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Abstract

Many crops are known to be dependent on biotic pollination, but knowledge gaps remain regarding
the extent of this dependence, how it varies between crop varieties, and the implications of biotic
pollination for crop quality. Data is also lacking on the prevalence and extent of pollination deficits
and the ability of the surrounding pollinator community to provide pollination services. Robust and
standardised methodologies are crucial for pollination studies. However, there has been only
limited research into the critical question of the appropriate scale to apply these methods. Here, we
use a commercially important UK apple Malus domestica variety (Gala) to address the questions of
pollinator-dependence and pollination deficits, quality benefits arising from pollination, and the
implications of conducting pollination experiments at three different scales: the inflorescence, the

branch, and the whole plant.
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We found that Gala apple production was highly dependent on biotic pollination: overall, pollinator
exclusion reduced fruit set at harvest to 55% of open pollination levels, whilst supplementary
pollination led to fruit set of 167%. However, significant differences were found between the
inflorescence, branch, and tree experiments; with increasing scale of observation leading to a lower
measure of pollinator-dependence and pollination deficit. At the inflorescence scale, fruit set at
harvest was just 13% of normal levels following pollinator exclusion, whilst at the branch and tree
scales it was 75% and 79% of normal levels respectively. Supplementary pollination led to fruit set of
218%, 172%, and 117% of normal rates at the inflorescence, branch, and tree scales respectively.
Apple seed set was also significantly affected by pollination treatment and the extent of this effect
also depended on experimental scale. These differences due to experimental scale are likely a
combination of methodological, biological and crop management factors. Seed numbers were
shown to be a very good indicator of a number of fruit quality parameters, with greater seed

numbers resulting in greater production of Class 1 (i.e. top commercial value) fruit.

It is recommended that to measure pollinator-dependence and pollination deficits, experiments are
conducted at the largest scale practicable and that treatment effects are monitored until harvest to
more accurately reflect final yield outcomes. For apples, growers are recommended to record seed

number as part of their fruit quality monitoring programmes to give a rapid and easy to measure

indication of potential pollination deficit.

Keywords

Apple pollination, pollinator-dependency, pollination deficit, fruit set, seed set, fruit quality
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1. Introduction

Pollinator-dependent crops comprise 75% of all major global food crop types and include some of
the most valuable foodstuffs, both in terms of financial worth and nutritional content (Aizen et al.,
2009; Chaplin-Kramer et al., 2014; Eilers et al., 2011; Klein et al., 2007). The degree to which
pollinator-dependent crops rely on insect pollinators varies greatly, for example oilseed rape
Brassica napus can receive an 18% yield boost when pollinated (Bommarco et al., 2012), strawberry
Fragaria x ananassa yields can be increased by over 70% (Hodgkiss et al., 2018), and macadamia
Macadamia integrifolia yield can be up to 185% greater following insect pollination (Grass et al.,
2018). Furthermore, pollination is known to also affect crop quality, including misshapes in pear
Pyrus communis (Fountain et al., 2019), shelf life in strawberries (Klatt et al., 2014), commercial
grade in apples (Garratt et al., 2014a), and oil content in oilseed rape (Bommarco et al., 2012).
Concurrently, we have growing evidence that the dependence on insect pollination also varies
between crop varieties, an effect that has been observed in oilseed rape (Hudewenz et al., 2014),
strawberries (Klatt et al., 2014), blueberries Vaccinium corymbosum (Benjamin and Winfree, 2014),

and apples (Garratt et al., 2016, 2014a).

Globally, the increasing production of pollinator-dependent crops drives the demand for pollination
services (Aizen et al., 2019). However, documented declines in wild pollinator communities in some
regions indicate a growing risk of pollination deficits (Aizen et al., 2008; Garibaldi et al., 2011; Potts
et al., 2016b, 2016a; Winfree, 2008). To date, deficits have been documented in a number of fruit
crops including apple (Garratt et al., 2014a), strawberry (Benjamin and Winfree, 2014), custard apple
Annona reticulata (Pritchard and Edwards, 2006), and coffee Coffea arabica (Klein et al., 2003).
Whilst a crop species or variety may always be pollinator-dependent, it is becoming clear that

pollination deficits can vary in space and in time: improving our knowledge of where and when they
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occur, and to what extent they impact crop production, could help target efforts to manage
pollination services. This will require robust and standardised methodology as well as local
assessment and remediation (Garratt et al., 2019). Despite this, there has been relatively little
research into the variability of different methods which are being used to determine pollination-

dependence or deficits.

