed teffects were tested using Satterthwaite’s method for estimating denominator degrees
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of freedom [48]. Wald tests were used for random effects by evaluating slope estimates relative to
0.0 [47].

Because the mixed models for fruit set and berry weight are confounded by including both highly
self-fertile clones along with self-incompatible clones, it is difficult to interpret the results, although
it is what many researchers and growers would observe if they sampled these productivity metrics
during bloom. In order to partially separate out the effects of highly self-fertile clones on fruit set and
berry weight, mixed models were constructed for both the hand self-pollinated flowers and the open
pollinated flowers where clones were identified as either highly self-fertile or not. Because we defined
highly self-fertile clones as those that achieved at least 60% fruit set through hand self-pollination,
the outcome of fruit set and self-fertility was determined by our threshold. However, we still show
the results. The fixed effects for the mixed models were bloom phenology class, self-fertility level
(high or not), and their interaction. Year was a random effect along with its interactions with the fixed
effects and the dependent variables were fruit set and berry weight. models were assessed as described
above. In addition, in order to interpret the effect of self-fertility on yield, the relationship between
fruit set and berry weight was assessed using a mixed model with fruit set as a fixed effect and year
and its interactions with the fixed effects as random effects. The dependent variable was berry weight.
The conditional coefficient of determination was calculated for this relationship from the mixed model
results [47].

2.3. Bee Activity-Density Sampling

The objective of this study was to determine if bee density is greater during the beginning of
bloom compared to later in the season as bloom progresses. The hypothesis was that, early in bloom,
bees numerically respond and aggregate to the limited floral resources offered in blueberry fields and
that as fields continue blooming, the greater percentage of the field in bloom dilutes or reduces bee
density on a per m2 basis as the community density of bees spreads out across the field. Bumble bees
were selected as a measure of pollination intensity throughout bloom because they are the most efficient
pollinator of wild blueberry [49], and their density (queens) is assumed to be relatively constant during
bloom. They emerge from overwintering prior to bloom and do not produce workers until the end of
bloom or after bloom finishes. In addition, bumble bee queens forage over long distances and unlike
other wild bees they are found both along field edges and in field interiors [50]. Our hypothesis was
that bumble bee density decreases during the bloom season, on a per unit area of bloom. We reasoned
that this is due to the relatively constant number of bumble bee queens in the habitat during bloom,
but an increasing floral resource as bloom progresses, an increasing floral resource dilution effect.

In the springs of 2009, 2010 and 2015, three commercial wild blueberry fields were sampled
for wild bumble bee queens throughout bloom. The fields were 12–20 ha in area and no pesticides
were applied during the spring. Starting in early may (4 may, 5 may, 4 may; 2009–2015, respectively)
in all three years, fields were sampled for clones in bloom and bumble bee queens (Bombus spp.).
In order to determine the proportion of field area comprised of wild blueberry clones in bloom, three
100 m straight line transects were walked in the field every two-ten days until just past full bloom on
10 June 2009, 25 may 2010 and 5 June 2015. Starting points of the transects in the field and direction
were arbitrarily selected. For each transect on each sample date, when a clone was crossed by the
transect, a note was made of whether the clone was in bloom, and then the diameter (if clone area
resembled a circle) or diameters (if clone resembled an ellipse), or sides of the clone (if clone was a
rectangle or polygon) were measured with a tape to the nearest cm so that areas of the clones could
be calculated and the proportion of clones in the field in bloom could be estimated (for more detail
of method see [51]). Bee activity-density measurements were initiated when bloom commenced and
continued every 2–5 days through may. This was accomplished by placing ten, 1 m2 quadrats (made
of 1.9 cm ID PVC pipe) in blooming clones (1–3/clone depending upon clone size). After deployment
of the quadrats, each was sequentially approached slowly from a direction where no shadows were
cast upon the quadrat. Once the observer was 1 m from a quadrat edge, 1 min. was spent still before
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assessing bee activity-density. For 1 min, the number of bees entering the quadrat was counted and
the bee taxon group was recorded. After the 1 min. measurement, another quadrat was observed
until all 10 were completed, see [7] for more details on sampling bees. The average and standard
error number of bees/m2/minute was calculated for each bee taxon on each sample date. A mixed
repeated measures general linear model was used to determine the dilution effect of progressive bloom
on bumble bee activity-density [47]. Percent bloom was the fixed effect and the random effects were:
year, year × bloom, and sample date as the repeated measure. The dependent variable in the model
was bumble bee queen activity-density (bees/m2/min.). model fit and appropriateness was evaluated
following the procedures described above (Section 2.2.2). Non-linear marquardt least squares [47] was
used to model the individual years’ cumulative bloom progression and the dilution of queen bumble
bees during the progression of bloom. An increasing sigmoidal asymptotic model was used to model
cumulative bloom progression. This is an appropriate model as previously shown by Drummond [9].
A sigmoidal decay model was chosen for modeling bumble bee queen dilution because our hypothesis
was that as bloom increased in a sigmoidal manner, bumble bee queen density would directly track the
increasing field area in bloom and therefore would be characterized by an asymptotic decline over
time. The form of the model for both cases is:

