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Abstract

:

Wild blueberry, Vaccinium angustifolium Aiton, is a native forest understory plant that is managed as a fruit crop. Over the past 51 years, experiments have been conducted to investigate its reproduction. A model was developed that predicts bloom to begin at 100° days (base 4.4 °C) after 1 April and to end at 500° days for a period of three to four weeks. Flower stigmas are only receptive to pollen deposition for eight to 10 days, and the rate of fruit set declines rapidly after four days. Placement of pollen upon receptive stigmas suggests that fruit set occurs with as little as a single pollen tetrad. Twelve tetrads result in 50% fruit set. Several years of exploratory fruit set field experiments show viable seeds per berry, which result from pollination with compatible genotype pollen, is associated with larger berry mass (g). Decomposition of the total variance in fruit set shows that stem variation explains 65% to 79% of total variance in the fruit set. To a lesser extent, the field, year, and clone also explain the percent fruit set variation. Variation between stems may be due to variation in the number of flowers. Fruit set tends to decrease as the flower density increases, possibly due to the limitation of pollinators.
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1. Introduction


Wild North American blueberry (also known as lowbush blueberry) is a native North American fruit crop that has not benefited from genetic improvement breeding programs, as has highbush blueberry, Vaccinium corymbosum L. [1]. This crop is essentially a wild complex of Vaccinium species that form the natural understory vegetation of Eastern North American forests [2,3]. Upon clearing the forest through logging, plants are managed to provide sunlight, release from plant competition, reduction of insect pests and plant pathogens that cause disease, and better soil fertility [4]. Any given wild blueberry field can range in the number of Vaccnium berry species present. Five species and hybrids can be found in Maine including Vaccinium angustifolium Aiton, V. myrtilloides Michx., V. angustifolium X V. corymbosum hybrids, V. boreale I.V. Hall and Alders, and V. pallidum Aiton [5]. However, the most abundant species are V. angustifolium, the sweet lowbush blueberry, and V. myrtilloides, the velvetleaf or sour top blueberry [5], and many fields are comprised of just these two species. Across most of the geographic production region, V. angustifolium is the dominant species [4,5,6]. Wild blueberry is a valuable commercial berry crop in Northeastern United States (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).



Pollination is the most significant factor in wild blueberry production [7,8]. Wild blueberry pollination is almost entirely dependent upon bees [7,9] even though nocturnal flying insects such as moths and day flying birds such as hummingbirds have been reported as visiting the bloom [10,11]. Because this crop is not planted, the spatial pattern of genotypes in the field is not due to a pre-determined plan as in many crops, such as almonds, apples, peaches, or coffee [12,13,14,15]. Wild blueberry is, for the most part, an entomophilic, obligate outcrossing species [16,17] and outcross compatibility appears to be non-reciprocal [18]. This means that pollen movement between two genets (clones as they are commonly referred to by farmers and some researchers [17]) may result in a high level of fruit set in one direction, but a low level of fruit set in the other direction, given that the number of pollen tetrads deposited on the stigmas is the same. Because of this, the spatial genetic structure among clones (genets) in a field and the number and species of bees that are present during bloom will determine the fruit set and subsequent yield of the crop [19,20].



Most of the research effort in wild blueberry pollination has investigated the bee component of pollination. Bee research has focused on the bee community composition [9,21,22], bee species efficiency [23,24], bee management and efficacy in commercially managed fields [7,8,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43], bee protection and conservation [32,33,44,45,46,47,48,49,50,51,52,53], bee behavior and ecology [24,37,54,55,56], landscape ecology and wild blueberry pollinator abundance [57,58], and bee forager movement and pollination [19,20,24,30].



However, despite several investigations into the plant’s role in wild blueberry pollination, tradeoffs in the reproductive effort investment [8,59,60,61], reproductive self-incompatibility/ compatibility [62,63,64], spatial genetic structure and relatedness [65,66], dynamics of sex germ tissue investment [67,68], gene flow [69,70], phenology of flowering [71], and the potential effects of climate change on wild blueberry pollination [22,72], there is still much that is not known about wild blueberry reproduction. The objectives of this study were to investigate five distinct aspects of wild blueberry reproduction and synthesize their significance to provide a greater overall understanding of wild blueberry plant pollination, reproduction, and commercial yield. The phenomena studied were: (1) phenology of bloom, (2) flower (stigma) viability duration post-anthesis, (3) fruit set as a function of pollen quantity deposition on floral stigmas, (4) the relationship between the fruit set and viable seed set and berry size or mass, and (5) the variance in fruit set between years, fields, clones, locales within clones, and stems.




2. Materials and Methods


All laboratory studies were conducted at the University of Maine, Orono, ME, USA. Field studies were conducted from 1967 to 2017 in managed wild blueberry fields in Knox, Lincoln, Hancock, Waldo, and Washington Counties, ME, USA.