Pollinator exclusion is an example of an established method of quantifying crop dependence on
pollinators (Delaplane et al., 2013). Mesh bags have been used to study pollinator-dependence in a
number of crops, including coffee (Roubik, 2002; Steffan-Dewenter and Leschke, 2003), apples
(Garratt et al., 2014b), strawberries (Klatt et al., 2014), and macadamia nuts (Grass et al., 2018).
Conversely, pollination deficits (any shortfall in crop output due to a lack of pollination) can be
guantified by giving flowers supplementary pollination and comparing production to that under
open or ambient pollination. This is usually done by hand, using paintbrushes to transfer pollen from
a suitable donor plant (Button and Elle, 2014; Garratt et al., 2016, 2014a; Hodgkiss et al., 2018;
Hopping and Simpson, 1982; Hudewenz et al., 2014). In studies of tree crops, these manipulations
have generally been carried out at the scale of the inflorescence or the branch (Fountain et al., 2019;
Garratt et al., 2016, 2014a; Grass et al., 2018; Hopping and Simpson, 1982; Klein et al., 2003;
Sheffield, 2014). However, by assessing pollination effects on only part of the plant, measured
effects may not accurately reflect overall crop yield outcomes. This is because the allocation of
resources to fruit depends on both the degree of pollination which the flower received, and the
degree of pollination which the rest of the plant received: resource allocation and selective
abscission at the whole-plant scale may distort the effects of pollination treatments (Bos et al., 2007;

Stephenson, 1981).

This study aims to tests the standard methodology used in pollinator-dependence and pollination

deficits experiments by examining variation in results across three experimental scales using apples
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as a model crop. Apples are the most widely and commonly grown fruit crop in temperate regions,
with 5,293,340 ha grown worldwide in 2016 (FAO, 2017). In the UK, apple production was estimated
to be worth £141m p.a. to the economy in 2016. ‘Gala’ was the most common variety covering 2,110
ha, out of the total of 8,827 ha planted with dessert and culinary apple varieties (DEFRA, 2017).
Apple flowers are grouped in inflorescences of approximately five flowers and the majority of apple
flowers can set up to 10 seeds per fruit (Jackson, 2003). Most apple varieties are self-incompatible
(Ramirez and Davenport, 2013) and in many modern orchards ‘polliniser’ trees are planted amongst
the crop variety with the sole purpose of providing compatible pollen. Poor apple pollination and
low seed set can reduce both yields (Garratt et al., 2014a; Stern et al., 2001) and fruit quality;
leading to smaller fruit (Garratt et al., 2014a), increased asymmetry (Sheffield, 2014), and reduced
mineral content (Volz et al., 1996). Fruit quality is a critical factor determining the value of apple

crops and can have a significant impact on farm profitability (Garratt et al., 2014a).

In this paper, we test the hypotheses that: (H1) greater biotic pollination improves fruitlet set and
leads to higher yield at harvest, (H2) observations of pollinator-dependence and pollination deficit
are modified by the scale of experimentation, and (H3) seed count is a viable indicator of apple fruit

quality (e.g. size and shape).

2. Methods

2.1 Study sites

This study took place in 2014 and 2015 on a conventionally managed commercial fruit farm near
Maidstone, Kent, England. Experiments were conducted in three apple orchard blocks, with each
block managed as a separate unit. Four experimental plots were set up in each block. The plots were
evenly spread through the blocks, at least 40 m away from each other, and at least 15 m away from

the block edge. The trees used in the study were between four and eight years old and were the
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variety ‘Gala’, grafted onto ‘M9’ rootstocks. Tree spacing was 1 m within the row and 3.5 m between
rows, with a polliniser tree planted after every 10 crop trees, at a ratio of 1:10. Polliniser trees were

a mixture of crab apples (Malus spp.) and the apple variety ‘Golden delicious’.