Y = a/[1 + e(b+c×date)] (1)

where:

a is the asymptote,
b is a shape parameter (positive for bloom, negative for bee dilution),
c is a slope parameter (negative for bloom, positive for bee dilution).

A repeated-measures mixed model was constructed to test if increasing bloom over time resulted
in a decrease in bumble bee activity-density over the three years [47]. The fixed effect was proportion
bloom, the random effect was days nested within year, and a compound symmetry covariance structure
was assumed. The mixed model was evaluated as described above.

3. Results

3.1. Bloom Phenology of Highly Self-Fertile Clones

Logistic regression on the proportion of highly self-fertile clones provided evidence that year
(p = 0.629) was not a significant predictor of the proportion of clones that are highly self-fertile.
The year × phenology bloom class could not be estimated due to the unbalanced design (no early
blooming clones in 2010). The proportion of highly fertile clones did differ according to bloom class
phenology (χ2

(2) = 8.137, p = 0.017). A greater proportion of highly self-fertile clones occur in early
bloom compared to mid and late bloom (Figure 1).
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Figure 1. The proportion of highly self-fertile clones according to the period in bloom that they begin
to flower (early, mid, and late bloom). Letters associated with bloom phenology classes that are the
same are not significantly different (Tukey HSD, α = 005).

3.2. Fruit Set and Blueberry mass of Highly Self-Fertile Clones

The overall fruit set for clones that initiated flowering in the early, mid, and late bloom period can
be described as an interaction between pollination type (hand self-pollination vs. open pollination)
and bloom phenology class (F(2,166.2) = 3.108, p = 0.047). There was no random year effect or year
interactions with fixed effects on fruit set (p > 0.05). The pattern of this interaction is shown in Figure 2.
Self-pollination in the early part of the bloom season resulted in significantly higher fruit set than
in midseason blooming clones (Figure 2A). Open pollination resulted in no difference in fruit set
throughout the bloom season among clones (early–late bloom) and no difference between the same
clones that were self-pollinated (Figure 2B). Berry weight was only affected by bloom phenology class
(F(2,170.3) = 3.225, p = 0.042). Pollination type, its interaction with bloom phenology class, the random
effect of year and its interactions with the fixed effects were not significant (p > 0.05). Early clones had
significantly heavier berries than mid-season clones (0.615 ± 0.120 (s.e.) g vs. 0.485± 0.121 g). Late clone
berry weights (0.530 ± 0.119 g) were not significantly different from early season or mid-season
clone berry weights. There was a weak, but significant predictive relationship between fruit set and
berry weights over all four years, with the variance in years accounted for by the random effect
(F(1,173) = 27.014, p < 0.001, conditional r2 = 0.099, Figure 3).