2.1. Phenology of Bloom


The objective of this study was to develop a degree day predictive model for a wild blueberry bloom in Maine. In 2015, 18 wild blueberry fields and, in 2016, eight fields were sampled to develop the model. In both years, the fields sampled were randomly selected from both major growing regions in Maine, the Mid-coast, and down east. An initial model was developed from the 2015 and 2016 dataset and then fields visited in 2017 (seven fields) were used for a validation dataset. After validation, all the data was used to build a final predictive model. Each field was visited 4 to 5 times during bloom. At each visit, we collected 10 new stems (1 per clone) and, on each stem, counted the number of open and closed flower buds and calculated the proportion of flowers in the field in bloom. To develop a degree day model for Maine, daily maximum and minimum air temperatures were collected from local weather stations in the vicinity of each field. Using this data, the number of degree-days was calculated for the threshold base temperature of 4.4 °C using the formula: degree days = (average daily air temperature − threshold base temperature), where average temperature is: [(maximum air temperature + minimum air temperature)/2]. The threshold of 4 °C was estimated as the best threshold in 2016 for bloom estimates measured in the field in both 2015 and 2016. Cumulative percent bloom as a function of degree days with a threshold temperature of 4.4 °C was modeled with the equation below.


% bloom = 100/[1 + e (a − b × DD)]



(1)




where 100 is the ceiling, a is the slope of the non-linear regression, and b is the inflection point.



The model was fit with non-linear least squares using the Levenberg-Marquardt damped least squares method [73]. To use this model degree days at base = 4.4 °C are accumulated from 1 April. This is a date at which, on average, frost has left the upper layers of the soil in most Maine production areas and plants begin to develop.




2.2. Stigma Longevity and Fruit Set


Two field studies were conducted in 2007 (Jonesboro, ME, USA) and 2015 (Winterport, ME, USA) in wild blueberry fields to determine the longevity of stigma (receptivity) and the resulting fruit set post bloom. In both studies, 5 randomly selected clones (genets) were selected before bloom in early May. A week later, 10 non-blooming stems/clone were covered with fine mesh bags to prevent pollination when flowers first opened. Starting in mid-May, bags were checked daily and newly opened flowers were marked with a Sharpie® pen of a specific color on the calyx. At the same time, pollen was collected from 5 nearby clones (not the pre-selected target clones) by cutting stems with open flowers and bringing them into the lab for 24 h. This allowed the flowers to dry overnight. The next morning, the flowers were vibrated with a tuning fork (440 Hz) over a petri dish and the pollen was collected. Pollen from all 5 pollen sire clones was mixed and taken out to the field for hand pollination. At least 5 flowers from each clone of each age 1 to 10 days old were hand pollinated with a paintbrush with approximately 50–100 pollen tetrads (see [18]). The mesh bags were left on the stems for 10 days after the last pollination (mid-June). In early July, all marked flowers were examined for fruit development indicated by a swollen calyx. The calyx ends were re-marked with a Sharpie pen and then examined again during the third-fourth week in July for proportion of fruit set from the initial number of hand-pollinated flowers. The proportion of mature fruit from the initial number of flowers were calculated. Least squares regression analysis was used to determine the relationship between the initial fruit set and the proportion of mature fruit as a function of each flower age at pollination. The dependent variable was the mean proportion of fruit set and mature fruit for each flower age where pollination took place per clone. The independent variables were year, clone, flower age, and the two-way and three-way interactions. Homogeneity of variance and outliers were judged by the inspection of Studentized residuals [74]. Normality of residuals was assessed with the Shapiro-Wilk W test [75]. Serial correlation with flower age was tested with the Durban Watson statistic [76]. Linear correlation (Pearson) was used to assess the relationship between the proportion fruit set and the proportion mature fruit (both years pooled). All modeling was conducted using JMP, version 14 [77].




2.3. Fruit Set as a Function of Pollen Tetrad Quantity


The objective of this 2008 laboratory study was to determine the number of pollen tetrads when placed on a wild blueberry flower stigma that resulted in the fruit set. A preliminary study was conducted in 2000 at the University of Maine Blueberry Hill farm to determine if it was feasible to hand pollinate flowers in wild blueberry clones that had been dug from the ground and placed in blueberry plastic harvest tote boxes (45.7 cm × 38 cm × 12.7 cm). Clones were identified that could set fruit with a moderate amount of self-pollen [65]. In the spring of 2008, a section of each of three wild blueberry clones were excavated and placed in a tote box. The boxes were watered and brought into the laboratory for the pollen tetrad quantity study. Every day, as the bloom progressed, newly opened flowers were marked on the base of the corolla with a Sharpie® pen. When the flowers were two or three days old, they were pollinated with a mixture of pollen tetrad genotypes that was collected from the field (see methods in the previous experiment). Appropriate age flowers were arbitrarily chosen from the three clones and received one of the following pollen tetrad treatments upon the receptive stigmas: 0, 5, 10, 15, 20, 50, 75, and 100 pollen tetrads per stigma. Pollen tetrads were carefully sorted into batches of known quantities and then the designated number of pollen tetrads (with some minor variation) was picked up with assorted paintbrushes with 1–5 moist (distilled H2O) camel hairs. The brush was then used to apply the number of pollen grains desired to each stigma carefully so as not to damage the stigma or pollen tetrads. At least five flowers from each clone constituted each treatment even though 10–20 flowers per treatment was the goal. The control (0 tetrads) was represented by 30 to 50 flowers. After the pollination treatments were complete, the tote boxes were maintained in the laboratory under 18:6 D:N (day:night) conditions at room temperature (ca. 23 °C) and watered when necessary, until bloom was completed. Then the totes were taken out into a blueberry field and placed along the edge in a partially shaded environment. Totes were watered when necessary and, on 17 June, the fruit set was assessed based upon the occurrence of green fruit. A general linearized logistic regression model was used to determine the effect of clone and pollen tetrad deposition treatment on the proportion fruit set. Both an asymptotic logistic regression and a polynomial regression were used to quantify the relationship between the mean proportion fruit set (averaged over clones) and pollen tetrad deposition. All modeling was conducted using JMP, version 14 [77].