2.2 Assessing pollination service and deficits at multiple scales

Pollinator-dependence and pollination deficits were assessed at three experimental scales: the
‘inflorescence’, the ‘branch’, and the ‘tree’. At each experimental scale, the pollinator-dependence
and local pollination deficits of ‘Gala’ apples were assessed using three pollination treatments:
‘closed’ pollination (pollinator exclusion), ‘open’ pollination (where insects were free to visit flowers,
representing business as usual), and ‘supplementary’ pollination (where insects were free to visit
flowers, and additional pollination was carried out by hand). The pollinator exclusion treatments did
not prevented wind pollination, but wind is not considered an important vector of apple pollen
(Free, 1964). Pollination treatments were applied using methods adapted from Garratt et al.
(2014a). The effects of the pollination treatments on fruitlet set, fruit set at harvest, and seed set

were monitored at each scale.

In the first year, 2014, only inflorescence-scale effects were tested. Six trees were selected in each
plot (72 trees spread across 12 plots and three blocks). Trees were separated from each other by at
least 10 buffer trees within the row (a minimum of 10 m) or one tree row (7 m). Before blossom, five
inflorescences of a similar size and developmental stage, each on a different branch on the same
side of the tree, were selected and randomly assigned to a pollination treatment. For the ‘closed’
treatment, PVC mesh bags with 1.2 mm? diameter holes were used to cover two inflorescences per
tree. These bags were removed once flowering had finished approximately three weeks later. Three
more inflorescences were left ‘open’ to insect pollination, and one of these inflorescences received
‘supplementary’ pollination. Supplementary hand pollination was conducted at peak blossom using

pollen from nearby polliniser trees: dehisced anthers were collected and shaken in a petri dish to
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release their pollen which was then applied fresh to all of the stigmas of target flowers using a fine
paintbrush. Two inflorescences per tree were assigned to the ‘closed’ and ‘open’ treatments
because fruit set was expected to be lower in these treatments and sufficient numbers of apples
were needed for fruit quality analysis. Each inflorescence was tagged with a coloured marker to
denote the treatment and the number of flowers present was recorded. In all, 360 inflorescences

were monitored in 2014.

In 2015, the same plots were used to expand the experiment to investigate different scales. The
inflorescence-scale experiment from 2014 was repeated on one tree per plot (36 inflorescences over
12 trees in total). Three separate trees per plot were each assigned a branch scale treatment (12
replicates per treatment, 36 branches in total) and a further three trees per plot were assigned a
tree-scale treatment (12 replicates per treatment, 36 trees in total). In each plot, trees were chosen
using the same spacing as the previous year and were then randomly assigned to both scales and
treatments. For the ‘closed’ or pollinator excluded treatment, ‘branches’ were covered with
mosquito netting with 2.2 mm? diameter holes, and ‘trees’ were covered with commercially
available mosquito nets of the same material measuring 2.6 m high and with a base diameter of 2.6
m. Netting and nets were removed along with the inflorescence bags at the end of blossom period in
mid-May. ‘Supplementary’ hand pollination of the trees was carried out up to a height of 3 m. For
the majority of the trees this included all flowers in bloom; however for some trees a small
proportion of flowers at the top did not receive hand pollination. For all experimental scales, hand
pollination was carried out during a single visit at peak blossom: all flowers in bloom received
supplementary pollination whilst flowers with unopened petals did not receive supplementary

pollination.