When highly self-fertile clones (>60% fruit set when self-pollinated) were compared with less
self-compatible clones we found that the interaction of self-fertility level (highly self-fertile vs.
not) × pollination type (hand self-pollination vs. open pollination) determined fruit set, irrespective of
bloom phenology time (F(1,168) = 32.845, p < 0.001). No other fixed or random effects were significant
in explaining fruit set. Self-fertile clones had the highest fruit set when self-pollinated, both levels
of self-fertility had intermediate fruit set under open pollination, and less self-fertile clones when
self-pollinated had the lowest fruit set (Figure 4A). There was a trend toward highly self-fertile clones
under open pollination having higher fruit set than less fertile open pollinated clones (p = 0.125).
The interaction of self-fertility level × bloom phenology class was the only factor that determined berry
weight (F(2,163.2) = 4.206, p = 0.046). Highly self-fertile clones that initiated flowering during early
bloom and late bloom produced heavier berries than other clones (Figure 4B).
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Figure 3. The linear relationship between proportion fruit set in a clone and resulting berry weight
over all four years.
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classes that are the same are not significantly different (Tukey HSD, α = 005).

3.3. Bee Activity-Density Sampling

Over all three years (2009, 2010, & 2015) bumble bee queen activity-densities were found to be
diluted over time as bloom progressed and the area of the field in bloom increased (F(1,2) = 21.039,
p = 0.044). There was no year (slope) effect (subject nested within year) (p = 0.212), and no year × bloom
progression effect (p = 0.368). The progression of bloom and the rate of decline (dilution) of
bumble bee queen activity-density over time is shown in Figure 5. Table 1 lists the parameter
estimates for each sigmoidal model of bloom progression and bumble bee queen dilution by year.
A repeated measures mixed model provided evidence that bloom progression had a negative effect on
bumble bee activity-density over time (F(1,18.2) = 92.559, p < 0.001, conditional r2 = 0.853, β (slope for
proportion bloom on bee activity-density) = −0.004 ± 0.0004).
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Table 1. Model coefficients for sigmoidal model * describing bloom progression (% bloom) and bumble
bee queen dilution (bees/m2/min.) over the period of bloom.

Year Model Asymptote (a) Shape (b) Slope (c) Coefficient of Determination,
p Value ***

2009 bloom 88.508 (7.517) ** 4.878 (0.891) −0.234 (0.049) r2 = 0.947, X2
(8) = 4.31, p = 0.83

dilution 0.252 (0.013) −4.023 (0.718) 0.199 (0.029) r2 = 0.989, X2
(8) = 0.01, p > 0.99

2010 bloom 85.128 (3.541) 6.921 (0.637) −0.410 (0.043) r2 = 0.996, X2
(6) = 1.13, p = 0.98

dilution 0.472 (0.049) −9.435 (4.994) 0.592 (0.308 r2 = 0.992, X2
(6) = 0.02, p > 0.99

2015 bloom 100.151 (6.468) 7.187 (1.217) −0.311 (0.056) r2 = 0.986, X2
(6) = 2.83, p = 0.82

dilution 0.845 (0.058) −2.597 (0.335) 0.168 (0.012) r2 = 0.998, X2
(6) < 0.01, p > 0.99

* equation 1; ** values in parentheses are standard errors. *** Coefficient of determination (r2) was approximated for
non-linear model, p value is based upon model goodness of fit to data (Chi-square test), comparison of observed
sums of squares to that expected based upon a gaussian theoretical frequency distribution.