2.4. Fruit Set and Seed Development in Fruit


This study was a field experiment conducted in 2006, 2007, and 2011. The objective was to estimate the relationships between seed number in fruit and fruit mass both within and between fields as well as the proportion fruit set and seed number in fruit between fields. In 2006, six fields were sampled, in 2007, one field was sampled, and, in 2011, 12 fields were sampled. In 2011, these 12 fields represented three organic fields, three low input fields, three medium input fields, and three high input fields [8]. In 2006, on 19 July, 10 berries were arbitrarily collected from each of 10 clones in each field. In 2007 on 15 July, 10 fruits were arbitrarily selected from each of 18 clones. Ten berries from each of 10 clones in each field were collected in 2011. In addition, the fruit set was measured in each field in 2011. To do this, six clones were selected and, within each clone, five arbitrary stems were marked with a string around the base tied to a metal identification disk with a number. Just prior to bloom, all flowers on a stem were counted. After bloom in mid-June, the number of green fruits were counted per stem and the proportion fruit set was calculated as the ratio of green fruit on each stem to the number of flowers that were previously recorded on that stem. In all three years, the fruits were taken back to the laboratory and individually weighed to the nearest thousandth of a gram and dissected to quantify the number of viable seeds in each fruit. Non-fertilized ovules and aborted seeds were only counted in 2011 (Figure 1, see Reference [65] for distinguishing viable and aborted seeds). A proxy for floral ovules from which the berries collected was estimated by dissecting the berries and counting all of the viable seeds, aborted seeds, and remnants of non-fertilized ovules that can still be seen under the microscope. This is most likely an underestimate of the true number of ovaries in flowers, which was determined by Bell et al. [69]. However, a comparison of distributions between my estimates and theirs allows us to determine the existence of bias.



Mixed effects of general linear models were used to estimate the relationship between the number of seeds per berry and clone (and the interaction between seeds and clone) with fruit mass. Berries nested within the clone being a random effect was used for the error term and the restricted maximum likelihood was used to estimate the parameters [77]. The 2011 data set was also used to test the relationship between data aggregated to the field level. Seeds per berry, berry mass, yield, and fruit set at the field level were modeled using a general linear fixed effects model. The statistical software JMP version 14 was used for estimating the general linear models [77].




2.5. Decomposition of Total Variance in the Fruit Set


Two studies were conducted in order to determine the sources of variation in the fruit set. The first study was a six-year study (1966–1971). The second study was a four-year study (2011–2015, excluding 2012). The first study was conducted in a commercial blueberry field in Deblois, Maine, USA. Each year, 10 unique clones (in 1971, only nine clones were selected) were arbitrarily selected and, prior to bloom, each clone was divided into five sections (except in 1970 and 1971 when each clone was divided into two sections). Within each Section, 20 stems were tagged with string and given a unique identification label. Then, during the loose cluster stage to early bloom, all flower buds and flowers were counted on each stem and recorded. After bloom, when green fruit began to swell, fruits were counted on each stem. The percent fruit set on a per stem basis was calculated by dividing the number of fruits per stem by the number of original flowers per stem and, then, multiplying the quotient by 100.



In the second study, 12 clones were selected in each of 12 fields per year (2011–2015, except 2012). Clones were not divided into sections, as described in the first study. In each clone, three stems were arbitrarily chosen and labeled prior to bloom. Determination of the percent fruit set followed the same methodology described in the first study.



In order to decompose, the total variance in the percent fruit set, restricted maximum likelihood (REML) modeling was performed on the nested random effects model for each study [78]. Both studies had as the dependent variable, percent fruit set. The independent variables for the first study model were year + clone (year) + section (clone) + residual or stems (sections). There was only one field in the first study and the field was not included in the decomposition of variance. The independent variables for the second model were year + field (year) + clone (field) + residual or stems (clone). A general linear model of flowers/stem on percent fruit set was used to assess the effect of the flower stem density affected percent fruit set.