The three experimental scales varied considerably in the number of flowers which they contained:

the single ‘inflorescence’ scale treatments had a mean of 5.7 £ 0.2 flowers; the ‘branches’ had 6.9 +
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0.4 inflorescences with 37.4 + 2.3 flowers, and the whole ‘trees’ had 133.3 + 5.3 inflorescences with
an estimated 741.4 + 29.3 flowers. Flower numbers for whole trees were estimated by counting the
number of inflorescences and multiplying by the average number of flowers seen per inflorescence

in the ‘inflorescence’ scale and ‘branch’ scale treatments (5.55 + 0.02).

Three different measures of pollination service and deficit were recorded for all treatments: fruitlet
set, fruit set at harvest, and seed set. Fruitlet set was recorded approximately four weeks after
blossom had ended. Fruit set at harvest was recorded approximately one week before commercial
harvest took place. Seed set was also determined at this time: all fruit from the ‘inflorescence’ and
‘branch’ scale pollination treatments were collected along with a randomly selected subset of five
fruit from each of the ‘tree’ scale pollination treatments. The number of seeds which had set in
these fruit was then recorded. In this part of the study 396 ‘inflorescences’ (360 from 2014 and 36
from 2015), 36 ‘branches’ (with 247 inflorescences), and 36 ‘trees’ (with 4,697 inflorescences) were
monitored. A total of 283, 194, and 175 apples were collected for seed set counts respectively. Data

from 2014 and 2015 were combined for analysis.

2.3 Seed set as a rapid metric of pollination

A separate analysis, in parallel to the pollinator dependence and deficit experiments, was conducted
to test if seed set can be used as a rapid metric of pollination and fruit quality. To increase the power
of the statistical analysis, seed set and fruit quality data from fruit collected during the pollination
experiment were combined with data from other fruit harvested from the same blocks. In total,
3,196 fruit were included in this analysis; 652 from the pollination experiment described above and
an additional 2,544 fruit. All additional fruit were ‘Gala’ apples collected from the same 3 study
blocks at the same time as those from the pollination experiment. Fruit quality measures included:
seed number, fresh mass, diameter, height, firmness (using a Silverline penetrometer), sugar

content or Brix (using a Hanna refractometer), dry mass (entire fruit were cut into four pieces and
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oven dried at 70°C for at least 72 hours before weighing), and defects (scored using industry
standards as either minimal, moderate, or excessive for defects in shape or development). Not all
fruit quality measures were recorded for all fruit: dry mass was not measured for the fruit in the
2014 inflorescence pollination experiment, Brix and firmness were not measured for the branch or
tree scale pollination treatments, and height was not measured for the fruit which was not part of

the pollination experiment.

Apples were assigned commercial grades based on standards produced by the Food and Agriculture
Organisation (UN) standards (FAO, 2010), where fruit must be greater than 60 mm in diameter or 90
g in mass, or must exceed 10.5° Brix and not be smaller than 50 mm or 70 g. Fruit which fulfilled all
of these criteria with only minimal defects were scored as ‘Class 1’, fruit which fulfilled the criteria
with moderate defects were scored as ‘Class 2’, and finally fruit which failed at least one criterion or
which displayed excessive defects were scored as ‘Class 3’, commonly considered unmarketable as
dessert fruit. Colour was not included as a quality measure as it is thought to be largely determined

by light exposure (Corelli-Grappadelli, 2003).

2.4 Statistical analysis
Data were analysed with linear mixed models and generalised linear mixed models (GLMMs) in R (R
Core Team, 2017) using the “Ime4” (Bates et al., 2012) and “glmmADMB” (Fournier et al., 2012)

packages.

Separate GLMMs were created for each experimental scale to test how pollination treatment
affected the different measures of pollination service and deficit. Fruitlet set was analysed as a two-
column integer matrix containing the number of flowers (at the relevant experimental scale) which
developed into fruitlets compared to the number which failed to set. Fruit set at harvest was

analysed as a two-column integer matrix containing the number of flowers (at the relevant

10
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experimental scale) which produced fruit still present at harvest compared to the number which
failed to do so. Seed set was analysed as a count of seed numbers. Pollination treatment was the
main fixed effect in all of these models and the random effects were: tree, nested within plot,
nested within block. Year of harvest was included as a fixed effect for the inflorescence scale models
to account for variations between 2014 and 2015. Observation-level random effects were added to
reduce overdispersion in the fruitlet set, fruit at harvest, and seed set models for the tree scale and
for the fruit at harvest model for the branch scales (Harrison, 2014). Error families were binomial for
the fruitlet set and fruit set at harvest models, Poisson for the inflorescence and branch scale seed

set models, and negative binomial for the tree scale seed set model.