4. Discussion

Wild blueberry is characterized by herkogamy which reduces self-fertilization and potential
inbreeding depression [17,18,25]. The reproduction of most wild blueberry clones (plants) is dependent
upon outcrossing [18,19,25]. However, at a population level both self-pollination and pollination due
to outcrossing probably occur simultaneously at different proportions. This is hypothesized in wild
blueberry based upon the range of percent fruit set observed in clones that have been self-pollinated
by hand (0–100%) [18]. This type of “mixed mating system” or the occurrence of fertilization due
to both self-pollination and outcrossing is not unusual in plants, especially invading species [52].
Our study shows that self-fertile clones tend to occur in higher proportion relative to less self-fertile
clones during the onset of bloom in wild blueberry fields, but not in clones that initiate flowering
in mid- and late bloom. We hypothesize that this bloom phenology biased pattern where a higher
proportion of self-fertile clones initiate flowering early in the bloom season is a result of selection
favoring an evolutionary life history strategy that has the advantage of attracting a high density of
bees for pollination. We showed that bumble bee density, for all three years that we measured it in this
study, was well timed with the start of bloom and that density was highest with the onset of bloom and
as bloom progressed, the activity-density of bumble bee queens (bees/m2/min.) declined. This decline
appears to be due to an increasing proportion of the land area in the field initiating bloom, and thus an
increasing number of flowers available for bee visitation. In wild blueberry fields, observed average
flower densities range from 9000–22,000 flowers/m2 (Drummond unpublished data). This estimated
flower density is the total over the entire bloom season and at any one point in time the density is
less due to the average viability of flower stigmas being 7–10 d [9]. We think that increasing flower
density throughout the bloom is the main cause of decreasing bee activity-density, although bumble
bee queens may not be successful in establishing a colony and die [53]. In addition, queen bumble bee
foraging ranges can be quite far (5–6 km) [54] and they can move to other more profitable foraging
areas, although in maine wild blueberry growing regions, we doubt that there are many more profitable
foraging areas compared to this mass flowering, pollen abundant resource.

Being able to attract bees at high densities because few con-specifics are flowering and being
self-fertile maximizes the likelihood of pollination and subsequent fertilization. Self-pollination
will most likely not result in maximum fitness and will probably contribute to inbreeding depression,
a population characteristic that has been reported in wild blueberry [17,18,25,39]. Another disadvantage
of such an evolutionary strategy was observed by us in 2010 when an early frost event killed a
disproportionate number of flowers in early clones compared to later flowering clones.

Selection of self-fertile clones toward the end of bloom does not appear to be the case as shown in
Figure 1. A similar outcrossing environment occurs toward the end of bloom, fewer neighboring clones.
However, non-blueberry floral resources increase during bloom and this would intensify competition
for bees among wild blueberry and other flowering plant species [55]. One might expect evolution of
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self-fertile clones under these late bloom season conditions where bees are attracted away from the few
remaining wild blueberry clones in bloom to abundant non-blueberry flowering species. Lloyd [56]
studying Leavenworthia crassa Rollins, suggested that when outcrossing was sub-optimal under certain
conditions, such as limited numbers of pollinating insects, selection would be strong for self-fertility to
evolve. moore and Lewis [57] studied the early blooming Clarkia xantiana A.Gray. They found that the
earliest blooming individuals were self-fertile as is the case in wild blueberry. The self-fertile individuals
had smaller flowers, shorter styles, and early maturing stigmas. They suggested that maintenance of
self-fertile individuals in the population was due to frequent early droughts that killed the outcrossing
individuals but not the faster developing early flowering self-fertile individual plants.