3. Results


3.1. Phenology of Bloom


Figure 2A shows the model for predicting bloom developed in 2016 with data collected in 2015 and 2016 as well as the overlay of the validation data collected in 2017. Because the 2017 validation data was well described by the predictive model, the parameters of the model were fine-tuned by using the data from all three years (n = 33 wild blueberry fields) to fit a final predictive model. The parameter values are shown in Figure 2B. There was only a small change to the final model parameters because the validation data (2017) was similar in phenology to the model building data (2015 and 2016) and to the predicted bloom. The final model is:


% bloom = 100/[1 + e (6.993 − 0.027 × DD)]



(2)







This model had an r2 = 0.953 (i.e., 95.3 % of the variance in percent bloom is described by air temperature degree-days (threshold of 4.4 °C and degree-days accumulated from 1 April). It can be seen in Figure 2B that 50% bloom is predicted to occur at 250 DD and 99% bloom at 440 DD.




3.2. Stigma Longevity and Fruit Set


Evidence was found to support the hypothesis that flower age determines the proportion fruit set when equal amounts of pollen tetrads are applied to the stigma. This was a strong effect and was significant when pooled over years (F(1,60) = 142.169, p < 0.0001, full model r2 = 0.775). However, the proportion fruit set was also affected by the maternal clone (F(4,60) = 5.934, p = 0.0004), and the maternal clone effect varied by year (F(4,60) = 3.328, p = 0.016). There was no significant year effect or any significant interactions with year (p > 0.05). The proportion of mature fruit resulting from pollinated flowers was more complicated. Flower age was significant (F(1,60) = 332.984, p < 0.0001, full model r2 = 0.888), but all the main effects and two-way interaction effects with clone and year were also significant. Only the three-way interaction of flower age x maternal clone x year was not significant. The proportion fruit set and proportion mature fruit developing from pollinated flowers were highly correlated for both study years (2007: r = +0.744, p < 0.0001, 2015: r = +0.821, p < 0.0001). Figure 3A and Figure 3B show the decline in stigma receptivity, expressed as proportion fruit set, as a function of flower age. In addition, these figures also show how fruit production can be affected by the age at which a flower is pollinated.




3.3. Fruit Set as a Function of Pollen Tetrad Quantity


As the number of pollen tetrads placed upon a stigma increased, the proportion fruit set increased (χ2(1) = 95.108, p < 0.001). The difference among clones was not significant (p = 0.168). Figure 4A shows that a proportion fruit set asymptote occurs at about 25 tetrads per stigma. The asymptotic model was the initial hypothesis since the proportion fruit set cannot, in theory, exceed 1.0. However, Figure 4B suggests that another pattern might explain the relationship between the proportion fruit set and the pollen tetrad deposition on a stigma. This pattern appears to have an initial plateau and then approaches a proportion fruit set of 1.0 at a decreasing rate. However, there is high uncertainty due to the large variance.




3.4. Fruit Set and Seed Development in Fruit


A total of 1252 berries were collected and dissected over the duration of the study (2006, 2007, and 2011). The relationship between viable seeds/berry and berry mass is important because the viable number of seeds/berry reflects the intensity of pollination that a flower received with compatible pollen. In all three years, a significant relationship was found between within-field viable seeds/berry and berry mass (g). However, other factors affected this relationship. In 2006 (n = 6 fields), berry mass was significantly affected by all main effects (field (F(5,343) = 4.428, p = 0.0006), clone (F(9,372) = 4.497, p < 0.00061), and viable seeds/berry (F(1,418) = 4.428, p < 0.0001)). A seed * clone interaction was significant (F(9,438) = 2.276, p = 0.017), but not a field x seed, nor a field x clone x seed interaction (p > 0.05). The significant seed x clone interaction demonstrated that the relationship between viable seed number/seed and fruit mass was not parallel among clones, but that slopes differed, which suggests a possible physiological component to this phenomenon. This pattern could not be tested when observed in 2007 (n = 1 field), but there was a significant clone effect (F(17,144) = 2.861, p = 0.0003) and a viable seed/berry effect (F(1,144) = 30.748, p < 0.0001), but no clone x seed/berry interaction (p > 0.05). In 2011 (n = 12 fields), all the main effects were significant (field (F(11,350) = 17.989, p < 0.0001), clone (F(6,100) = 2.250, p = 0.044, viable seeds per berry (F(1,367) = 11.196, p = 0.0009)). There was a significant field x seed/berry interaction (F(11,365) = 3.219, p = 0.0003), but not a clone x seed/berry interaction. This suggests that, in 2011, the slopes of the viable seed/berry and berry mass regressions were significantly different for at least one of the fields.



Figure 5A–C shows the relationship between viable seeds/berry and berry mass when the data is pooled over clones and fields for each of the three study years. For all three years and when all years were pooled together, the regression relationships were significant on Box-Cox transformed berry mass (2006: F(1,475) = 355.515, p < 0.0001, r2 = 0.429, β = 0.0066; 2007: F(1,178) = 118.727, p < 0.0001, r2 = 0.400, β = 0.0092; 2011: F(1,402) = 131.457, p < 0.0001, r2 = 0.258, β = 0.0089; all years: F(1,1059) = 382.218, p < 0.0001, r2 = 0.296, β = 0.0074). The slopes (β) = are not significantly different across all three years. Figure 5D, data pooled over all three years, suggests that, despite the effects of variation in maternal clone, soil fertility, and weather, a main factor determining berry mass is the intensity of pollination that the flower receives during bloom and this is reflected by the number of viable seeds per berry.