Separate GLMMs were also created to test how the different experimental scales affected the
results from within the same pollination treatments. Here, the data were modelled with separate
GLMMs with treatment scale as the main fixed effect. Error families were either binomial or
Poisson, and random effects were used as above apart from observation-level random effect which

was included for the ‘excluded’ pollination treatment to reduce overdispersion.

The effect of seed number on fruit quality measures and class was assessed using linear mixed
model regressions. Each fruit quality measure was modelled separately with seed number as the
main fixed effect and tree nested within plot, and block as random effects. The block of origin and

the year of harvest were included as crossed random effects.

3. Results

3.1 Levels of service and deficits
Manipulating pollination levels showed that more pollination resulted in greater fruitlet set, fruit set

at harvest, and seed set at every experimental scale (Fig. 1), although these results were not

11



287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

statistically significant at every scale (Table 1). Grand means of the pollination treatments at all three
experimental scales showed that, when compared to the ‘open’ treatments, fruitlet set decreased to
54.9% when pollinators were excluded and increased to 207% with supplementary pollination. By
harvest time, fruit set was 55% of ‘open’ pollination levels following pollinator exclusion and 167%
with additional hand pollination. Seed set showed a similar trend: pollinator exclusion resulted in
just 23% of ‘open’ treatment seed numbers whilst supplementary pollination lead to a grand mean

of 150%.

3.2 Effects of experimental scale

There were statistically significant differences between the different experimental scales (Table 2).
Fruitlet set was significantly lower in the ‘excluded’ treatment at the ‘inflorescence’ scale (22%)
when compared to the same treatment at the branch (73%) and tree (65%) scales, suggesting lower
flower fertilisation, or possibly more selective fruitlet setting. Supplementary pollination also
showed significant differences in the number of fruitlets between all three scales, with 341% at the

inflorescence scale, 174% at the branch scale, and 125% at the tree scale (Table 2).

Fruit set at harvest was significantly lower at the ‘inflorescence’ scale than at the ‘branch’ and ‘tree’
scales when pollinators were excluded: 13%, 75%, and 79% respectively (Table 2). The
‘inflorescence’ scale also showed a significantly greater effect of supplementary pollination: 218%,

172%, and 117% respectively.

Seed set was significantly higher in the supplementary pollination treatment at the ‘inflorescence’
scale than at the ‘branch’ or ‘tree’ scales: 193%, 123%, and 135% respectively (Table 2). This
indicates that a greater proportion of flowers per inflorescence were receptive at the time of hand

pollination compared to branches and trees: flowering is not completely synchronous within the

12
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inflorescence or within the tree. Seed set did not differ significantly in the excluded treatments: 11%

at inflorescence, 27% at branch, and 31% at tree scales (Table 2).

Fruitlet set following supplementary pollination was the only measurement which produced a
statistically significant difference between the ‘branch’ and ‘tree’ scales. Fruitlet set, fruit set at
harvest, and seed set did not differ significantly between the different experimental scales in the
‘open’ treatment. At the ‘inflorescence’ scale, models indicated no Year effect on fruitlet set or fruit

set at harvest, but a significant effect was seen in the seed set model.

3.3 Seed set as a rapid indicator of pollination deficit

Fruit with higher seed number had a significantly greater diameter, height, fresh mass, and dry mass,
though the effects were slight (Fig. 2). Fruit firmness was not affected by seed number, while sugar
content showed a significant though slight trend for lower sweetness with more seeds. Seed set had

a significant positive effect on fruit class, the key deciding factor of a fruits value (Fig. 3).