Many plant species have been hypothesized to have evolved self-fertilization or a mixed mating
system from an obligate outcrossing mating system under conditions unfavorable to outcrossing [58]
and several conditions have been put forth as prerequisites for the evolution of self-fertility such as:
uncertainty of outcrossing, establishment of long-distance dispersal [59,60], earliness of flowering and
lack of outcrossing conspecifics [44,57], expression of useful recessive genes [61], invading or colonizing
plants at the edge or outside of their range where densities are low and aggregations are few [62],
and where distinctive adapted populations are adjacent and crossing with extraneous pollen may
lead to dilution of the adaptive characters [63]. Antovics [61] and Lloyd [44,64,65] provided evidence
and models for self-fertility being an inherited trait, often linked to desirable morphological or growth
and developmental traits and they concluded that this life history strategy would be evolutionary
successful as long as outcrossing continued to occur along with self-fertilization minimizing ovule
abortion and inbreeding depression. Early wild blueberry clones that are self-fertile are likely to overlap
in bloom with later flowering obligate outcrossing clones because total flowering in a single clone may
last 15–20 days over a 25–30 d bloom period of the entire crop [9,19,20,32]. In addition, stigmas are
viable for 7–10 d [9] which lengthens the time for pollination among highly self-fertile clones and their
neighbors. Therefore, it is expected that self-fertile clones will also be sired by other clones in the field
resulting in increased fitness, a reduction in inbreeding depression, and the maintenance of highly
self-fertile early clones in the population [44,61,65,66].

What is the significance of this phenomenon to wild blueberry growers? Figure 2A shows that
overall fruit set was higher in early blooming clones than clones that initiated bloom in the middle
of bloom, and late blooming clones were not significantly different in fruit set than either early
or mid-blooming clones. This would not surprise many growers as it would be expected that early
blooming clones might receive more bee visitation than mid-blooming clones due to the greater
acreage of total bloom during peak bloom, but approximately the same number of bees, or at least
a slight increase in bee density due to later emerging bee species, although not enough to track the
increasing abundance of bloom. Overall berry weight (Figure 2B) was not different among bloom
intervals. This again would not be surprising to growers if environmental conditions during any part
of bloom did not adversely affect berry development and also because fruit set only explains a small
proportion (<0.10) of the variance in berry weight. However, the overall fruit set and berry weight
data masks the contribution of self-fertile clones. This contribution (Figure 4A) can be seen to be
significantly higher for fruit set over self-infertile clones when self-pollination occurs, but not during
open pollination where outcrossing has been observed [31]. This suggests that self-fertile clones can
reach high levels of fruit set when only self-pollen is available for pollination, but at the same time they
are not at a disadvantage due to incompatibility with self-pollen or outcrossed pollen under conditions
of open pollination. Bell et al. [18] referred to self-fertile clones as “universal mothers” as they attained
high levels of fruit set with any sire’s pollen. This was not the case with self-infertile clones. The
resulting berry weight is higher in early bloom in self-fertile clones compared to self-infertile clones.
The tendency for self-fertile clones to be higher yielding than self-infertile clones has been reported
previously [18]. So, from a grower’s perspective, self-fertile clones, while not constituting a large
proportion of the population, appear to be dominant during the beginning of bloom, they attract a high
density of bees resulting in high levels of fruit set and high berry weights, the combination of which
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suggests high potential yield. many growers do not have honey bees delivered to their fields until
25–30% bloom (FAD pers. obs.), therefore, much of the early bloom contributions to total yields are
from native bees [7], a natural resource that is valued by growers [66–68]. A study by Schut et al. [69]
in Nova Scotia corroborated our study on the importance of early blooming clones. They did not
investigate the mechanism of fruit set due to self-fertile clones, but they found that plots with early
blooming clones produced more than 70% of the yield in plots with clones that bloomed toward the
end of the season. Their results suggest that pollination by bees in the beginning of bloom provides a
large ecosystem service to wild blueberry production.

In conclusion, highly self-fertile clones initiate bloom across the entire bloom season, but their
proportion relative to more self-sterile clones is highest in the beginning of bloom. These early
self-fertile clones attract a high density of bumble bees (Apidae) and most likely other wild bees such
as digger bees (Andrenidae), mason bees (Megachilidae) and sweat bees (Halictidae). As the bloom
season progresses, later blooming clones experience a lower wild bee density due to a dilution effect of
increasing floral density across the wild blueberry field. Highly self-fertile clones attain higher fruit set
and berry weights, the combination of which is potential yield. Hopefully this information will be an
incentive for growers to further conserve and protect wild bees on their farms.
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