Figure 6A–D show the frequency distribution of viable seeds/berry for all three years (Figure 6A–C) and the combined data for all years (Figure 6D). The distributions are right skewed mostly due to the fact that they are zero truncated (cannot have negative numbers of viable seeds). A probability density function that best describes the frequency distribution for the combined three years (Figure 6D) is a two-parameter Gamma distribution where α = 1.8721 and σ = 8.929 (Cramer von Mises W test, p = 0.388). The estimated 50th, 75th, and 99th percentiles from this density function is: 14, 22, and 60 viable seeds/berry, respectively.



To put the number of seeds/berry in perspective, it is important to know how many potential ovules there are in a flower that can be fertilized after pollination. The frequency distribution for my proxy of the number of ovules that existed in the flowers, from which the berries were derived, is depicted in Figure 6E. As expected, this distribution is symmetrical about the mean and is well described by a Gaussian distribution with μ = 52.25 and σ = 9.06 (Shapiro-Wilk test, p = 0.17). Figure 6F shows the ratio of viable seeds (fertilized ovules with compatible pollen) and the number of proxy ovules. This is also a skewed frequency distribution with the estimated 50th, 75th, and 99th percentiles being 0.26, 0.39, and 0.84, respectively. The best-fit probability density function is also a two-parameter Gamma distribution, where α = 2.625 and σ = 0.109 (Cramer von Mises W test, p = 0.250).



The 2011 data collected in 12 fields is the only data where estimates of fruit set and yield at the field level could be estimated (Figure 7A–D). There was a significant linear relationship between percent fruit set in each of the fields and the average number of viable seeds/berry (F(1,10) = 5.299, p = 0.044, r2 = 0.346, Figure 7A). High variance in the fruit set in this relationship can be seen when high numbers of viable seeds per berry occur in a field. The dashed lines in Figure 7A denotes moderate and excellent percent fruit set in the field [7]. Percent fruit set did not explain a significant proportion of the variation in the average berry mass (per berry) in a field (p = 0.149, Figure 7B). However, the average individual numbers of viable seeds per berry did explain a significant amount of the variation in average berry mass (F(1,10) = 8.759, p = 0.014, r2 = 0.467, Figure 7C). Therefore, percent fruit set determines the average number of viable seeds per berry and the average number of viable seeds per berry determines the average berry mass. The dashed line in Figure 7C depicts the number of pollen tetrads that, when placed upon a stigma, will result in a 0.50 likelihood of a berry (or 50% fruit set). Figure 7D shows that the average number of viable seeds per berry in a field can determine yield (F(1,10) = 4.899, p = 0.049, r2 = 0.304). However, there are considerable differences in yield for the same number of viable seeds per berry across fields. This most likely reflects the multitude of other factors that affect yield (see Reference [8]).



The 12 fields sampled in 2011 represented three replicates of each of the four production systems practiced in a wild blueberry culture in Maine (organic, low input, medium input, and high input). No significant effect of the production system (p > 0.05) on the average number of seeds per berry or average berry mass was observed. Evidence was found suggesting a significant effect of the production system on foraging bee densities (F(3,8) = 6.251, p = 0.017, r2 = 0.709), percent fruit set (F(3,8) = 6.059, p = 0.019, r2 = 0.694), and yield (kg/ha, F(3,8) = 5.442, p = 0.025, r2 = 0.671).




3.5. Decomposition of the Total Variance in the Fruit Set


In the first study (1966–1971), the variance in percent fruit set between stems was much higher than all other sources of variation (64.9–78.9%, Table 1). In the second study (2011–2015), between field variation explains 20.2% of the variance in percent fruit set, between year variation is the next highest (3.5–11.2%), and the clone and section were almost equal in explaining about 11% of the total variance in the percent fruit set combined.



Figure 8A shows the relationship between flower number/stem and the percent fruit set in the field by clone for the year 1969 in the first study. In this year, all of the clones were characterized by a negative relationship between the flower density and the percent fruit set at varying levels of decline. Overall, during the six years of the first study, there was a significant negative relationship between the flower number per stem and the percent fruit set, but there was also a significant interaction among clone and flower density per stem (F(9, 1252) = 8.110, p < 0.0001). A similar relationship emerged in the second study. On average, there was a significant negative relationship between the flower number per stem and the percent fruit set, but there was also a significant interaction among clone and flower density per stem (F(11, 3346) = 2.029, p = 0.022). Figure 8B depicts this relationship for the 2013 year. In this case, three of 12 clones exhibited a positive relationship between flower density and percent fruit set. Therefore, in both studies, there was a predominance of lower levels of fruit set associated with higher flower densities/stem, but the interaction for both studies points to the fact that this relationship is quite variable and, in 2013, there are several exceptions to negative slopes in the relationship. I suspect that the exceptions are due to a combination of high pollinator densities and few flowers per stem in a given year.