4. Discussion

The first aim of the study was to quantify pollinator-dependence and possible pollination deficits in a
key crop; ‘Gala’ apple. Insect pollination was highly beneficial to both yield (fruit set at harvest) and
quality. A grand mean of the experimental scales showed that when pollinators were excluded yields
fell to 55% of open, ambient pollination. Pollination deficits were also shown to exist in the study
orchards; supplementary pollination resulted in a grand mean yield which was 167% of open
pollination alone. Supplementary pollination also resulted in increased seed set, with seed numbers
at 150% of current pollination levels when averaged across the experimental scales. The positive
trend of increased pollination on fruitlet set, fruit set at harvest, and seed set was seen at all three

experimental scales.
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The second aim of the study was to test how experimental scale affects the results of pollinator-
dependence and pollination deficit experiments. Although the general trends of the effects of
pollination were the same, the results show that the negative effects of experimentally reduced
pollination and the positive effects of supplementary pollination diminish at a larger scale of
observation. Some of the many reasons for this effect, including biological, crop management, and

methodological, are discussed below.

A biological process which may contribute to this variation is the capacity of apple trees to
selectively abscise fruit (Dennis et al., 2003), thus compensating for the effects of poor pollination on
experimental branches. Fruitlets are more likely to be abscised if poorly pollinated (Dennis et al.,
2003), however if a plant has a low overall fruit set, the chances of abscission are reduced (Jackson,
2003; Stephenson, 1981). The ‘June drop’ is a period of roughly four to six weeks after blossom,
when trees abscise a proportion of their fruitlets, often those which have received insufficient
pollination and have low seed-set (Gucci et al., 1991; Jackson, 2003). The proportion of the fruit
which undergoes this process is thought to depend on the level of pollination received by the tree as
a whole, the resources within a tree, and the weather (Bangerth, 2000; Stephenson, 1981). The
representativeness of pollination observations at different scales will therefore differ: if a single
inflorescence is poorly pollinated, it will have less of an effect on the plant’s overall abscission rate
than if an entire branch had received poor pollination, and less effect still when compared to the
entire tree. In other words, due to adaptive abscission, the likelihood of an unpollinated flower
producing a fruit would be lower if it was on an un-pollinated inflorescence, than if the same flower
was on an unpollinated branch, and lower still than if it was on an unpollinated tree, because the
overall chance of abscission is lower at greater scales due to the tree’s ability to adapt to low overall

seed fertilisation.
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Managing fruitlet numbers through artificial thinning will also affect the proportion and size of fruit
at harvest. Thinning is carried out to create an optimal crop load: stopping a tree’s resources being
wasted on overly small or misshapen fruit, reducing the risk of branches breaking due to heavy fruit
loads, and preventing biennial cropping, where trees enter boom-bust cycles of production which
can reduce overall yields and make output unreliable (Byers et al., 2003; Jonkers, 1979). Because
hand thinning focuses on smaller, less well formed fruit, which previous studies suggest are more
likely to have low seed numbers (Garratt et al., 2014a, 2014b), it may lead to an underestimate of
the influence of pollination on fruit quality as this fruit is less likely to reach harvest and be assessed
for quality. Both the thinning process and the natural abscission of fruit are likely to have a
moderating effect on extremes of pollination, and may explain some of the differences observed
between the treatment effects at different scales. It is also possible that high fruit set could result in
increased thinning costs, particularly in varieties which are considered to be heavy cropping, such as
‘Gala’, and any financial assessment should take this into account. The variation seen between initial
fruit set and fruit set at harvest highlights the importance of monitoring the effects of pollination
experiments through to harvest: measuring initial fruit set alone and assuming this is directly related
to final yield would have resulted in the overestimation of the effects of the pollination treatment on

crop production (Bos et al., 2007).

There are also several methodological reasons which may partially explain the differences in results
between experimental scales. Excluding pollinators from large trees and those with wire supports is
practically difficult, whole-tree nets are likely to be less effective at excluding pollinators entirely
than the methods used for inflorescences or branches due to the greater potential for gaps in the
netting or insects being trapped inside it. Supplementary pollination at larger scales is also
logistically more difficult, the unequal development times of flowers on a tree together with their
potential inaccessibility means that supplementary hand pollination may not be uniform at larger

scales. In this study, only one round of hand pollination was conducted and some flowers on the tree
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scale and branch scale experiments may not have been pollinated, resulting in an inaccurate
representation of maximum pollination. This could be remedied by repeated rounds of
supplementary pollination, but as the scale of the experiment and the number of flowers increases
so does the need for additional rounds of supplementary pollination in order to catch all flowers
when they are receptive. Repeated rounds of supplementary pollination on larger scales also
increase the risk of repeated pollination of the same flower, leading to potential damage and yield

reduction (Séez et al., 2014).

The variation in results between the different experimental scales is important because it shows that
choice of scale can affect the conclusions of a study, and may therefore influence orchard
management decisions informed by the findings. Many previous studies which have looked at
pollination of larger crop plants, particularly tree crops, have used individual inflorescences as their
sample units (Fountain et al., 2019; Garratt et al., 2016, 2014a; Grass et al., 2018; Hopping and
Simpson, 1982; Klein et al., 2003; Sheffield, 2014), and while assessments at smaller scales may
accurately reflect relative differences in levels of pollination and are more likely to reflect a true
pollination maximum in the supplementary pollination treatments, our results show that this
approach may lead to an overestimation of pollinator-dependence and pollination deficits due to the
biological and crop management factors discussed. This is particularly pertinent if there is a specific
threshold of deficit at which pollination management decisions are triggered, e.g. bringing in
additional honeybee hives. Although the relationships between pollination and apple yield were
common amongst all scales tested in this study, larger scale measurements of pollination service
may be better at capturing the effects of adaptive abscission and artificial thinning. Taking
methodological limitations into account, and given that the branch scale experiment was only
significantly different from the tree scale experiment in one measure: fruitlet set in the
supplementary pollination treatment, it seems that experiments run at this scale capture much of

the benefits of conducting pollinator-dependence experiments at the whole-plant scale whilst
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suffering from fewer methodological challenges with effective pollinator exclusion and
supplementary pollination. For future research into the effects of pollination on crops it is necessary
to consider both the accuracy with which different experimental scales will reflect true production
dependence and deficits, and the practical limitations of conducting experiments at different scales.
This is particularly important if rapid assessments of pollination service across multiple locations are
required (Garratt et al., 2019). Based on the results of this study, we recommend that pollinator-
dependence and pollination deficit measurements should be carried out at the largest feasible scale,
particularly if effects on final crop production are to be assessed. For tree crops, it may not be
possible to manipulate the whole plant effectively, in which case the branch is recommended as an

appropriate unit size.

The third aim of the study was to assess the effect of seed set on fruit quality and to determine
whether seed set could be used as a rapid measure of a crop’s pollinator-dependence and
pollination deficit, considering the time and resources necessary for effective pollinator exclusion
and supplementary pollination. Greater seed set was shown to have a positive effect on several
measures of fruit quality and increased the proportion of Class 1 fruit being produced. These results
concur with those of a number of other studies and further highlight the importance of pollination
services to apple production (Garratt et al., 2014a, 2014b; Ladurner et al., 2004; Sheffield, 2014).
Fruit quality is a key determinant of a crop’s worth, with Class 1 fruit achieving a significant premium
(Garratt et al., 2014a). The improvements in fruit size and mass and the higher proportions of Class 1
fruit seen with increasing seed numbers shows that pollination is important for quality as well as
yields. Fruit morphology is effected by seeds not only in terms of how many seeds there are but also
how they are distributed amongst the carpels; unbalanced seed distribution may result in
malformation (Brault and de Oliveira, 1995; Sheffield, 2014). More thorough pollination, with
repeated visitation and visitation from different pollinator taxa, may help to ensure more

comprehensive fertilisation (Sapir et al., 2017; Stern et al., 2001). We recommend that growers
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record seed set as part of their routine monitoring of fruit quality and development as this will give
an indication of pollination levels in their orchards and may alert them to potential deficits. Whilst
resource allocation and adaptive abscission may help to reduce the impact of poor pollination there

is little that can be done to recover production in a year when low seed set and low fruit set occur.