4. Discussion


A degree day model for wild blueberry bloom in Maine has been developed and validated based upon field sampling in the two major growing areas in Maine for three years (2015–2017). This model is different from a previous model developed in Nova Scotia [71]. The model developed is based upon a higher base or threshold temperature, 4.4 °C vs. 0.0 °C, and degree day accum- ulation is initiated on 1 April in my model and 1 January in the Nova Scotia model. The Nova Scotia model did not always do well in providing predictions of bloom phenology in Maine, primarily because the soil always freezes in Maine winters, while Nova Scotia has a milder climate. When the soil is frozen and air temperatures are slightly above 0.0 °C, the wild blueberry is not energetically active, even if dormancy has been terminated [11]. The precision (percentage (s.e./mean)) for two years and two regions (<10%) is higher than the typical 20–25% precision often seen in field-based predictive models. Figure 2B suggests that bloom starts at 100 ° days (1.34% cumulative bloom) and ends at close to 500 ° days (99.85% cumulative bloom) or 22–28 days during May and June, on average. Currently, this model has been used to estimate the bloom period in a wild blueberry pollination simulation model [20] and a model for the impact of climate change on pollination of wild blueberries in Maine [22]. Maine wild blueberry growers have used this model to assess the threat of frost damage, mummy berry fungicide applications, and timing for importation of commercial pollinators, such as honeybees and bumble bees.



There does not appear to have been previous investigations into wild blueberry stigma longevity. A common methodology of determining stigma receptivity is to bioassay for the presence of wet stigmas and/or chemical constituents of the stigma surface exudates such as alcohol dehydrogenase and hydrogen peroxidase [78]. However, while these methods have been validated [79] and are a quick method to assess stigma receptivity, they only yield a qualitative assessment outlining receptive or not receptive factors. The measurement of the fruit set provides a more informative measure of stigma receptivity since it reflects a change in receptivity over time. There have been several studies of stigma receptivity in wild flowers, but fewer in crop plants. Egea et al. [80] showed that apricot cultivars have short stigma longevities of only four days. Gonzalez et al. [81] hand pollinating kiwi flowers found that stigma receptivity was viable only in one-to-four day old flowers, after which no fruit set occurred. They attributed stigma longevity as the main factor resulting in a short pollination period in kiwi, despite ovules appearing viable for 10 days post-anthesis. Almost all studies have shown short and decreasing stigma receptivity as flowers age (see Yi et al. [82] for almonds). A current hypothesis is that receptive stigmas are susceptible to infection by bacterial and fungal pathogens and, therefore, natural selection has resulted in a short stigma longevity relative to ovules and other floral tissues [83]. Wild blueberry may not be an exception to this phenomenon even though stigma longevity appears to be much longer than many crop plants at nine or 10 days (Figure 4A,B). The major pathogen is Monilinia vaccinii-corymbosi (Reade) causing mummy berry disease [84]. The fungal conidia are transmitted to wild blueberry stigmas mostly by bees. Conidia germinate and grow down the style and infect the ovary [85]. It is not known if the decrease in stigma receptivity to pollen tetrads is also the case with germinating M. vaccinii-corymbosi conidia.



When the stigma is maximally receptive to pollen (flower age: one to three days, Figure 4A,B), it was shown that, as the number of pollen tetrads placed on the stigma increased, the likelihood of the fruit set increased. As few as 5 tetrads resulted in a prediction of a 0.03 proportion fruit set, while 12 tetrads per stigma resulted in a 0.5 proportion fruit set. The initial hypothesis was that proportion fruit set would reach an asymptote at 1.0 and with an average of 63 ovules per ovary [69], this asymptote would plateau at 15–16 tetrads/stigma, if every tetrad produced four viable pollen tubes capable of producing four ovules in an ovary. In the asymptotic model (Figure 4A), the asymptote was 20 ± 9.1 pollen tetrads per stigma. However, fruit set levels did not reach 1.0, but rather 0.75. This might suggest that the plant was physiologically aborting early stage fruit. This “June” fruit drop is a common phenomenon [11] in wild blueberry as it is in apples, apricot, avocado, citrus, coffee, pears, and others [86,87]. It has been suggested that the fruit drop may be due to pollen limitation or nutrient or water stress after pollination during fruit development [88]. However, the polynomial model (Figure 4B) suggests that increasing pollen tetrad deposition beyond the quantities that I used in my experiment may have resulted in 100% fruit set. Observations in the laboratory suggest that it is not common for more than two pollen tubes to germinate from a wild blueberry pollen tetrad [11]. This has also been observed in cranberry [89]. The polynomial model may reflect a mechanism in which only high pollen tetrad densities on the stigma do three or four pollen tubes emerge from a tetrad, which results in the pattern of an initial plateau and then an increase in the proportion fruit set until a fruit set of 1.0 is reached (Figure 4B). The initial fruit set levels close to 100% in the field [11], but, often, subsequent fruit drop reduces the levels to much less (50% to 75%) [41]. Because sampling was not intensive enough to quantify early fruit drop in this experiment, it is not clear which model to put forward as a response to pollen tetrad deposition on wild blueberry stigmas. In addition, similar to the finding with wild blueberry, Cane and Schiffhauer [90] showed that an asymptotic model with fruit set levels of less than 1.0 is exhibited in cranberries. Brown and McNeil [91] suggest that the natural fruit drop is part of a bet hedging life history strategy and that cranberries always produce more flowers than they will bring to maturity. This is a possible hypothesis that might explain the wild blueberry asymptotic model and the plasticity in shifting resource allocation from the reproductive tissue to the vegetative tissue supports this type of life history strategy [60,61].



In cranberries, it has been demonstrated that yield is primarily explained by the fruit set and less by fruits mass, and little if any by the number of seeds per fruit [92]. However, the relationship between viable seeds per berry and berry mass in wild blueberry is a pollination phenomenon that has important implications in crop yield. Fruit set is a major determinant of wild blueberry yield [7], but, in this study, I suggest that pollen deposition on the stigma with compatible pollen results in fertilized ovules and, thus, viable seeds. I have just discussed that an increase in pollen deposition results in an increase in the fruit set. This, in turn, should result in an increase in the number of viable seeds per berry as more ovules are fertilized [17]. My field studies in 2006, 2007, and 2011 showed that an increase in the number of viable seeds per berry resulted in an increased berry mass (Figure 5A–D). The variation in berry mass explained by viable seeds per berry (coefficient of determination) ranges from 0.258 to 0.429, being 0.296 for all fields combined. This is a strong and consistent relationship (slopes ranged from 0.007–0.009), which may be explained in that soil fertility and plant water relations do not appear to affect wild blueberry individual fruit mass [93]. The distributions of viable seeds per berry were right skewed, which would be expected since the distributions are necessarily truncated at 0. The median values for these distributions ranged from 13–15 and, for all years combined, the median viable seeds per berry was 14. It is interesting that the pollen tetrad deposition study determined that an estimated 12 pollen tetrads placed on the stigma results in a 0.5 proportion fruit set. Therefore, the question is, does the median fruit set result in the median viable seeds per berry (14 viable seeds/berry)? The 10% (four viable seeds) and 99% (60 viable seeds) percentiles of seeds per berry characterizing these distributions appear to be a result of a low and high level of pollen tetrad deposition. Inspection of Figure 4A suggests that four pollen tetrads placed upon a stigma results in a 0.05 proportion fruit set and 60 pollen tetrads result in the maximum asymptotic level of the proportion fruit set. Therefore, it appears that the proportion fruit set not only determines the number of fruits that will develop from a given number of flowers after pollination, but it also determines the number of viable seeds per berry. This is borne out by the field level analysis of the 2011 study. Figure 7A shows that there is a significant relationship between the fruit set and viable seeds per berry at the field level. Because the viable seeds per berry determine berry mass and yield (Figure 6A–D and Figure 7D), then it can be seen that fruit set levels affect yield in both the number of fruits and the size of fruits. Snow [94] showed that a similar relationship occurs between the fruit set and seeds per fruit for the Passion Flower in Costa Rica, Passiflora vitifolia Kunth. He found that the pollen to seed set was a 1:1.6 ratio. Galen [95] found that the seed set in Jacob’s-ladder, Polemonium viscosum Nutt., was also pollen limited, which shows that an increase in pollen placed on the stigma with hand crosses increased the seed set in fruit. Delaplane et al. [96] list several crop plants where increased seed set, because of increased pollination, results in increased fruit size or mass.



The estimate of wild blueberry ovules per fruit does not appear to depart substantially from the floral estimate by Bell et al. [69]. They found a mean of 63 ± 8 (SD) and a range of 33–77 ovules per flower (n = 56 clones). My proxy estimate of ovules, based upon fruit dissection, was 52.25 ± 9.06 (SD) with a range of 27 to 70 ovules per flower. Therefore, the proxy derived from dissected fruit slightly underestimates the mean number of ovules per flower, but provides an accurate estimate of the range of ovules per flower. Dissections of berries producing frequency distributions of viable seeds/ovule could be used as a measure of pollination intensity. Comparisons of this metric to the number of bees/ha might be an effective means of estimating if an adequate density and species diversity of bees were present during bloom. In an obligate outcrossing, mostly self-incompatible plants where there is no equal mating success among genotypes [65], the species diversity of bees is important because they ensure “jump” dispersal foraging [20,24]. This ensures pollen is not only received from highly related neighboring clones [67,70]. Measures of the seed set as a measure of pollination intensity is often used for wild plant reproduction studies [97], but is not common in crop production [96]. However, in seed crops such as canola, it is a measure that is used [98]. I propose that this measure should be utilized more for berry crops since it provides a better insight into actual crop yield than the fruit set, which is only a potential yield measure [7].



Because the fruit set appears to determine the seed set and berry size in wild blueberries, it is important to know what the factors are that explain variation in fruit set. Yarborough et al. [8] showed that fruit set was negatively affected by the mummy berry disease, blueberry thrips infestation, and frost. The fruit set was positively affected by bee forager density and flower buds per stem. This study shows that variation among stems contribute most to the percent fruit set, greater than among years, and among fields. It appears that the variation in flower density per stem and the attraction, recruitment, and number of sequential flowers visited on a stem may explain this variation. Drummond [24] demonstrated that the number of wild blueberry flowers visited on a stem is bee species-dependent.