In conclusion, insect pollination was shown to be highly important for ‘Gala’ yield and quality. There
was a strong trend showing increased pollination resulting in improved production, at all
experimental scales. However, the extent to which pollination was found to affect production
depended on the experimental scale at which it was measured. It is recommended that pollination
manipulation experiments are carried out at the largest scale feasible and caution should always be
exercised when extrapolating from experimental units to large scale crop production (see Vaissiére,
Freitas & Gemmill-Herren 2011). For tree crops such as apple, the branch appears to be a suitable
scale as it balances biological and crop management factors with methodological limitations. Crop
pollination experiments should also measure treatment effects through to harvest if effects on
production are to be estimated, as using initial fruit set may lead to the overestimation of effect size.
Seed set was shown to be a good indicator of crop quality and of crop value and it is recommended
that seeds are counted as part of growers’ crop quality monitoring programmes to highlight

potential pollination deficits.
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Fruitlet set Fruit set at harvest Seed set

Open Open Excluded | Open Open Excluded Open Open Excluded
Scale Vs Vs Vs Vs Vs Vs Vs Vs Vs
Excluded Suppl Suppl Excluded Suppl Suppl Excluded Suppl Suppl

Inflor | <0.0001 < 0.0001 <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Branch | 0.0074 <0.0001 <0.0001 | 0.416 0.0271 0.0006 <0.0001 0.0079 <0.0001

Tree <0.0001 0.017 <0.0001 | 0.0991 0.2608  0.001 <0.0001 0.39 <0.0001

628

629  Table 1. P-values of least square means test comparing the effects of pollination treatments on fruitlet set, fruit set at harvest, and seed set at three
630  experimental scales. “Inflor” = inflorescence, “Suppl” = supplementary pollination. The treatment with the greater level of pollination (Supplementary >
631  Open > Excluded) produced the highest result in all cases. Based on data from 2014 and 2015.

632

633

634

635

636
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Fruitlet set Fruit set at harvest Seed set

Inflor Inflor Branch | Inflor Inflor Branch | Inflor Inflor Branch
Treatment | vs Vs Vs Vs Vs Vs Vs Vs Vs
Branch Tree Tree Branch Tree Tree Branch Tree Tree

Excluded | <0.0001 < 0.0001 0.1813 | <0.0001 <0.0001 0.3402 | 0.0840 0.1597 0.8577
Open 0.2160 0.5163 0.7872 | 0.8483 0.7716 0.5245 | 0.9226 0.9410  0.9980

Suppl <0.0001 <0.0001 0.0001 | 0.0094 <0.0001 0.2409 | <0.0001 <0.0001 0.7388

637
638 Table 2. P-values of least square means tests comparing the effects of pollination treatments between experiments conducted at different scales. “Inflor” =

639 inflorescence, “Suppl” = supplementary pollination. P-values are calculated by least square means tests. Based on data from 2014 and 2015.

640
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641 Pollination treatment

642 Figure 1. Pollination treatment effect on apple fruit set, fruit set at harvest, and seed set at three
643 scales: the inflorescence (with a mean of 5.7 flowers), the branch (with a mean of 37.4 flowers), and
644  the whole tree (with an estimated mean of 741.4 flowers). Mesh was used to prevent insect

645 pollinators visiting flowers in the Excluded treatment. The Open treatment allowed insects free

646  access to flowers and the Supplementary combined insect pollination with hand pollination. “Suppl”

647 = supplementary pollination.
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656 Figure 3. Apple fruit commercial class in relation to seed numbers (based on FAO standards). Class 1
657 s the highest class with Class 3 being unsuitable for sale as desert fruit. The number of seeds had a
658 significant positive effect on fruit class (P < 0.0001). These data are from ‘Gala’ apples which had

659  been commercially thinned prior to harvest.
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