5. Conclusions


This study increases our knowledge of wild blueberry pollination and reproduction. The bloom period, flower (stigma) longevity, and pollen deposition and resulting fruit set can now be predicted in Maine and this can be an important tool for wild blueberry growers trying to estimate the best timing for importation of bees and for scientists modeling climate change, economics of bee pollination, and mummy berry disease management. In addition, I have shown that the level of fruit set determines the seed set and that the seed set determines berry size and yield. This is important because, for the first time, the fruit set, which is a function of bee foraging intensity, can be seen as more than just the number of berries, but also the size and quality of berries. Because of this, the seed set should be considered as a measure or tool to assess the adequacy of pollination in commercial fields. The importance of bee foraging in a heterogeneous environment, one where stems have a high variation of flowers, has been illustrated in assigning sources of variation to the fruit set, among stem variation contributing more of the proportion of total variance than variability due to the year, field, or clone.



This study and the published literature cited in the introduction have contributed to the development of a conceptual model of wild blueberry pollination that includes: (1) a predictive phenology of bloom, (2) stigma receptive longevity, (3) pollen genotype and non-reciprocity of outcrossing, (4) an understanding of genetic load and self-compatibility, (5) spatial genetic structure of genets, (6) gene flow as measured by pollen movement by bees, (7) bee species differential efficiency in pollen deposition, (8) pollen tetrad quantity on stigmas and resulting fruit set, (9) bee forager density efficacy and fruit set, and effects on fruit set by: (10) flower density per stem, (11) seed set, and (12) deleterious impacts of mummy berry disease, thrips, and frost. Two other aspects of wild blueberry reproduction that need to be incorporated into this conceptual model is: (1) the contribution of self-compatible clones and (2) the phenomena of the fruit drop as it relates to pollination and plant fitness. One could also add to this conceptual model the socio-economic aspects of wild blueberry pollination. This aspect of pollination is starting to receive more attention [99,100,101,102].
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Figure 1. Wild blueberry seeds dissected from fruit under a stereo microscope (40X). (A) viable fully formed “plump” seed. (B) Shriveled and deformed aborted seeds. Aborted seeds are due to incompatible pollen, often self-pollen. 
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Figure 2. Degree-day predictive model for Maine wild blueberry cumulative bloom. (A) Initial model and validation, model building data are solid round black data points, n = 26 fields. Overlaid validation data are non-filled round data points, n = 7 fields. (B) Final model with all 33 data points (2015–2017). Dashed lines are 50 and 99 predicted percentile levels of bloom. 
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Figure 3. Relationship between the proportion fruit set (solid line) and the proportion mature fruit (dotted line), and the flower age in days post-bloom. (A) 2007 and (B) 2015. Error bars are standard errors of the clone mean. 
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Figure 4. Relationship between the proportion fruit set and the pollen tetrad deposition. Two models: (A) an asymptotic logistic model and (B) a fourth degree polynomial. Error bars are standard errors. 






Figure 4. Relationship between the proportion fruit set and the pollen tetrad deposition. Two models: (A) an asymptotic logistic model and (B) a fourth degree polynomial. Error bars are standard errors.



[image: Agriculture 09 00069 g004]







[image: Agriculture 09 00069 g005 550]





Figure 5. Relationships between viable seeds/berry and berry mass (g) for (A) 2006, (B) 2007, (C) 2011, and (D) all 3 years. Lines are least square regression lines. 
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Figure 6. Frequency distributions for viable seeds, ovules, and the ratio of viable seeds per number of ovules/berry, (A) 2006, (B) 2007, (C) 2011, (D) all years, (E) 2011 ovules/berry, and (F) 2011 ratio of viable seeds/ovules/berry. 
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Figure 7. Field-level relationships between: (A) percent fruit set and average viable seeds/berry, dashed lines at 50% and 70% fruit set, (B) percent fruit set and average individual berry mass, (C) average viable seeds/berry and average individual berry mass, dashed lines at 12 viable seeds/berry, and (D) average viable seeds/berry and field yield (kg/ha). Solid lines are significant linear regressions fit to the aggregated field level data. 
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Figure 8. The relationship between flowers/stem and percent fruit set for each clone, (A) year 1969 and (B) year 2013. Data is not shown because the number of data points obscures the fitted relationships. 
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Table 1. Variance in percent fruit set explained by year, field, clone, and stems.
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	Study
	Source of Variation
	Variance
	% of Total Variance





	1966–1971 *
	year
	271.9
	11.2



	
	clone
	144.0
	5.9



	
	section
	96.2
	4.0



	
	stem
	1911.0
	78.9



	
	total
	2423.1
	100.0



	2011–2015
	year
	29.4
	3.5



	
	field
	170.5
	20.2



	
	clone
	96.8
	11.4



	
	stem
	549.4
	64.9



	
	total
	846.1
	100.0







* Only 1 field each year in this study, but the clone was divided into five sections and subsampled.
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